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Iron deficiency is an independent risk factor of increased 
myocardial energy expenditure in chronic heart failure patients
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Background: Chronic heart failure (CHF) is a major public health burden and is associated with high 
morbidity, mortality, and cost. Recent studies demonstrated iron metabolism and myocardial energy 
metabolism were altered in CHF patients. In this study, we aimed to analyze the effects and correlations of 
iron metabolism on myocardial energy metabolism in CHF.
Methods: One hundred and thirty patients with CHF [age: 66.2±11.5 years, males: 58.5% and New York 
Heart Association (NYHA) class (II/III/IV): 67/43/20] were included. Serum concentrations of ferritin, 
transferrin saturation (Tsat), and soluble transferrin receptor (sTfR) were quantified as the indexes of iron 
metabolism, and echocardiography was used to assess myocardial energy expenditure (MEE) levels. Iron 
deficiency (ID) was defined as ferritin <100 or 100–300 μg/L with Tsat <20%.
Results: Patients with CHF were divided into two groups based on iron status. The prevalence of ID 
in CHF was 36.9%, and increased with the severity of CHF, reaching 80.0% in those with NYHA class 
IV (NYHA class II/III/IV: 17.9% vs. 46.5% vs. 80.0%, P=0.000). The demographic characteristics [age, 
sex, body mass index (BMI), blood pressure, and heart rate] and hemoglobin (HGB) concentrations in 
two groups were similar (all P>0.05). MEE was significantly higher in the ID group (92.7±23.0 vs. 65.6± 
20.8 cal/min, P=0.000), while NYHA classes II and III was significantly higher in the ID group (71.6± 
16.4 vs. 60.3±14.8 cal/min, P=0.022; 88.9±10.4 vs. 69.1±20.1 cal/min, P=0.000). In univariable linear 
regression models, the presence of ID, higher NYHA class, increased N-terminal pro-B-type natriuretic 
peptide (NT-proBNP), sTfR, left ventricular internal diastolic diameter (LVIDd), as well as reduced ferritin, 
Tsat levels, and lower left ventricular ejection fraction (LVEF) were associated with elevated MEE levels (all 
P<0.05). In multivariable regression models, the presence of ID, reduced Tsat. and increased sTfR remained 
independent predictors of elevated MEE levels after adjustment for all variables that showed a significant 
association with MEE (all P<0.05).
Conclusions: The prevalence of ID is high in CHF and is associated with the severity of cardiac 
dysfunction. The presence of ID as well as reduced Tsat and increased sTfR concentrations are associated 
with elevated MEE levels in CHF.
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Introduction

Chronic heart failure (CHF) is a major public health burden 
worldwide and is associated with high morbidity, mortality, 
and cost. Despite great progress in CHF treatment over the 
years, the myocardial performance of many patients with 
CHF remains restricted (1). While it is well known that 
many aspects of myocardial energetics are altered in heart 
failure (2), our knowledge of the mechanisms and pathways 
that regulate myocardial energy metabolism is still limited.

Iron is an essential micronutrient. As a component 
of hemoglobin (HGB), myoglobin, oxidative enzymes, 
and respiratory chain proteins, it plays a crucial role in 
oxygen transport, storage, oxidative metabolism in skeletal 
muscle, and cellular energetics (3,4). The mechanisms 
are supposed to be involved in the development of iron 
deficiency (ID) in CHF: (I) insufficient dietary iron supply, 
(II) poor gastrointestinal absorption, impaired duodenal 
iron transport, drug interactions (e.g., omeprazole), or food 
reducing absorption, and (III) gastrointestinal blood loss (5).  
Traditionally, iron deficiency, a common comorbidity in 
CHF, was considered to have clinical consequences only 
in the presence of anemia (6-8). However, a decreased 
HGB content can be viewed as the result of the gradual 
depletion of iron storage (4,9). Recently, ID was found to 
be associated with increased disease severity and exercise 
intolerance, and may contribute to poor prognosis, 
regardless of the baseline anemia status (10-14). Several 
studies have shown that intravenous iron supplementation 
in CHF patients complicated by ID with or without 
anemia conferred favorable benefits to cardiac function, 
functional capacity, and quality of life (10-16). In spite of 
its undoubtable role in maintaining oxidative metabolism 
homeostasis, iron is also a key regulator of mitochondrial 
biogenesis (17,18) and is necessary for the maintenance 
of cellular energy metabolism (4,17,19,20). To perform 
contraction and active relaxation, cardiac myocytes require 
a high level of energy (21), and theoretically, ID and/or 
abnormal iron utilization may result in abnormal energy 
generation and utilization. However, data on this topic is 
limited and no research has directly studied myocardial 
energy metabolism in CHF patients with ID. Currently 
studies on myocardial energy metabolism concentrated in 
cardiac magnetic resonance imaging. However, it can not 
be applied in most hospital in clinical work. In our prior 
study, we found that myocardial energy metabolism can be 
conveniently accessed by echocardiography (22). Myocardial 
energy expenditure (MEE) is an important indicator 

reflecting myocardial energy metabolism (22). It has been 
reported that elevated MEE is associated with decreased left 
ventricular ejection fraction (LVEF) and can be used as an 
independent predictor of cardiovascular mortality (23).

The purpose of this study was to evaluate the correlation 
between iron metabolism and MEE in patients with CHF, 
and to explore the effect of iron status on MEE. We present 
the following article in accordance with the STROBE 
reporting checklist (available at https://dx.doi.org/10.21037/
apm-21-2297).

Methods

Study population

Patients presenting to the Cardiovascular department of 
Nanfang Hospital of Southern Medical University between 
Jan. 2014 and Jan. 2015 were enrolled (n=130). Patients with 
acute coronary syndrome, coronary revascularization or any 
major surgery within 3 months preceding the study, severe 
valvular disease or arrhythmia, any acute/chronic illness that 
might influence iron metabolism (infection, malignancy, 
severe renal disease requiring dialysis, severe hepatic 
disease, autoimmune disease, and hematological disease), or 
any anemia or/and ID treatment either at the time of the 
study or in the past 12 months were excluded. Thirty-five 
sex and age matched healthy subjects were also recruited. 
The study protocol was approved by the Institutional Ethics 
Committee of Nanfang Hospital of Southern Medical 
University, China (No.: KTLL-20130425), and all subjects 
provided written informed consent. The study followed 
the protocols of the Declaration of Helsinki (as revised in 
2013).

Iron status and other laboratory measurements

Venous blood samples were taken from all participants in 
the morning after a fasting period of more than 8 hours. 
Laboratory measurements were assessed from fresh 
venous blood with or without EDTA as an anticoagulant, 
respectively. After centrifugation (3,000 rpm for 10 min), 
serum and plasma samples were extracted and stored at 
−80 ℃ until being analyzed.

Laboratory parameters reflecting iron metabolism were 
measured, including ferritin, iron, transferrin, soluble 
transferrin receptor (sTfR), and total iron binding capacity 
(TIBC). The Transferrin saturation (Tsat) was estimated 
using the ratio of serum iron and TIBC multiplied by 
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100 and expressed as a percentage. Ferritin was measured 
using an immunoassay with ADVIA CENTAUR XP 
(Siemens, Healthcare Diagnostics Inc, USA), and serum 
iron, transferrin, sTfR, and TIBC were calculated using an 
Olympus AU5421 analyzer. ID was defined as serum ferritin 
<100 μg/L, or serum ferritin 100–300 μg/L with Tsat <20%.

HGB concentration (g/L) was measured using an Sysmex 
XE-2100 automated hematology analyzer (Toa medical 
Electronics, Kobe, Japan). Anemia was defined as HGB 
<110 g/L in women and <120 g/L in men.

N-terminal pro-B-type natriuretic peptide (NT-
proBNP) was measured using immunoassay based on 
electrochemiluminescence on the Elecsys 2010 System 
(Roche Diagnostics, Mannheim, Germany), and estimated 
glomerular filtration rate (eGFR) was calculated based 
on the Modification of Diet in Renal Disease (MDRD) 
formula.

Myocardial energy expenditure (MEE) measurement

MEE was measured with a  Siemens Sequoia  512 
Encompass ultrasound system, using the method described 
previously (22-24). Systolic blood pressure (SBP), left 
ventricular internal diameter at systole (LVIDs), left 
ventricular posterior wall end-systolic thickness (PWTs), 
left ventricular ejection time (LVET), left ventricular mass 
index (LVMI), left ventricular ejection fraction (LVEF), and 
left ventricular stroke volume (LVSV) were measured, and 
MEE was calculated as MEE (cal/min) = left ventricular 
circumferential end-systolic wall stress (cESS) × LVET × 
LVSV × heart rate ×4.2×10−4.
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Statistical analysis

Continuous normal variables were expressed as mean 
and standard deviations, while those with skewed 
distribution were presented as medians with the 25th to 
75th percentiles. Categorical variables were expressed as 
numbers with percentages. Intergroup differences were 
analyzed using one-way ANOVA analysis, Kruskall-
Wallis test, Mann-Whitney U test, or Pearson’s χ2 test, as 
appropriate. Univariable linear regression analysis was used 

to assess the associations between MEE levels and other 
study parameters including age, BMI, gender, NYHA class, 
etiology of CHF, medications, laboratory measurements, 
major comorbidities (renal function assessed using eGFR or 
the presence of diabetes mellitus), and the presence of ID. 
To explore the effect of iron metabolism on MEE levels, 
multivariable linear stepwise regression models adjusted for 
all covariates that showed significant association with MEE 
levels in univariable models was constructed.

All tests were two-sided, and P values <0.05 were 
considered statistically significant. All statistical analyses 
were carried out using SPSS version 19.0 (SPSS Inc., 
Chicago, IL).

Results

Baseline characteristics

The baseline characteristics of 130 CHF patients and 
35 healthy subjects are shown in Table 1. Compared 
with healthy controls, patients with CHF had similar 
demographic characteristics (age, sex and BMI) (all P>0.05), 
and an increased prevalence of ID (36.9% vs. 14.3%, 
P=0.011) and MEE levels (75.6±25.2 vs. 52.4±8.7 cal/min, 
P=0.000). ID was present in 48 (36.9%) of patients with 
CHF, and its prevalence increased with the severity of CHF, 
reaching 80.0% in those with NYHA class IV (NYHA class 
II/III/IV: 17.9% vs. 46.5% vs. 80.0%, P=0.000) (Figure 1). 
Patients with CHF were divided into two groups based on 
the presence or absence of ID. Clinical parameters in the 
two groups were similar, except for higher NYHA class, 
smoking, MEE levels, and sTfR concentrations, as well as 
lower ferritin and Tsat in the ID group compared with the 
non-ID group (Table 2). In the subgroups analysis according 
to NYHA class, patients with NYHA class II-III had higher 
MEE levels in the ID group compared to the non-ID 
group (71.6±16.4 vs. 60.3±14.8 cal/min, P=0.022; 88.9±10.4 
vs. 69.1±20.1 cal/min, P=0.000; respectively) (Figure 2). 
However, there was no difference in MEE levels between 
ID and non-ID patients with NYHA class IV (113.4±22.1 
vs. 118.7±19.6 cal/min, P =0.668) (Figure 2).

Univariable analyses

In univariable linear regression models, using ACEI/ARB 
and an aldosterone antagonist, the presence of ID, higher 
NYHA class, increased NT-proBNP, sTfR concentrations, 
left ventricular internal diastolic diameter (LVIDd), and 
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Table 1 Baseline characteristics in 130 patients with CHF and 35 healthy subjects

Variables All patients (n=130) Healthy subjects (n=35) P values

Age, years 66.2±11.5 63.5±6.3 0.184

Male gender, n (%) 76 (58.5) 20 (57.1) 0.888

BMI, kg/m2 23.8±3.0 23.9±3.3 0.820

Systolic BP, mmHg 128.4±18.5 123.7±12.3 0.076

Diastolic BP, mmHg 73.6±12.4 71.7±6.6 0.211

Heart rate, b.p.m 78.2±9.0 75.2±6.6 0.069

NYHA class (II/III/IV), n (%) 67/43/20 (51.5/33.1/15.4) – –

Smokers (past or present), n (%) 67 (51.5) 15 (42.9) 0.362

Ischemic etiology of CHF, n (%) 94 (72.3) – –

Iron deficiency, n (%) 48 (36.9) 5 (14.3) 0.011

Anemia, n (%) 44 (33.8) 5 (14.3) 0.000–

Diabetes mellitus, n (%) 45 (34.6) – –

Medications, n (%)

ACEI or ARB 122 (93.8) – –

Beta-blocker 119 (91.5) – –

Aldosterone antagonist 52 (40.0) – –

Loop diuretic 68 (52.3) – –

Digoxin 9 (6.9) – –

Statin 110 (84.6) – –

Antiplatelet drug 108 (83.1) – –

Laboratory measurements

Hemoglobin, g/L 119.4±18.2 126.1±9.8 0.005

eGFR, mL/min/1.73 m2 73.6±28.4

CRP, mg/L 4.1 (1.6–14.3)

Ferritin, μg/L 263.7 (135.9–428.3) 315.5 (139.0–422.0) 0.582

Transferrin, g/L 2.0±0.5 2.1±0.4 0.308

Serum iron, μmol/L 10.9±5.6 14.7±4.7 0.000

Tsat, % 22.8 (15.4–32.1) 36.3 (32.9–44.6) 0.000

sTfR, mg/L 1.3 (1.0–2.0) 1.1 (0.9–1.3) 0.004

TIBC, μmol/L 45.4±10.8 39.5±6.8 0.000

Nt-proBNP, ng/L 1,152.0 (436.3–5,689.6) 119.7 (88.7–226.3) 0.000

LVEF, % 47.4±10.8 61.3±5.3 0.000

LVFS, % 27.9±10.7 41.3±4.4 0.000

LVIDd, mm 49.9±8.9 40.1±3.2 0.000

LVMI, g/m2 128.6±39.3 84.1±12.5 0.000

MEE, cal/min 75.6±25.2 52.4±8.7 0.000

Data are presented as means ± SD, or median (inter quartile range). CHF, chronic heart failure; BMI, body mass index; BP, blood pressure; 
ACEI, angiotensin converting enzyme inhibitors; ARB, angiotensin receptor blocker; NYHA, New York Heart Association; eGFR, estimated 
glomerular filtration rate; NT-proBNP, N-terminal pro-B-type natriuretic peptide; CRP, C-reactive protein; Tsat, transferrin saturation; 
sTfR, soluble transferrin receptor; TIBC, total iron binding capacity; LVEF, left ventricular ejection fraction; LVFS, left ventricular fractional 

shortening; LVIDd, left ventricular internal diastolic diameter; LVMI, left ventricular mass index; MEE, myocardial energy expenditure.
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LVMI, as well as reduced ferritin, Tsat levels, and lower 
LVEF, left ventricular fractional shortening (LVFS) were 
associated with elevated MEE levels (all P<0.05, Table 3).  
In addition, MEE levels did not change significantly 
corresponding to age, sex, the presence of anemia, or 
baseline HGB concentrations (all P>0.05, Table 3).

Multivariable analyses

In a multivariable regression model with ID as a predefined 
category for iron status and adjusting for all associated 
clinical variables identified in the univariable analyses, 
the presence of ID, increased LVIDd, LVMI, and sTfR 
concentrations as well as reduced LVEF, LVFS significantly 
predicted the elevation of MEE levels (all P<0.05, Table 3).  
In the analogous multivariable regression model with 
ferritin and Tsat levels respectively reflecting iron status, 
lower Tsat, but not ferritin, remained an independent 
predictor of elevation of MEE levels (P=0.020, Table 3), and 
after adjustment for all variables that showed a significant 
association with MEE levels in univariable models. In 
both models, increased sTfR concentrations significantly 
predicted the elevation of MEE levels (both P<0.05, Table 3).

Discussion

In the present study, the prevalence of ID elevated 
significantly in patients with CHF compared with healthy 
subjects, affecting 36.9% of the CHF patients recruited. 
With the progression of heart failure as accessed by NYHA 

class, the prevalence of ID increased. MEE levels were 
significantly higher in CHF patients with ID compared 
with patients without ID, and MEE levels were adversely 
affected by the presence of ID as well as reduced Tsat and 
increased sTfR concentrations, independent of baseline 
anemia and other related clinical parameters.

Prevalence of ID

ID is one of the most common nutritional deficiencies 
worldwide, affecting one-third of the global population (19). 
Traditionally, ID has usually been considered to be a cause 
of anemia in patients with CHF (3,6,7), and until recently 
has been reported as a common complication of CHF 
associated with impaired exercise capacity, poor quality 
of life and worse prognosis, regardless of baseline anemia 
status (25-30). However, data on the epidemiology and 
pathophysiology of ID in patients with CHF are limited. 
The prevalence of ID in different CHF patients ranged 
from 21–73% (7,12,25,31-33). This wide variation might 
be explained by the different cut off levels and criteria for 
ID in previously reported studies and difference in the 
patient characteristics. The etiology of ID in patients with 
CHF is generally considered multifactorial, and may be a 
consequence of reduced iron absorption, increased gastro-
intestinal loss, and impaired availability of iron from the 
reticuloendothelial system caused by pro-inflammatory 
activation with hepcidin overproduction (34,35). In the 
present study, we applied a definition of ID most commonly 
used in CHF: serum ferritin <100 μg/L, or serum ferritin 
100–300 μg/L with Tsat <20%. Such a definition of 
ID has been applied in CHF, including clinical trials  
(10-12,16,25-28,30). With this criterion, a high prevalence 
of ID in patients with CHF was found, affecting 36.9% 
of the CHF patients. In addition to the severity of CHF 
accessed by NYHA class, patients with ID also appeared 
to have higher sTfR concentrations. In contrast with 
previously reported studies (12,25,26,31,32,36,37). CHF 
patients with ID in our study had similar demographic 
characteristics (age, sex, BMI, BP, and HR), eGFR, LVEF, 
HGB, NT-proBNP concentrations, and the prevalence of 
anemia, as well as medication treatment, compared with 
those without ID.

Roles of iron in CHF

Iron is essential for the maintenance of cellular energy and 
metabolism of extra-haematopoietic tissues (3,9,17-19). 

Figure 1 Prevalence of iron deficiency in subsequent New York 
Heart Association classes.
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Table 2 Baseline characteristics of 130 patients with CHF according to iron status

Variables Patients with ID (n=48) Patients without ID (n=82) P values

Age, years 64.1±12.6 67.5±10.7 0.109

Male gender, n (%) 30 (62.5) 35 (42.7) 0.476

BMI, kg/m2 23.5±2.8 23.9±2.9 0.378

Systolic BP, mmHg 128.4±18.5 126.4±18.6 0.111

Diastolic BP, mmHg 74.9±12.6 72.9±12.2 0.361

Heart rate, b.p.m 80.1±9.2 77.1±8.7 0.056

NYHA class (II/III/IV), n (%) 12/20/16 (25.0/41.7/33.3) 55/23/4 (67.1/28.0/4.9) 0.000

Smokers (past or present), n (%) 33 (68.8) 34 (41.5) 0.004

Ischemic etiology of CHF, n (%) 40 (83.3) 64 (78.0) 0.505

Anemia, n (%) 19 (39.6) 20 (24.4) 0.077

Diabetes mellitus, n (%) 18 (37.5) 27 (32.9) 0.703

Medications, n (%)

ACEI or ARB 43 (89.6) 79 (96.3) 0.144

Beta-blocker 42 (87.5) 77 (93.9) 0.327

Aldosterone antagonist 21 (43.8) 31 (37.8) 0.579

Loop diuretic 28 (58.3) 40 (48.8) 0.363

Digoxin 4 (8.3) 2 (2.4) 0.193

Statin 40 (83.3) 70 (85.4) 0.804

Antiplatelet drug 40 (83.3) 68 (82.9) 0.952

Laboratory measurements

Hemoglobin, g/L 116.0±19.1 121.3±17.6 0.111

eGFR, mL/min/1.73 m2 76.3±29.0 71.9±28.2 0.398

CRP, mg/L 3.9 (1.6–11.6) 4.4 (1.5–15.6) 0.765

Ferritin, μg/L 82.0 (53.3–195.3) 380.0 (250.8–516.7) 0.000

Transferrin, g/L 2.2±0.6 1.9±0.4 0.002

Serum iron, μmol/L 8.1±5.2 12.5±5.2 0.000

Tsat, % 14.3 (10.7–19.3) 27.7 (21.3–35.4) 0.000

sTfR, mg/L 1.4 (1.1–2.3) 1.2 (0.9–1.6) 0.007

TIBC, μmol/L 49.7±11.9 42.9±9.2 0.000

Nt-proBNP, ng/L 2,634.6 (808.1–10,288.7) 871.3 (254.6–3,781.0) 0.003

LVEF, % 47.4±10.8 47.4±10.9 0.997

LVFS, % 25.4±11.3 29.4±10.2 0.042

LVIDd, mm 52.0±8.1 48.7±9.1 0.036

LVMI, g/m2 137.9±38.6 123.1±38.9 0.038

MEE, cal/min 92.7±23.0 65.6±20.8 0.000

Data are presented as means ± SD, or median (inter quartile range). CHF, chronic heart failure; BMI, body mass index; BP, blood pressure; 
ACEI, angiotensin converting enzyme inhibitors; ARB, angiotensin receptor blocker; NYHA, New York Heart Association; eGFR, estimated 
glomerular filtration rate; NT-proBNP, N-terminal pro-B-type natriuretic peptide; CRP, C-reactive protein; Tsat, transferrin saturation; 
sTfR, soluble transferrin receptor; TIBC, total iron binding capacity; LVEF, left ventricular ejection fraction; LVFS, left ventricular fractional 

shortening; LVIDd, left ventricular internal diastolic diameter; LVMI, left ventricular mass index; MEE, myocardial energy expenditure.
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Cardiac myocytes with a high mitogenic potential and high-
energy demand are particularly sensitive to depleted iron 
supplies and/or abnormal iron utilization. This is important 
in CHF, as abnormal energy generation and utilization in 
the myocardium and skeletal muscles contribute to CHF 
pathophysiology.

Alterations of MEE in CHF

MEE der ived  f rom s tandard  echocard iographic 
measurements is a major indicator of myocardial energy 
metabolism, and several studies have shown that it was an 
effective parameter of myocardial bioenergetics and was 
significantly correlated with cardiac function in patients 
with CHF (23,24,38,39). Elevated MEE levels were proved 
to be more effective in predicting cardiac death than 
LVEF (23), and recently, we also found that a higher MEE 
level was an independent predictor of all-cause mortality 
and recurrent hospital admission due to CHF (40). In the 
current study, MEE levels also increased with the severity 
of HF assessed by NYHA class and NT-proBNP levels, 
which was consistent with prior reports and suggested 
that elevation of MEE levels might be a good indicator of 
compromised energy metabolism in CHF.

Correlation between iron metabolism and MEE in patients 
with CHF

In recent years, myocardial metabolic remodeling in CHF 

has attracted great attention, and studies have shown that 
impaired myocardial energy metabolism was a feature of 
CHF (2,41,42). Iron, as a key regulator of mitochondrial 
biogenesis and indispensable components of several enzyme 
cofactors in energy metabolism, plays a crucial role in 
mitochondrial function and energy metabolic homeostasis 
(17,43,44). Cardiac myocytes characterizing by high energy 
demand are prone to be susceptible to disorders of iron 
homeostasis (19,20,45), and in vitro experiments, ID could 
induce cardiac hypertrophy and/or dilation as an adaptive 
response, involvement of mitochondrial ultrastructural 
aberrations, and dysfunction (46-49). The effects of 
intravenous iron supplementation in CHF patients were 
reported in several studies (12-16,26), shown significant 
improvements in functional status, quality of life, and 
exercise capacity . Thus, we hypothesize that CHF patients 
complicated with ID would further worsen already impaired 
myocardial energy metabolism. In the multivariable 
regression models, and adjusting for all associated clinical 
variables identified in the univariable analyses, the presence 
of ID, as well as reduced Tsat, reflected the depletion of 
body iron storage (5,19,50,51), and significantly predicted 
the elevation of MEE levels, regardless of baseline anemia 
status. This suggested that ID may aggravate myocardial 
energy metabolism in patients with CHF. In addition to 
improvements in the symptoms of CHF, exercise capacity, 
and quality of life (10,11,13-16), iron supplementation may 
facilitate energy metabolic optimization in patients with 
CHF accompanying ID. In the subgroups analysis according 
to NYHA class, MEE levels significantly increased in the 
presence of ID in NYHA class II and III groups, although 
analogous variation was not found in the NYHA class IV 
group. This may be because serum ferritin increases in 
response to the activation of pro-inflammatory cytokines in 
the process of CHF, which may affect the diagnosis of ID 
using the present definition.

Compared with healthy subjects, sTfR concentrations 
were higher in patients with CHF, and similar variation was 
found in the CHF patients with ID as compared to those 
without ID. In addition, a higher concentration of sTfR 
was associated with increased MEE levels after adjustment 
for traditional covariates in the multivariable models. 
Consistent with the inverse correlation between iron 
metabolism and myocardial energy metabolism, sTfR, as a 
sensitive indicator of ID, increases when iron availability is 
insufficient for metabolic requirement (5,19,50,51). Thus, 
increased sTfR levels may be an indicator of abnormal 
iron utilization with restricted iron delivery to target cells, 

Figure 2 Myocardial energy expenditure (MEE) levels (means ± 
SD) in subsequent New York Heart Association classes, split into 
those with or without iron deficiency.
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Table 3 Univariable and multivariable linear regression analysis for the level of MEE

Determinants
Univariable models Multivariable model 1* Multivariable model 2**

Sβc R2 P values Sβc P values Sβc P values

Age, years −0.125 0.016 0.157 − − − −

Gender, male vs. female −0.111 0.012 0.207 − − − −

BMI, kg/m2 −0.013 0.000 0.879 − − − −

NYHA class, II/III/IV 0.695 0.484 0.000 0.399 0.000 0.518 0.000

Smoker, yes vs. no −0.115 0.013 0.192 − − − −

Ischemic CHF etiology, yes vs. no 0.099 0.010 0.263 − − − −

Diabetes mellitus, yes vs. no −0.106 0.011 0.231 − − − −

ID, yes vs. no −0.520 0.270 0.000 −0.217 0.000 − −

Anemia, yes vs. no −0.145 0.021 0.101 − − − −

ACEI/ARB, yes vs. no 0.311 0.097 0.000 − − − −

Β-blocker, yes vs. no 0.089 0.008 0.314 − − − −

Aldosterone antagonist, yes vs. no −0.219 0.048 0.012 − − − −

Loop diuretic, yes vs. no −0.171 0.029 0.052 − − − −

Digoxin, yes vs. no −0.019 0.000 0.832 − − − −

Statin, yes vs. no 0.135 0.018 0.126 − − − −

Antiplatelet drug, yes vs. no 0.050 0.003 0.568 − − − −

Hemoglobin, g/L −0.107 0.011 0.228 − − − −

eGFR, mL/min/1.73 m2 −0.062 0.004 0.484 − − − −

CRP, mg/L 0.066 0.004 0.455 − − − −

Ferritin, μg/L −0.295 0.087 0.001 − − − −

Tsat, % −0.279 0.078 0.001 − − −0.130 0.020

sTfR, mg/L 0.463 0.215 0.000 0.134 0.027 0.137 0.015

Nt-proBNP, ng/L 0.401 0.161 0.000 − − − −

LVEF, % −0.227 0.052 0.009 −0.150 0.015 −0.225 0.000

LVFS, % −0.559 0.313 0.000 −0.385 0.000 −0.362 0.000

LVIDd, mm 0.528 0.278 0.000 0.270 0.001 0.207 0.003

LVMI, g/m2 0.383 0.147 0.000 0.193 0.015 − −

*, adjusted R2=0.685; **, adjusted R2=0.644. CHF, chronic heart failure; BMI, body mass index; BP, blood pressure; ACEI, angiotensin 
converting enzyme inhibitors; ARB, angiotensin receptor blocker; NYHA, New York Heart Association; eGFR, estimated glomerular 
filtration rate; NT-proBNP, N-terminal pro-B-type natriuretic peptide; CRP, C-reactive protein; Tsat, transferrin saturation; sTfR, soluble 
transferrin receptor; LVEF, left ventricular ejection fraction; LVFS, left ventricular fractional shortening; LVIDd, left ventricular internal 
diastolic diameter; LVMI, left ventricular mass index; MEE, myocardial energy expenditure; Sβc, standardized β coefficient.
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further aggravating already impaired energy metabolism in 
patients with CHF.

Study limitations

There are several limitations to this study. First, there are 
no standard criteria for the diagnosis of ID with serum 
iron biomarkers in patients with CHF. Using the criterion 
standard of bone marrow iron staining in all patients, 
as well as control subjects appears impractical and non-
ethical. In the present study, we applied a definition of ID 
as serum ferritin <100 μg/L, or serum ferritin 100–300 μg/L  
with Tsat <20%, reflecting depleted iron storage and 
abnormal iron utilization despite abundant body iron 
stores. However, more studies are warranted to confirm 
the role of serum iron biomarkers in body iron status in 
patients with CHF. Second, the observational parameters 
of our study were single measurement after admission and 
variations in iron status over time were not studied. Third, 
only the correlation between iron metabolism and MEE 
levels was analyzed in the study, while the mechanism was 
not investigated. In addition, no information on prognosis 
in patients with CHF complicated with ID was available 
for the present study. However, several previously reported 
studies have confirmed that ID was an independent 
predictor of poor prognosis in patients with CHF. Finally, 
the effect of iron supplementation on improving myocardial 
energy metabolism in patients with CHF warrants further 
studies.

Conclusions

ID is common in patients with CHF. The presence of ID as 
well as reduced Tsat and increased sTfR levels is associated 
with elevation of MEE levels in patients suffering from 
CHF, suggesting iron supplementation in CHF patients 
with ID may be a potential therapeutic target for improving 
myocardial energy metabolism.
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