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Abstract: Iron is an essential nutrient for humans and microbes, such as bacteria. Iron deficiency 
occurs commonly in critically ill patients, but iron replacement therapy is not considered during the 
acute phase of critical illness, since it increases iron availability for invading microbes and oxidative 
stress. However, persistent iron deficiency in the recovery phase is harmful with potential adverse 
outcomes such as cognitive dysfunction, fatigue and cardiopulmonary dysfunction. Therefore, it is 
important to treat iron deficiency timely and efficiently. This article reviews current knowledge 
about iron-related biomarkers in critically ill patients and provides possible criteria to guide 
decision-making for iron supplementation in the recovery phase of critical illness. 
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1. Introduction 

Critical illness results in characteristic changes to iron metabolism. Up to 75% of critically ill 
patients show elevated ferritin but low serum iron levels at admission to the intensive care unit (ICU) 
[1]. Most of the critically ill COVID-19 patients showed significantly decreased levels of serum iron 
during the first 24 hours of ICU stay [2,3]. Moreover, as the most common nutritional deficiency 
worldwide, iron deficiency including absolute iron deficiency (AID) and functional iron deficiency 
(FID) represents a risk factor for developing critical illness [1,4]. Generally, AID is characterized by 
reduced iron stores and inadequate iron supply, whereas FID means that iron stores are adequate, 
but iron supply is insufficient [5]. The combination of pre-existing disturbances of iron metabolism 
and regulatory changes of iron metabolism in critical illness represents a diagnostic dilemma for the 
management of iron metabolism in critically ill patients. In general, iron replacement therapy is not 
considered during the acute phase of critical illness, because more accessible iron is beneficial for 
invading microbes and oxidative stress [1,6]. However, during the recovery phase of critical illness, 
clinicians are facing the question of when to (re-)start iron supplementation. This review summarizes 
the existing knowledge about the changes in iron metabolism during critical illness as the basis for 
decision-making for iron supplementation in the recovery phase of critical illness. 

2. The Role of Iron in Human Health 

Iron plays an important role in human health (for review see [7]). It is necessary for the transport 
of oxygen, mitochondrial function, and the synthesis of deoxyribonucleic acid. Iron is also involved 
in the immune response due to its role in the Fenton reaction, which is required for the formation of 
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oxygen-free radicals (OFR), a main inflammatory mediator [8]. Iron levels must be tightly regulated 
because of the potentially detrimental effects of iron overload. Iron uptake is under metabolic control 
by various enzymes such as hepcidin [9]. Surprisingly, humans do not have an active iron excretion 
pathway. The organism downregulates the available iron pool by reducing the uptake and shifting 
iron to the intracellular space [10]. Therapeutic iron supplementation needs to consider the dynamics 
of iron homeostasis. 

3. Iron Metabolism in Critically Ill Patients 

Critical illness is accompanied by characteristic changes in iron metabolism, with microcytic 
anemia as the leading clinical symptom [11–13]. FID without anemia is also common in critical illness. 
FID, measured by red cell hypochromasia on flow cytometry and presence of zinc protoporphyrin, 
represents an insufficient biological availability of iron in the presence of adequate storage reserves 
[14,15]. In a prospective observational study, it was reported that the incidence of FID reached up to 
35% in patients at admission [4]. In a cohort of 314 patients from an interdisciplinary ICU, about 28.3% 
of patients were diagnosed with FID [16]. Most investigators concurred that during the early phase 
of critical illness, hepcidin is upregulated due to the release of pro-inflammatory mediators which 
leads to decreased activity of ferroportin, a cell surface protein exporting iron form cells into blood 
circulation, and results in higher intracellular iron levels [1,17]. This causes a decline in serum iron 
levels. 

An increasing body of evidence from both animal and human studies suggests that iron levels 
may play an important role in the outcome of critical illness. A prospective single-center study 
demonstrated that iron and serum transferrin saturation (TSAT) levels are strong predictors of 
outcome in ICU patients [18]. Interestingly, iron and TSAT levels were significantly decreased in 
sepsis survivors, and transferrin levels were lower in non-survivors [18]. Potential reasons for higher 
serum iron levels in non-survivors were reviewed previously [18]. Insufficient activation of hepcidin 
is considered as one of the main reasons. Severe sepsis is often accompanied by liver dysfunction, 
which reduces hepatic hepcidin synthesis [19]. Secondly, non-survivors show increased catabolism 
with iron being released from the elevated turnover of erythrocytes and other cells [20,21]. Thirdly, 
to improve tissue perfusion, frequent blood transfusions will further increase iron levels from aged 
and damaged erythrocytes. Therefore, serum iron levels can also be used as a marker of disease 
severity and prognosis [22]. In a two-center retrospective and prospective observational study with 
COVID-19 patients, the authors demonstrated that serum iron levels were significantly decreased in 
patients with mild respiratory failure (RF) compared to those without RF, but there were no 
significant differences in iron levels between the non-RF and severe RF groups, so there is an U-
shaped relationship between serum iron levels and disease severity [23]. Another study revealed that 
serum iron levels were an independent risk factor for 90-day mortality [24]. In this study including 
total of 1,891 patients diagnosed with sepsis according to the Sepsis-3 criteria, the results showed that 
after adjusting for confounding variables, a higher serum iron level on ICU admission was associated 
with increased 90-day mortality.  

On the other hand, free iron, which is generally referred to as non-transferrin-bound iron or non-
ferritin-bound iron, may be more meaningful than conventional serum iron levels to forecast adverse 
clinical outcomes and in-hospital mortality [25]. Free iron accelerates the Fenton reaction, resulting 
increased levels of reactive oxygen species cause tissue damage. Catalytic iron, also known as non-
transferrin bound iron, is a kind of free iron and positively associated with oxidative stress, vascular 
injury, and risk of mortality in critically ill patients [26,27]. Also, in another study involving 806 
patients with acute coronary syndrome, the authors evaluated the role of catalytic iron in predicting 
mortality. The results showed that higher catalytic iron levels were associated with higher mortality 
[28]. Similarly, a study focused on critically ill COVID-19 patients also highlighted that higher plasma 
concentrations of catalytic iron were significantly correlated with in-hospital mortality [25]. Therefore, 
elevated catalytic iron appears to be a reliable parameter to predict unfavorable clinical outcomes in 
critically ill patients. 
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4. Iron Metabolism in the Recovery Phase from Critical Illness 

4.1. Ferritin 

Ferritin, a molecular weight of 450 kDa, is an iron storage protein found in the circulation, 
cytosol and within the mitochondria [29]. Ferritin’s role, used to evaluate body iron stores, is well 
established in iron metabolism, and its value as a marker of body iron to assess iron status in infection, 
inflammation and malignancy has been extensively studied. For example, a recent systematic review 
reported that serum ferritin can be considered as a diagnostic biomarker for iron storage with ferritin 
concentration in patients with iron depletion as low as 80 mcg/L, and in patients with iron overload 
was nearly 500 mcg/L [30]. Recently, serum ferritin has also been used for assessing iron metabolism 
and organ dysfunction in critically ill patients. In a prospective study in ICU patients, serum ferritin 
increase was higher in nonsurvivors than survivors, and there was a significant positive correlation 
between serum ferritin and Sequential Organ Failure Assessment (SOFA) score [31]. The researchers 
suggested that serum ferritin levels are linked to the presence of inflammation [31,32]. Based on the 
relationship between ferritin in serum and urine, Gerday et al. reported that measuring urinary 
ferritin was a potential noninvasive screening test for iron metabolism in neonatal intensive care unit 
(NICU) patients, and the results showed that in order to detect iron-limited erythropoiesis, the 
amended urine ferritin below 12 ng/mL had 82% sensitivity and 100% specificity, and the positive 
predictive value was 100% [33].  

In COVID-19 patients admitted to ICU, serum ferritin was used to distinguish the severity of the 
disease. Increased serum levels of ferritin were associated with more severe COVID-19 [34–38]. 
Serum ferritin was also an independent predictor of in-hospital COVID-19-related mortality. Zhou et 
al. reported that the mortality rate for patients with raised serum levels of ferritin (> 300 μg/L) was 
significantly higher [39]. Increased levels of serum ferritin may enhance the inflammatory response, 
so as to exert a pathogenic role in viral infection [40]; On the other hand, excessive ferritin can 
contribute to the production of reactive oxygen species and oxidative stress [41–43]. Furthermore, a 
number of retrospective and prospective studies have verified that the state of hyperferritinemia is 
accompanied by a worse prognosis of COVID -19 both in acute and post-acute phase [34,44–46]. 
Therefore, during recovery phase of ICU patients, serum ferritin is still an important marker of iron 
metabolism, and if the concentration of serum ferritin continues to be high, it indicates that the 
inflammatory response of the body has not been fully controlled, and even if the serum iron 
concentration is low, it is not the time to supplement iron. Based on the information above, the serum 
iron and ferritin dynamics in surviving ICU patients with long ICU stay can be summarized in Figure. 
1. 
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Figure 1. Summary of the iron metabolism-related markers dynamics in critical illness. (A) changes 
of serum iron, (B) changes of serum ferritin, (C) changes of serum transferrin, (D) changes of serum 
hepcidin. Represents the potential starting point for iron supplementation. 

4.2. Hepcidin 

Hepcidin is a master iron regulatory hormone, which is synthesized in the liver, circulates in the 
blood stream and is excreted in the urine. Hepcidin regulates intestinal absorbed, macrophage 
recycled or liver stored iron efflux from cells into the blood circulation through regulating the 
expression of ferroportin on the cell surfaces. It is reported that hepcidin is positively associated with 
ferritin, interleukin-6, RBC transfusion and C-reactive protein, and negatively correlated with iron, 
total iron binding capacity, transferrin, and reticulocyte response [47]. In a prospective single-center 
clinical non-interventional study, which included one hundred adult surgical ICU patients, the 
authors found that the levels of hepcidin in serum showed a time-dependent course (Figure 1D). 
Hepcidin serum concentrations were markedly increased on ICU admission and decreased 
significantly over the course of the ICU stay [47]. During the recovery phase of the ICU stay, most of 
the patients’ reticulocyte response was increased, and inflammatory response was decreased. 
Therefore, the hepcidin concentrations decreased. This suggests that measurements of hepcidin levels 
may be useful for managing iron deficiency in critically ill patients during the recovery phase [48]. In 
fact, AID was defined when hepcidin was below 20 µg/L, whereas FID was defined as a hepcidin 
level from 20 µg/L to 41 µg/L [49].  

In addition, serum hepcidin can predict mortality of patients in ICU during recovery phase. 
Hepcidin was suggested as a clinical biomarker for COVID-19 severity, since the levels of serum 
hepcidin was significantly increased in ICU non-survive patients, compared with ICU survivors. This 
indicates that in critical patients admitted to ICU, high hepcidin levels is positively associated with 
the mortality [50]. Also, some studies showed that the higher baseline levels of serum hepcidin in 
hospitalized COVID-19 patients, the higher possibility of mechanical ventilation and kidney 
replacement for these patients [36,50]. However, Yağcı et al. reported that critically ill COVID-19 
patients in ICU had lower serum hepcidin levels than healthy patients [35]. It was speculated there 
was a similar structure between SARS-CoV-2-spiked glycoprotein cytoplasmic tail and hepcidin 
protein, so SARS-CoV-2 can directly increase the levels of circulating and tissue ferritin, induce serum 
iron deficiency and hemoglobin deficiency, and suppress hepatic hepcidin synthesis [35]. Moreover, 
in a prospective multicenter study including 2087 patients and 28 ICUs, the authors used plasma 
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hepcidin levels to diagnose iron deficiency and assess the association of iron deficiency with 
outcomes during the recovery phase after an intensive care unit stay. They showed that iron 
deficiency diagnosed based on hepcidin concentration < 20 ng/l at ICU discharge was associated with 
increased one-year mortality, and severe iron deficiency defined as hepcidin < 10 ng/l was an 
independent predictor of poor one-year physical recovery [48]. Therefore, to accelerate the speed of 
physical recovery, during the recovery phase of ICU patients, dynamic monitoring of hepcidin levels 
might be useful to guide the timeline in starting iron supplementation. 

4.3. Transferrin and Transferrin Saturation 

As the primary iron transport protein, transferrin binds to transferrin receptors on cell surfaces 
and delivers iron into the cells of target organs and tissues via receptor-mediated endocytosis. Since 
transferrin can stand without binding of iron, transferrin saturation (TSAT) reflects the amount of 
iron bound to transferrin, and was used as a reliable marker of systemic iron status [29]. Recent 
findings demonstrated that parameters of iron metabolism, particularly transferrin and TSAT can be 
utilized as strong outcome predictors for diverse groups of critically ill patients [18]. Brandtner et al. 
designed a prospective study to investigate the putative impact of serum iron parameters on the 
outcome of sepsis, and the results showed that low transferrin concentrations and higher TSAT levels 
were associated with reduced survival [51]. Therefore, they suggested that TSAT can serve as a stand-
alone predictor of sepsis survival and improve the prediction power of the SOFA score [51]. 

Recently, a growing body of evidence demonstrated the relationship between transferrin (or 
TSAT) and disease severity in patients with liver dysfunction. It was reported that iron metabolism 
was disrupted in patients with acute-on-chronic liver failure (ACLF), and a prospective study 
showed that low transferrin concentration and high TSAT related to the severity of ACLF and 
increased short-term mortality [52,53]. A similar correlation between TSAT and disease severity was 
also reported in decompensated cirrhosis patients [54]. 

In COVID-19-related studies, transferrin levels were low at the time of hospitalization, especially 
in patients with serious medical conditions, such as high oxygen demand, the decreased levels of 
transferrin were even more intense [29]. For example, Hippchen et al. reported that inpatients and 
critically ill patients showed significantly lower transferrin levels than outpatients, indicating that 
low transferrin levels can predict increased inflammation and disease severity [55]. On the other hand, 
there was also a significant relationship between TSAT and COVID-19 severity. Similarly, TSAT in 
patients with severe respiratory failure was markedly higher than in patients with mild or no 
respiratory failure; for example, intubated patients had higher TSAT than non-intubated patients 
[23,35]. Moreover, the levels of TSAT in COVID-19 patients showed a dynamic pattern. Generally, in 
the early stage of infection, such as at ICU admission, the levels of TSAT were not very high but 
increased between the 3rd and 6th day of admission, then in the later stage, generally within 7-18 
days in the hospital, returned to normal [56]. Therefore, because the changes of transferrin is mainly 
regulated by the availability of iron, during the recovery phase of critically ill patients, the levels of 
transferrin especially TSAT can be used as an important reference to guide the timing of iron 
supplementation. The serum transferrin dynamics in critically ill patients with long ICU stay is 
shown in Figure 1C. 

4.4. Iron Supplementation 

In the recovery phase from critical illness, iron supplementation should be considered for 
critically ill patients once the diagnosis of iron deficiency is established. Appropriate iron 
supplementation is safe and beneficial to the recovery of critically ill patients. Giving intravenous 
iron to patients without iron deficiency increases the risk of toxic side effects and iron overload [57]. 

Iron deficiency and anemia are frequent and may impair recovery in critically ill patients. High-
dose intravenous iron can be administered safely under the guidance of hepcidin levels. During the 
recovery phase of critically ill patients, if the serum hepcidin level is below 20 μg/L, it may be an 
appropriate time to start iron supplementation (Figure 1D). 
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5. Harm of Dysregulated Iron Metabolism in the Recovery Phase of Critical Illness 

Despite protective effects during the critical phase of critical illness, low iron levels in the 
recovery phase of critically ill patients are harmful [20–24]. Moreover, hypoferremia may reflect a 
detrimental intracellular iron overload during inflammatory processes and impair oxygen delivery 
to peripheral tissues by limiting erythropoiesis [24,26]. 

5.1. Anemia 

Anemia is a common condition in critically ill patients in intensive care, with a mean prevalence 
of up to 65% of all patients at the time of admission and nearly 97% after a length of stay of 8 days 
[16]. Anemia has been associated with worse outcomes including increased stay lengths and 
mortality. The etiology of anemia in critically ill patients is often multifactorial and complex, 
influenced by underlying chronic diseases and complicated through relevant blood loss for 
diagnostic investigations, surgery, or hemolysis. However, the most common reason for anemia in 
hospitalized patients is iron-restricted erythropoiesis, which is usually caused by iron deficiency [58]. 
During the recovery phase of critical illness, reduced uptake of nutritional iron and retention of iron 
into the reticulohistiocytic system (RHS) are the characteristic features of iron-deficiency anemia 
[16,59]. Early clinical trials have demonstrated that iron supplementation can elevate serum 
transferrin and increase erythropoiesis in critically ill patients, so transfusion of red cells and 
supplementation with iron are the usual therapeutic strategies [60]. Recently, Litton et al. also 
reported that combined supplementation of iron and erythropoietin could promote the recovery of 
intensive care patients with anemia (hemoglobin <100 g/L) [61]. Conversely, a multicenter 
randomized trial in trauma patients found that iron supplementation significantly increased the 
serum ferritin concentration, but had no effect on transferrin saturation, iron-deficient erythropoiesis, 
hemoglobin concentration, or packed RBC transfusion requirement [62].  

5.2. Cognitive Dysfunction 

Cognitive dysfunction is common in survivors of critical illness, affecting more than 25% of 
patients and often persisting after physical recovery [63]. For example, in a prospective trial including 
821 patients with respiratory failure or shock, cognitive and functional status was assessed at 3 and 
12 months after discharge. The results showed that among survivors of critical illness at 3 months 
post-discharge, 40% of patients’ scores are comparable to scores seen in patients after mild to 
moderate traumatic brain injury, and 26% is comparable to scores of patients with mild Alzheimer’s 
disease. The effect persisted at those levels in 34% and 24% of patients at 12 months [64]. Although 
the pathophysiology of cognitive dysfunction after critical illness is multifactorial and the exact 
mechanism is not very clear and needs more investigations, the lack of iron is a potentially important 
contributing factor. It was reported that iron deficiency is associated with poor health and severe 
neurological impairment such as mental, motor, social, emotional, neurophysiological, and 
neurocognitive dysfunction [65]. The mechanisms of how iron deficiency affects behavior include 
changes in the hippocampus, the corpus striatum, certain neurotransmitters, redox balance, and 
myelination [66]. Especially iron is essential for neurotransmitter synthesis, uptake, and degradation 
and is necessary for mitochondrial function in metabolically active brain tissue [67]. Some researchers 
also considered that in line with dopaminergic dysfunction, iron deficiency has the same effect on 
cerebral and behavioral, such as poor inhibitory control and diminished executive and motor 
function [68]. Although some research data shows that iron supplementation is associated with 
improved quality-of-life and cognitive function for iron deficiency patients [64,65], studies on the 
effects of iron supplementation on cognitive outcomes in patients recovering from critical illness are 
currently lacking and will need to consider the optimal timing, dose, and duration of therapy. 

5.3. Fatigue 

Critical illness fatigue is a frequent symptom of prolonged acute illness. For example, a 
prospective study among a broader population of ICU survivors reported a high prevalence of 
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fatigue at 12-month follow-up among medical, urgent surgery, and elective surgery ICU survivors as 
follows: 36%, 45%, and 24%, respectively [69]. In addition, critical illness myopathy or weakness is 
often prolonged with many patients experiencing decreased exercise capacity and compromised 
quality of life years after the acute event [70]. Among the complex variety of causes, it was reported 
that iron deficiency has been associated with fatigue and muscular weakness and may thus impair 
post-ICU rehabilitation [71]. In a prospective observational study in cardiac surgery patients, the 
score of physical fatigue in iron deficiency patients on day 7 was higher than non-iron deficiency 
patients [72]. However, some animal studies and clinical reports indicated that the relationship 
between iron deficiency and fatigue seems independent of anemia [73–75]. For example, Zhou et al. 
revealed that through positively regulating skeletal muscle-specific mitochondrial biogenesis and 
energy production, long-term iron supplementation in combination with vitamin B6 led to less body 
weight gained and increased maximal oxygen uptake in rats [76]. Therefore, giving the catabolic state 
conferred by critical illness and the role of iron in myoglobin and muscle oxidative metabolism, 
further evaluation of the relationship between iron deficiency and critical illness fatigue may provide 
insight into the role of iron supplementation in improving physical recovery after acute severe illness. 
Furthermore, because physiological iron uptake is quite low (approximately 1 to 2 mg/day), 
correction of iron deficiency after an ICU stay should be prolonged [1]. 

5.4. Cardiopulmonary Dysfunction 

It is well-known that iron is an essential co-factor for the normal functioning of many enzymes 
participating in vital cellular and organismal functions, particularly iron is very important for some 
high energy demand cells, such as cardiomyocytes, hepatocytes and skeletal cells [77]. As a necessary 
co-factor for hypoxia-inducible factor (HIF), iron combined with HIF can also mediate the systemic 
cardiovascular response to hypoxia. Therefore, iron plays an important role in cardiopulmonary 
recovery in critically ill patients.  

Independent of anemia, iron deficiency is associated with an increased risk of death in patients 
with heart failure [78]. Although the underlying causes of iron deficiency in heart failure are poorly 
characterized, several factors have gained attention to explain the high prevalence of iron deficiency 
in heart failure, including advanced age, kidney failure, female gender, malnutrition, chronic 
inflammation, reduced iron absorption, increased iron loss, and heart failure severity [77]. Recently, 
Mordi et al. demonstrated that in chronic heart failure, clinical outcomes were worse in non-anemic 
iron deficiency patients than in anemic iron-repleted patients, suggesting that iron deficiency can 
affect the heart directly and in a manner that is different from the effects of anemia [79]. Results from 
animal experiments are similar. E.g., in a mouse model lacking cardiomyocyte transferrin receptor 1 
(TfR1), severely reduced iron levels in the cardiomyocytes resulted in fatal heart failure by the second 
week of age, in part due to failure of mitochondrial respiration [80]. Another study showed that 
critical illness may impair cardiac iron availability through a variety of mechanisms, including 
catecholamine-induced downregulation of myocardial TfR1, and upregulation of hepcidin [81]. 
Importantly, high-quality evidence has suggested that intravenous iron for patients with systolic 
heart failure improved exercise capacity, survival, and quality of life [82]. However, it was also 
reported that among participants with heart failure and iron deficiency, high-dose oral iron did not 
improve exercise capacity over 16 weeks [83]. Therefore, larger controlled studies are required to 
confirm iron supplementation’s effectiveness in the rehabilitation of heart failure patients with iron 
deficiency. 

Iron deficiency is also present in 33%-46% of patients with pulmonary artery hypertension 
(PAH), which is common in patients admitted to the ICU with severe acute respiratory distress 
syndrome [84]. Moreover, PAH has been associated with reduced exercise capacity, compromised 
oxygen handling, deterioration of right ventricular function, and even mortality [85]. Both oral and 
intravenous iron supplementation in patients with PAH provided better clinical outcomes [84]. In a 
retrospective study, researchers analyzed the long-term effects of iron supplementation with ferric 
carboxymaltose (FCM) on iron status and clinical parameters in patients with PAH and iron 
deficiency. The results showed a significant improvement in exercise capacity and World Health 
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Organization functional class. Hospitalizations for worsening PAH over 12 months were also 
significantly reduced [86]. 

6. Potential Therapeutics for Iron Deficiency in the Recovery Phase from Critically Illness 

Due to its effectiveness, safety, and low cost, oral iron, such as ferrous sulfate, is the first-line 
treatment for most patients with iron deficiency. However, the oral drug delivery route presents a 
number of disadvantages in critically ill patients, such as bad absorption of iron and a high incidence 
of gastrointestinal adverse reactions [87]. Moreover, intravenous iron supplementation can 
accomplish the need for a fast replenishment of large demand. Therefore, parenteral iron 
administration is common in clinical practice to overcome limitations and risks related to oral iron. 
Several formulations for intravenous administration are being used: high and low molecular weight 
iron dextran, iron gluconate (IG), iron sucrose (IS), iron ferrumoxytol (FO), ferric carboxymaltose 
(FCM) and ferric derisomaltose (FDI) [88]. Although these intravenous preparations have the same 
structure, the size of the core and density of the surrounding carbohydrate significantly differ from 
each other. The latter three (FCM, FO, FDI) are new-generation products with pharmacokinetic 
parameters allowing for a single high-dose iron administration without the need for a test dose. 
Several studies revealed that FCM is the most successful treatment for iron deficiency and iron 
deficiency related anemia [87,89–91]. 

Because increased levels of iron have been shown to promote bacterial growth in vitro, there is 
a significant concern about the risk of infection with using iron in critically ill patients. In a 
multicenter, interventional study, the results revealed that iron infusion by intravenous did not 
induce more nontransferrin-bound iron, lipid, or protein oxidation in patients with anemia compared 
with volunteers. Conversely, iron administration decreased antioxidant levels, compatible with 
higher oxidative stress in volunteers than in critically ill patients [57]. Moreover, intravenous FCM 
for patients with cardiac failure showed improved functional capacity and quality of life with no 
increased infection [90]. A systematic review and network meta-analysis of randomized controlled 
trials showed high-quality evidence regarding the efficacy and safety of available iron formulations, 
suggesting that all currently available intravenous iron preparations appear to be safe and effective, 
but FCM seems to provide a better benefit for iron deficiency patients [87]. Therefore, during the 
recovery phase of critically ill patients with iron deficiency, considering iron dysmetabolism may be 
of substantial therapeutic benefit in improving functional recovery with the right type of drug, the 
best route and optimal timing of administration. Intravenous iron formulaitons used in critically ill 
patients are summarized in Table 1. 

For the optimal timing of iron therapy, precise diagnosis of iron deficiency in critically ill patients 
during convalescence is important. As the tests routinely used to screen for iron deficiency, such as 
ferritin, transferrin and TSAT, are confounded by the presence of inflammation, iron deficiency 
diagnosis is challenging. As a key regulator of iron metabolism, serum hepcidin has recently opened 
avenues for improved diagnosis and management of anemia in critically ill patients. It was confirmed 
that if iron deficiency were diagnosed at low hepcidin concentration (< 20 ng/l) at ICU discharge, 
there would be a significant association with increased one-year mortality [48]. And importantly, 
hepcidin levels would accurately guide the treatment of iron deficiency in critically ill anemic patients 
after a prolonged ICU stay and affect the post-ICU outcomes [92]. Furthermore, a prospective 
observational study demonstrated that serum hepcidin concentration can be used to predict the 
responsiveness to iron therapy in critically ill patients with anemia, and intravenous iron 
supplementation can decrease the RBC transfusion requirement [93]. Therefore, it is recommended 
that serum hepcidin may provide a better marker of iron deficiency than the routine biochemical tests 
in future use. 

Table 1. Summary of different intravenous iron formulations used in critically ill patients. 

Intravenous drug Dosage Outcome Refs 

IS 3, 5, 7mg/kg  
single infusion  

Serum iron  
Hemoglobin   [94] 
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different dose regimens Transferrin saturation index 

IS 100 mg 
single infusion 

Oxidative stress   [57] 

IS 100 mg 
3 times/week Improved response to rHuEPO  [95] 

IS  
100 mg 

3 times/week Serum Ferritin  [62] 

IS 200 mg weekly  NT-proBNP, CRP [96] 
FCM 500 mg, single infusion RBC transfusion  [93] 

FCM 1000 mg, single infusion Hospital readmissions at 90 days post-
ICU discharge  

[97] 

FCM 500 mg/4 days Hemoglobin  [98] 

FCM 1000 mg, single infusion 
90 day mortality 
1 year survival  [92] 

FCM equivalent to 200 mg of iron, 
weekly 

improved 6-minute walk test and 
quality of life  

[90]  

Iron saccharate 
 

Iron saccharate 
 

FDI 
 
 

FDI 
FDI 
FDI 

 
SFG    

                    
SFG 

20 mg/day  
 

100 mg 
2-3 times/week  

20 mg/kg 
Maximum of 2000 mg 

single infusion 
1000 mg, single infusion 
20 mg/kg, single infusion 
1000 mg, single infusion 

 
125 mg/day 

 
62.5 mg 

2 times/week 

Reticulocyte count  
Serum transferrin receptor  
Haematocrit, Hemoglobin  

 
Risk of hospital admissions for heart 

failure and cardiovascular death 
Cardiovascular adverse events  
Hemoglobin, Ferritin, TSAT 

Hepcidin  
RBC transfusion  

No difference in 6-minute walk test 
Haematocrit, Hemoglobin  

[60] 
 

[99,100] 
 

[101] 
 
 

[102] 
[103] 
[104] 

 
[105] 

 
[100] 

Note: IS, iron sucrose; FCM, ferric carboxymaltose; FDI, ferric derisomaltose; SFG, sodium ferric gluconate; 
rHuEPO, recombinant human erythropoietin; NT-proBNP,  NT-pro-brain natriuretic peptide; CRP, C-reactive 
protein; ↑=increase; ↓= decrease. 

7. Conclusions 

In summary, critical illness can exacerbate pre-existing iron deficits since iron absorption and 
recycling is reduced and stored iron is less accessible for use. Iron deficiency is common in the 
recovery phase of critically ill patients. Although low levels of serum iron may be beneficial in the 
early phase of critical illness, persistent iron deficiency may lead to iron dysmetabolism in which 
reduced iron availability contributes to impaired end-organ function. Therefore, iron 
supplementation may substantially benefit patients with prolonged ICU stay in improving functional 
recovery. Recent studies suggest that hepcidin levels can accurately guide the treatment of iron 
deficiency in critically ill patients after a prolonged ICU stay and affect post-ICU outcomes. However, 
iron administration's optimal dosing and timing in critically ill patients require further studies. 
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