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Abstract: Anemia and disturbances of iron metabolism are frequently encountered in patients with
COVID-19 and associated with an adverse clinical course. We retrospectively analyzed 645 consecu-
tive COVID-19 patients hospitalized at the Innsbruck University Hospital. Pre-existing anemia was
associated with increased risk for in-hospital death. We further found that the decline in hemoglobin
levels during hospital stay is more pronounced in patients with signs of hyperinflammation upon
admission, the latter being associated with a nearly two-fold higher risk for new onset anemia within
one week. Anemia prevalence increased from 44.3% upon admission to 87.8% in patients who were
still hospitalized after two weeks. A more distinct decrease in hemoglobin levels was observed in
subjects with severe disease, and new-onset anemia was associated with a higher risk for ICU admis-
sion. Transferrin levels decreased within the first week of hospitalization in all patients, however,
a continuous decline was observed in subjects who died. Hemoglobin, ferritin, and transferrin levels
normalized in a median of 122 days after discharge from hospital. This study uncovers pre-existing
anemia as well as low transferrin concentrations as risk factors for mortality in hospitalized COVID-
19 patients, whereas new-onset anemia during hospitalization is a risk factor for ICU admission.
Anemia and iron disturbances are mainly driven by COVID-19 associated inflammation, and cure
from infection results in resolution of anemia and normalization of dysregulated iron homeostasis.

Keywords: COVID-19; SARS-CoV-2; disease severity; hyperinflammation; outcome; recovery;
anemia; hemoglobin course; iron deficiency; anemia of inflammation

1. Introduction

Coronavirus disease 2019 (COVID-19) caused by the novel severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) emerged as a pandemic, affecting people all around
the world [1,2]. Due to the high contagiousness of SARS-CoV-2, COVID-19 challenged
health care systems worldwide [3]. While most patients experience only mild symptoms,
10-20% of infected subjects require hospitalization [4]. The severity of the disease can be
classified according to the WHO ranging from mild via moderate to severe and critical
diseases [5]. Up to 29% of hospitalized COVID-19 patients may develop acute respiratory
distress syndrome (ARDS) with need for treatment in an intensive care unit (ICU) and/or
ventilation therapy [6].

Several biomarkers predicting morbidity and mortality have been identified to better
classify and manage patients upon hospital admission, thus optimizing resource allocation
and providing optimal therapy for the patients. Besides male sex, older age or specific
genetic factors, several co-morbidities including cardio-cerebrovascular disease, diabetes,
respiratory disease, cancer, or chronic kidney disease have been associated with a high
morbidity and mortality [4,7-9]. In addition, lymphopenia, elevated levels of the immune
biomarkers C-reactive protein (CRP), interleukin 6 (IL-6), neopterin or ferritin, low levels
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of the iron transfer protein transferrin or testosterone deficiency and anemia were shown
to be associated with an adverse outcome [10-14]. It has been recently demonstrated that
inflammatory biomarkers strongly increase in patients with severe COVID-19 disease and
are associated with escalation of respiratory support and survival [11,14]. Erythropoiesis
and iron metabolism are strongly influenced by immune activation [15]. Between 56.0% and
68.8% of anemic patients admitted to the hospital presented with anemia of inflammation
(AI), which is characterized by increased concentrations of the iron storage protein ferritin
together with a reduced circulating iron availability [12,16]. In addition, autoimmune
hemolytic anemia was shown to occur occasionally in patients with COVID-19 [17]. Because
iron availability as well as erythropoietic factors affect immune function but also infection
outcome via controlling the delivery of iron to microbes [18-22], this analysis aimed to
investigate the longitudinal association of hemoglobin, iron metabolism, disease severity
and survival in hospitalized COVID-19 patients.

2. Results
2.1. Patients’ Characteristics

We retrospectively analyzed 645 consecutive patients (391 men, 254 women) with
polymerase chain reaction (PCR) confirmed SARS-CoV-2 infection and need for in hospital
treatment. The median age was 69 years (54-79 years) and similar in men and women
(67 vs. 71 years, p = 0.331). According to the WHO disease severity scale, more than two
thirds of these patients presented with mild or moderate disease (n = 432, 67.0%), while
117 patients had severe or critical disease (18.1%), and 96 patients died during hospital stay
(14.9%). In accordance with the literature, men more often presented with severe disease
(22.0% vs. 12.2%) or died (17.6% vs. 10.6%), while women more often presented with mild
disease (77.2% vs. 60.4%, p < 0.001). Patients’ characteristics upon hospital admission
within the WHO COVID ordinal scale are depicted in Table 1.

2.2. Anemia and Iron Deficiency upon Hospital Admission

About one third of the patients (n = 221, 34.3%) presented with anemia upon hospital
admission. Most anemic patients presented with mild (n = 124, 56.1%) to moderate anemia
(n =92, 41.6%), while only 5 patients (2.3%) had a severe anemia with hemoglobin levels
<80 g/L. Parameters of iron metabolism were available from 549 patients (85.1%) upon
hospital admission. Out of these patients, 417 presented with functional iron deficiency
(ID) (76.0%), 36 with absolute ID (6.6%) and 96 had no ID (17.5%). Absolute ID was more
prevalent in women compared to men (13.4% vs. 2.1%, p < 0.001), while functional ID
was equally distributed between men and women (76.9% vs. 74.5%). According to the
iron status, anemia of inflammation (AI) was the most frequent etiology, accounting for
143 cases of anemic patients (64.7%), while 12 patients had Al + iron deficiency anemia
(IDA) (5.4%), 4 patients had IDA (1.8%) and 31 patients presented with multifactorial
anemia (14.0%). However, most patients with multifactorial anemia were normocytic and
normochromic (n = 29, 93.5%), presented with elevated median ferritin levels of 1203 pg/L
(679-2456 pg/L), CRP levels of 9.36 mg/dL (3.79-21.12 mg/dL) and IL-6 levels of 24.1 ng /L
(10.5-101.5 ng/L) as well as decreased transferrin levels of 111 mg/dL (87-137 mg/dL),
which are hallmarks of Al This indicates that most of these patients also had Al, but
according to the very low transferrin levels, their transferrin saturation (TSAT) was >20%,
which precludes the classical Al definition [15].

Hemoglobin levels were available from 249 patients (38.6%) before hospital admission.
Interestingly, hemoglobin levels were 129 g/L (114-130 g/L) in a median of 104 days
(48-214 days) before hospital admission and therefore did not significantly differ when
compared to hemoglobin levels of 130 g/L (113-139 g/L) upon hospital admission for
COVID-19 (p = 0.303). Pre-existing anemia was predictive of a more than two-fold higher
mortality during hospitalization (odds ratio 2.247 (95%CI 1.221-4.135), p = 0.009), while the
risk of admission to an intensive care unit (ICU) for escalation of respiratory support was
not significantly increased (odds ratio 0.674 (95%CI 0.398-1.139), p = 0.140).
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Table 1. Baseline Characteristics of the Total Cohort and Separated for WHO COVID Ordinal Scale.

Characteristic Total Cohort Mild Disease Severe Disease Death Sign.
n =645 n =432 n=117 n=96
Median (IQR) Median (IQR) Median (IQR) Median (IQR) p-Value
Demographic and Clinical Characteristics

Age [years] 69 (54-79) 68 (53-78) 63 (56-71) 80 (75-88) <0.001

BMI [kg/m?] 26.3 (23.5-29.7) 26.0 (23.5-29.4) 28.4 (24.4-31.4) 24.4 (22.3-27.7) 0.003
Temperature [C] 38.0 (37.2-38.7) 37.8 (37.1-38.6) 38.5(37.5-39.1) 38.3 (37.6-39.0) <0.001
SpO, [%] 90 (86-93) 91 (88-93) 88 (84-91) 86 (80-91) <0.001

O, requirement [L] 2 (0-5) 2 (0-4) 6 (3-8) 6 (2-12) <0.001

Duration symptoms start until

hospitalization [days] 6 (3-9) 6 (3-9) 7 (4-10) 4 (2-8) 0.008

Duration hospitalstay [days] 10 (7-15) 9 (6-12) 19 (12-33) 10 (5-23) <0.001
Laboratory Findings

Cholesterol [mg/dL] 125 (102-159) 131 (106-162) 120 (93-151) 116 (96-135) 0.007
LDL [mg/dL] 73 (50-100) 78 (53-105) 68 (50-99) 54 (41-76) <0.001
HDL [mg/dL] 34 (26-44) 35 (27-46) 30 (22-36) 28 (21-39) <0.001
Triglycerides [mg/dL] 103 (81-132) 100 (79-128) 110 (92-138) 113 (85-148) 0.017
HbA1c [%] 6.1 (5.7-6.6) 6.0 (5.7-6.5) 6.4 (6.0-6.8) 6.3 (5.7-6.6) <0.001
Creatinine [mg/dL] 0.97 (0.79-1.26) 0.94 (0.78-1.17) 0.99 (0.81-1.21) 1.20 (0.91-1.88) <0.001
CRP [mg/dL] 5.06 (2.03-10.17) 3.81 (1.42-7.51) 10.71 (5.78-16.84)  7.61 (3.34-11.92) <0.001
IL-6 [ng/L] 35.8 (15.6-78.2) 28.8 (11.9-58.7) 50.5 (22.0-120.3) 87.3 (28.7-186.5) <0.001
Leukocytes [G/L] 5.9 (4.5-8.2) 5.5 (4.3-7.0) 7.4 (5.2-10.1) 6.9 (5.1-11.6) <0.001
Lymphocytes [G/L] 0.89 (0.63-1.35) 1.02 (0.69-1.46) 0.74 (0.55-1.02) 0.72 (0.41-1.00) <0.001

Hemoglobin [g/L] 133 (119-144) 134 (122-145) 133 (119-144) 123 (105-144) 0.004

Hematocrit [L/L] 0.384 (0.347-0.417)  0.387 (0.353-0.417)  0.377 (0.345-0.419)  0.362 (0.315-0.411) 0.013

Thrombocytes [g/L] 181 (147-242) 180 (146-238) 196 (155-278) 167 (134-237) 0.015

MCH [pg] 30.2 (28.9-31.3) 30.2 (28.8-31.2) 30.3 (29.2-31.1) 30.1 (29.1-32.0) 0.582

MCV [fL] 87.0 (83.8-90.4) 86.8 (83.7-89.8) 86.9 (84.3-89.8) 88.9 (84.5-92.5) 0.010
MCHC [g/L] 345 (336-353) 345 (338-352) 347 (339-355) 338 (327-350) <0.001
Iron [pmol /L] 4.8 (3.5-6.9) 5.0 (3.6-7.1) 4.3 (3.1-6.2) 4.1(3.2-6.2) <0.001
Ferritin [ug/L] 458 (245-1.096) 363 (217-757) 1.103 (436-1.937) 661 (346-1.353) <0.001
Transferrin [mg/dL] 172 (139-204) 182 (155-214) 144 (121-182) 142 (114-170) <0.001

TSAT [mg/dL] 11 (8-17) 11 (8-16) 12 (8-19) 12 (8-22) 0.820

Kruskal-Wallis test was used for comparison between the three subgroups. Sign. = Significance; IQR = interquartile range; BMI = body
mass index; SpO, = oxygen saturation; O, = oxygen; LDL = low density lipoprotein; HDL = high density lipoprotein; HbAlc = glycated
hemoglobin; CRP = C-reactive protein; IL-6 = interleukin 6; MCH = mean corpuscular hemoglobin; MCV = mean corpuscular volume;
MCHC = mean corpuscular hemoglobin concentrations; TSAT = transferrin saturation

2.3. Longitudinal Association of Hemoglobin, Hyperinflammation and Disease Severity

One week (7 £ 1 days) after hospital admission, 484 patients (75.0%) were still hospital-
ized. In this subgroup of patients, hemoglobin levels declined from 132 g/L (119-144 g /L)
to 117 g/L (106-130 g/L, p < 0.001) within this time, thereby increasing the prevalence
of anemia from 35.3% to 61.0%, which was mainly due to a higher prevalence of multi-
factorial anemia (38.4% vs. 4.8%). However, most patients with multifactorial anemia
after one week were normocytic and normochromic (83.9%) with elevated median ferritin
levels of 795 ug/L (440-1419 nug/L), CRP levels of 4.05 mg/dL (1.36-8.02 mg/dL) and IL-6
levels of 19.4 ng/L (7.5-60.6 ng/L), as well as decreased transferrin levels of 131 mg/dL
(103-162 mg/dL), again, all hallmarks of Al

Hyperinflammation upon hospital admission (n = 114, defined as CRP > 15 mg/dL or
ferritin > 1500 pg/L [11]) was associated with a significantly higher decline of hemoglobin
levels within the first week of hospitalization (131 g/dL to 113 g/dL, p < 0.001) com-
pared to patients without hyperinflammation upon hospital admission (n = 370; 133 g/dL
to 119 g/dL, p < 0.001, Figure 1A). Hyperinflammation upon hospital admission was
associated with a nearly two-fold higher risk for new-onset anemia after one week of hos-
pitalization (OR 1.988 (95%CI 1.110-3.559), p = 0.021). When dividing patients according to
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profound decline in hemoglobin levels after one week (132 g/L to 114 g/L, p < 0.001) when
compared to patients with mild disease (n = 308, 133 g/L to 122 g/L, p < 0.001), while
patients who died during hospital stay already presented with rather low hemoglobin
levels at baseline (n = 64, 124 g/L to 110 g/L, p < 0.001, Figure 1B). Interestingly, new-onset
anemia one week following hospitalization was not associated with a higher mortality (OR
1.430 (95%CI 0.661-3.092), p = 0.364) but with a three-fold higher rate of ICU admission
(OR 3.115 (95%CI 1.894-5.123), p < 0.001).
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Figure 1. Course of hemoglobin levels during hospital stay within different subgroups: Day 1 + 1 until Day 7 + 1
hyperinflammation classification (A) and WHO COVID ordinal scale (B), Day 1 & 1 until Day 14 £ 1 for hyperinflammation
classification (C) and WHO COVID ordinal scale (D).

Two weeks (14 + 1 days) after hospital admission, 185 patients (28.7%) were still
hospitalized. In this subgroup of patients, median hemoglobin levels declined from 129 g/L
(117-144 g/L) at baseline to 113 g/L (99-125 g /L) after one week to 103 g/L (90-116 g/L,
p <0.001) after two weeks, increasing the prevalence of anemia in this group of subjects from
44.3% to 76.2% to 87.6%. This was due to an increasing prevalence of multifactorial anemia
(8.6% to 40.5% to 53.0%), yet most patients with multifactorial anemia after two weeks were
normocytic and normochromic (81.6%) with elevated median ferritin levels of 721 pg/L
(356-1383 ng/L), CRP levels of 4.07 mg/dL (1.98-9.69 mg/dL) and IL-6 levels of 40.6 ng/L
(11.4-75.0 ng/L) as well as decreased transferrin levels of 125 mg/dL (95-150 mg/dL),
all hallmarks of AL Patients with hyperinflammation upon hospital admission (n = 59)
had a greater decline in hemoglobin levels from 127 g/dL (111-144 g/dL) at baseline to
107 g/dL (94-119 g/dL) after one week and to 95 g/dL (84-110 g/dL) after two weeks
(p < 0.001) when compared to patients without hyperinflammation (n = 126; 131 g/dL to
116 g/dL to 106 g/dL, p < 0.001). Interestingly, this distinction was especially seen in the
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first week of hospitalization, while hemoglobin levels further declined similarly between
patients with or without hyperinflammation (Figure 1C). When dividing patients according
to WHO COVID ordinal scale, patients with severe disease (n = 73) had a significantly
more pronounced decline in hemoglobin levels from 130 g/L at baseline to 111 g/L after
one week to 96 g/L after two weeks (p < 0.001) when compared to patients with mild
disease (n=78,131 g/L to 117 g/L to 113 g/L, p < 0.001), while patients who died during
hospitalization already presented with lower hemoglobin levels at baseline (n =34, 118 g/L
to 101 g/L to 94 g/L, p < 0.001, Figure 1D).

2.4. Longitudinal Association of Ferritin, Transferrin, Hyperinflammation and Disease Severity

In patients still hospitalized after one week with available parameters of iron metabolism
(n = 426), the increase in ferritin levels from 465 pg/L (248-1103 pg/L) at baseline to
609 ng/L (312-1182 ng/L) after one week was not significant (p = 0.705), while transferrin
levels significantly decreased from 170 mg/dL (137-202 mg/dL) at baseline to 138 mg/dL
(107-167 mg/dL) after one week (p < 0.001). Interestingly, patients with hyperinflammation
upon hospital admission had a decline in ferritin levels (1738 pug/L to 1318 ug/L, p < 0.001,
Figure 2A), while transferrin levels almost remained the same (130 mg/dL to 124 mg/dL,
p = 0.180, Figure 2B). Contrarily, in patients without hyperinflammation upon hospital
admission, ferritin levels slightly increased (338 ng/L to 481 pug/L, p < 0.001, Figure 2A),
while transferrin levels decreased (181 mg/dL to 155 mg/dL, p < 0.001, Figure 2B). When
dividing patients according to WHO COVID ordinal scale, patients with severe disease
had a decline in ferritin levels from 1103 ng/L to 810 pug/L (p = 0.036), while ferritin levels
did not significantly increase in patients with mild disease (from 360 ng/L to 490 ng/L;
p = 0.830) but significantly increased in those who died during hospital stay (664 nug/L
to 1235 pg/L, p < 0.001, Figure 2C). In addition, transferrin levels had a similar course in
patients with severe and mild disease during the first week with a short decrease on day
4 + 1 before rising again on day 7 £ 1, yet transferrin levels continuously decreased in
patients who died during hospital stay (Figure 2D).

2.5. Normalization of Hemoglobin and Iron Levels after Discharge from Hospital

Follow-up data after discharge from hospital was available from 175 patients (27.1%).
In this subgroup of patients, hemoglobin levels increased to 137 g/L (121-148 g/L) over a
median of 122 days (101-153 days) after discharge from hospital. When dividing patients
according to the WHO disease severity scale, patients with mild disease (n = 131) had a
decline in hemoglobin from 133 g/L (118-141 g/L) at baseline to 118 g/L (101-129 g/L)
after two weeks of hospitalization, followed by a normalization to 136 g/L (118-146 g/L)
in a median of 123 days after discharge from hospital (p < 0.001). In patients with severe
disease (n = 44), hemoglobin levels declined from 129 g/L (119-144 g/L) at baseline to
95 g/L (88-103 g/L) after two weeks in hospital before increasing again to 146 g/L (128-
151 g/L) after a median of 121 days after discharge from hospital (p < 0.001). In addition,
in patients with hyperinflammation (n = 45), hemoglobin levels declined from 134 g/L
(118-145 g/L) at baseline to 95 g/L (83-107) after two weeks before they increased to
146 g/L (129-157 g/L) in a median of 121 days (102-159 days) after discharge from hospital
(p < 0.001). Finally, ferritin levels decreased to 142 ug/L (64-269 ug/L) and transferrin
levels increased to 253 mg/dL (231-283 mg/dL) in a median of 122 days after discharge
from hospital. This was also found within the WHO COVID ordinal scale as well as the
hyperinflammation classification.
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Figure 2. Course of ferritin and transferrin levels during the first week of hospital stay within different subgroups:
transferrin and hyperinflammation classification (A) or WHO COVID ordinal scale (B), ferritin and hyperinflammation

classification (C) or WHO COVID ordinal scale (D).

3. Discussion

Our data provide several lines of new evidence. First, we have shown that pre-existing
anemia is associated with an increased risk of death in hospitalized patients suffering from
COVID-19. Second, anemia upon admission is also associated with an increased risk of
death, confirming previous data from our group in a smaller patient cohort [12]. Third,
hemoglobin levels declined during hospitalization, which was associated with higher
frequency of anemia, specifically of anemia of inflammation, reaching a prevalence of up
to 87.8% in subjects hospitalized for at least two weeks. Importantly, patients developing
anemia were more likely to be admitted to the ICU. Fourth, after discharge, hemoglobin
levels normalized in most patients within a median observation period of four months.

The decline in hemoglobin and the development of anemia during hospitalization is
linked to immune activation and cytokine-mediated alterations of iron homeostasis, being
hallmarks of anemia of inflammation [15]. Hemoglobin levels remained almost unchanged
in patients without hyperinflammation, while they rapidly decreased in patients with
hyperinflammation. We also demonstrated that hemoglobin levels were almost concurrent
before hospital admission, in the subgroup of patients with available hemoglobin levels
within one year before hospital admission. This suggests that deterioration of the clinical
situation with further enhanced immune activation affects hematopoiesis, resulting in
the development of anemia over time. Several pro-inflammatory cytokines, especially
those produced by the T-helper cell type 1 (Thl) immune response, cause disturbances
in iron homeostasis and affect erythropoiesis [15,23]. Interferon gamma (IFN-y), Tumor
necrosis factor alpha (TNF-o) and IL-6 increase iron uptake into macrophages of the
reticuloendothelial system [24]. Simultaneously, the iron-regulator protein hepcidin, whose
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synthesis in the liver is stimulated by IL-6, blocks iron release from macrophages, and
reduces iron absorption in the intestine [23]. Expression of the iron storage protein ferritin
is increased within macrophages due to the accumulation of iron but also based on cytokine
mediated induction of ferritin gene expression [25-27], which results in iron binding and
prevention of toxic radical formation. Accordingly, ferritin levels were significantly higher
in patients with hyperinflammation and associated with disease severity. In a subgroup
of patients with available hepcidin concentrations upon hospital admission, we found a
significant positive correlation of hepcidin, ferritin and IL-6 concentrations (results not
shown), which was similar to results from a smaller Italian cohort [28]. In addition, higher
circulating ferritin levels also reflect macrophage activation, which is undermined by a
positive association of ferritin with neopterin levels, a pteridine produced by macrophages
upon IFN-y stimulation [10]. Finally, circulating ferritin originates from macrophages,
further confirming the association between ferritin levels, advanced inflammation and
macrophage activation, the latter being a predictor for a poor outcome from COVID-
19 [11,29].

Together with this decreased iron availability for erythropoiesis, IFN-y, TNF-« and
IL-1 directly inhibit the production of erythropoietin in the kidney and impair the differen-
tiation and proliferation of erythroid progenitor cells in the bone marrow [30-32]. Finally,
the quickest acting inflammation-related mechanism causing a reduction in circulating
erythrocytes is the upregulation of erythrophagocytosis by hepatic and especially splenic
macrophages, thus decreasing the erythrocyte half-life [15]. This would be in line with
increased expression of pro-inflammatory cytokines such as IFN-y or TNF-« in severe
courses of COVID-19 [10,29], as both cytokines may affect erythropoiesis or erythrocyte
half-life [33,34]. Thus, we demonstrated that hyperinflammation upon hospital admission
was associated with a more pronounced decline in hemoglobin levels in the course of
hospitalization, which is in agreement with the notion that the severity of Alis linked to the
severity of the underlying disease [1]. Accordingly, recent studies suggest a strong associa-
tion of anemia with more advanced inflammation in patients with COVID-19 [12,16]. How-
ever, hospitalization goes along with repeated blood sampling or occult gastro-intestinal
bleeding, which may aggravate anemia especially when erythropoiesis is impaired. In a
small cohort study involving 24 ICU patients with COVID-19 it was demonstrated that
repeated routine blood sampling accounts for about one third of the total patients’ red
blood cell mass decrease during ICU admission [35]. Moreover, in-hospital treatment can
contain comprehensive infusion therapy, which has a diluting effect on hemoglobin levels,
especially in the ICU, where eventually compromised renal function may further affect
erythropoiesis via reduced erythropoietin formation and increased circulating hepcidin
levels [36-38].

However, most patients with SARS-CoV-2 infection presented with normocytic and
normochromic anemia and elevated ferritin levels, together with reduced transferrin
concentrations, which are hallmarks of anemia of inflammation [39]. Beside upregula-
tion of ferritin expression, transferrin expression is negatively regulated by several cy-
tokines [20,40,41]. We observed a continuous decline in transferrin levels in hospitalized
patients specifically in those severely affected by the disease. As transferrin and serum
iron concentrations are the basis for TSAT calculations, low transferrin levels may result in
TSAT > 20%, which shows the limitations of the anemia of inflammation definition [15].

Anemia upon hospital admission was already demonstrated to be associated with
an adverse outcome in patients with COVID-19 [12,42,43], however, whether or not pre-
existing anemia is already a risk factor for disease severity could not be demonstrated
until now. Herein we demonstrate in the subgroup of patients with available hemoglobin
levels before hospitalization, that pre-existing anemia prior to SARS-CoV-2 infection was
associated with an increased in hospital mortality from COVID-19. Since we have only
limited information on the causes of anemia in such patients, our observation points to the
crucial clinical need to evaluate anemia in any patient, to identify the underlying causes and
to treat anemia properly [44,45]. Contrarily, new onset of anemia after hospital admission
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was not associated with an increased in-hospital mortality but a three-fold higher risk for
ICU admission. This suggests that new onset anemia strongly reflects inflammation-related
disease progression with the hyperinflammatory syndrome causing respiratory failure and
need for further respiratory treatment. Finally, we demonstrated that infection related
anemia and dysregulated iron homeostasis, which are observed in the case of COVID-19,
normalize after a certain period in most patients.

Limitations

We retrospectively analyzed 645 consecutive patients with PCR-proven SARS-CoV-2
infection and need for in-hospital treatment in the region of Tyrol. Unfortunately, pa-
rameters of iron metabolism were not available from all patients initially included in the
study, which resulted in a smaller sample size when analyzing these parameters. Moreover,
hemoglobin levels were not available from all hospitalized patients at every time point
during in-hospital stay, which represents a certain bias when interpreting the figures. In
addition, we did not have medical records from patients after discharge, specifically re-
garding whether they received any treatment for anemia after hospital discharge. Finally,
regional socio-economic conditions must be taken into consideration when interpreting the
results, which is why the results do not allow unrestricted generalization to patients with
COVID-19 all over the world.

In conclusion, our results point to the important liaison of iron homeostasis, anemia
development and outcome for patients with severe COVID-19 and emphasizes the role of
pre-existing anemia and dynamic changes of hemoglobin and iron metabolism parame-
ters for the course and risk prediction of the disease. In most cases, anemia is based on
inflammation-driven disturbances in iron homeostasis, reduced erythrocyte half-life and
cytokine-mediated inhibitory effects of erythropoiesis. However, anemia and low circu-
lating iron as well as increased tissue iron retention may directly affect the course, either
by promoting tissue hypoxia and need for oxygen delivery, by contributing to lung injury
or by affecting iron access to specific pathogens, thereby increasing the risk of secondary
infections [46—49]. Thus, in deep analysis of iron homeostasis and anemia in the setting of
infection and development of specific intervention strategies to combat anemia, disturbed
iron homeostasis, tissue hypoxia and iron delivery to pathogens are important research
areas to further the insights into this complex network, resulting in improved therapies for
severe infection.

4. Materials and Methods
4.1. Study Population

We retrospectively analyzed data of 645 consecutive patients with COVID-19, who
were hospitalized at the Innsbruck University Hospital between 25 February 2020, and 13
March 2021. All patients were hospitalized because of polymerase-chain-reaction (PCR)-
proven SARS-CoV-2 infection and the need for in-hospital medical care. Fatal events,
intensive care unit (ICU) admission, and need for invasive or non-invasive ventilation of
all patients were recorded during the patients” hospital stay. Information about patients’
vital status was obtained from the local clinical information system. The study conformed
to the principles of the Declaration of Helsinki and was approved by the ethics committee
of the Medical University of Innsbruck (ethical vote: 1167/2020, approved 24 July 2020).

4.2. Labotratory Measurements

Blood samples were taken from all patients upon hospital admission and during
their hospital stay as part of their routine clinical care and analyzed with fully automated
tests in the central laboratory of the Innsbruck University Hospital, which undergoes
regular internal and external quality controls and evaluations. Laboratory parameters were
extracted from the local clinical information system and summarized to day 1 &+ 1, day
4+1,day7+1,day 10 £ 1 and day 13 & 1. We also collected laboratory parameters up to
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one month prior to hospital admission and three months after patients were discharged
from hospital where available.

4.3. Classifications

We defined anemia according to the World Health Organization (WHO) as hemoglobin
(Hb) <130 g/L in men and < 120 g/L in women. Anemia was further classified into severe
anemia (Hb < 80 g/L), moderate anemia (Hb 80-109 g/L) and mild anemia (Hb 110-
129 g/L in men and 110-119 g/L in women) [50]. Patients with anemia were also classified
according to parameters of iron metabolism into those with AI (TSAT < 20% in combina-
tion with ferritin > 100 ng/L), IDA (TSAT < 20% in combination with ferritin < 30 ug/L),
combined Al and IDA (TSAT < 20% in combination with ferritin 30-100 ng/L) and mul-
tifactorial anemia (TSAT > 20%). ID was defined as TSAT < 20% either in combination
with ferritin < 100 ng/L, termed absolute ID, or in combination with ferritin > 100 pg/L,
termed functional ID [15,44]. Anemia was further classified into microcytic (MCV < 80 fL),
normocytic (80-100 fL) and macrocytic (>100 fL), as well as hypochromic (MCHC < 28 pg),
normochromic (28-35 pg) and hyperchromic (>35 pg).

Patients” disease severity was classified according to the WHO disease severity scale:
(1) mild disease defined as need for hospitalization without oxygen therapy or oxygen
by mask or nasal prongs, (2) severe disease defined as need for non-invasive ventilation,
high-flow oxygen, intubation, mechanical ventilation or need for additional organ support
(pressors, extracorporeal membrane oxygenation) and (3) death [5]. Finally, hyperinflam-
mation was defined as either CRP > 15 mg/dL or ferritin > 1500 pg/L upon hospital
admission [11].

4.4. Statistical Analysis

Parameters are depicted as n (%) or medians (25th, 75th percentile) since Gaussian
distribution was not given (tested by Shapiro-Wilk test). Mann-Whitney-U test, Kruskal-
Wallis test or Pearson chi-square tests were performed to test for significant differences
between two or more unrelated groups. Sign-test or Friedman test were used to test for
significant differences between two or more related samples. Spearman rank correlation
test was used to correlate continuous variables. All tests were two tailed and p-values < 0.05
were regarded as statistically significant. Statistical analysis was performed using SPSS
Statistics Version 27.0 for Macintosh (IBM Corporation, Armonk, NY, USA).

5. Conclusions

This study demonstrates that in hospitalized patients with COVID-19, hyperinflam-
mation upon hospital admission is associated with new-onset anemia within one week.
New-onset anemia is further associated with increased risk of ICU admission, while pre-
existing anemia prior to hospital admission is a risk factor for death from COVID-19
in the case of hospitalization. Moreover, while ferritin levels continuously increase and
transferrin levels continuously decrease in patients who died during hospital stay, they
recover similarly in patients with mild and severe disease. Finally, hemoglobin, ferritin
and transferrin levels normalized in a median of 122 days after discharge from hospital.

Author Contributions: Conceptualization, G.W.; methodology, L.L. and G.W.; software, L.L.; val-
idation, G.W,; formal analysis, L.L.; investigation, A.S., ER.B., G.F, GW.,, L.L. RB.-W. and S.W.;
resources, G.W.; data curation, L.L.; writing—original draft preparation, G.W. and L.L.; writing—
review and editing, A.S., ER.B., G.F, R.B.-W. and S.W,; visualization, L.L.; supervision, G.W.; project
administration, R.B.-W. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and approved by the ethics committee of the Medical University of Innsbruck
(ID of the ethical vote: 1167/2020).



Metabolites 2021, 11, 653 10 of 11

Informed Consent Statement: According to the ethics committee of the Innsbruck Medical Univer-
sity, it was not necessary to obtain informed consent from the patients, since this was a retrospective
data analysis, with pseudonymous patients data, without generation of any new diagnostic or
laboratory results and patient questionnaires.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to privacy restrictions.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Wang, D.; Hu, B.; Hu, C.; Zhu, F; Liu, X.; Zhang, J.; Wang, B.; Xiang, H.; Cheng, Z.; Xiong, Y.; et al. Clinical Characteristics
of 138 Hospitalized Patients With 2019 Novel Coronavirus-Infected Pneumonia in Wuhan, China. JAMA 2020, 323, 1061-1069.
[CrossRef]

Yang, X.; Yu, Y;; Xu, J.; Shu, H.; Xia, J.; Liu, H.; Wu, Y.; Zhang, L.; Yu, Z.; Fang, M.; et al. Clinical course and outcomes of critically
ill patients with SARS-CoV-2 pneumonia in Wuhan, China: A single-centered, retrospective, observational study. Lancet Respir.
Med. 2020, 8, 475-481. [CrossRef]

Thu, T.P.B.; Ngoc, PN.H.; Hai, N.M.; Tuan, L.A. Effect of the social distancing measures on the spread of COVID-19 in 10 highly
infected countries. Sci. Total Environ. 2020, 742, 140430. [CrossRef] [PubMed]

Karagiannidis, C.; Mostert, C.; Hentschker, C.; Voshaar, T.; Malzahn, J.; Schillinger, G.; Klauber, J.; Janssens, U.; Marx, G.;
Weber-Carstens, S.; et al. Case characteristics, resource use, and outcomes of 10 021 patients with COVID-19 admitted to 920
German hospitals: An observational study. Lancet Respir. Med. 2020, 8, 853-862. [CrossRef]

World Health Organization. WHO R&D Blueprint: Novel Coronavirus: Outline of Trial Designs for Experimental Therapeutics,
27 January 2020, Geneva, Switzerland. Available online: https:/ /apps.who.int/iris/handle/10665/330694 (accessed on 11 July
2021).

Huang, C.; Wang, Y.; Li, X;; Ren, L.; Zhao, J.; Hu, Y,; Zhang, L.; Fan, G.; Xu, J.; Gu, X,; et al. Clinical features of patients infected
with 2019 novel coronavirus in Wuhan, China. Lancet 2020, 395, 497-506. [CrossRef]

Verity, R.; Okell, L.C.; Dorigatti, I.; Winskill, P.; Whittaker, C.; Imai, N.; Cuomo-Dannenburg, G.; Thompson, H.; Walker, PG.T,;
Fu, H.; et al. Estimates of the severity of coronavirus disease 2019: A model-based analysis. Lancet Infect. Dis. 2020, 20, 669-677.
[CrossRef]

Ellinghaus, D.; Degenhardt, F.; Bujanda, L.; Buti, M.; Albillos, A.; Invernizzi, P; Fernandez, J.; Prati, D.; Baselli, G.; Asselta, R.; et al.
Genomewide Association Study of Severe Covid-19 with Respiratory Failure. N. Engl. ]. Med. 2020, 383, 1522-1534. [CrossRef]
Zhou, Y.; Yang, Q.; Chi, J.; Dong, B.; Lv, W.; Shen, L.; Wang, Y. Comorbidities and the risk of severe or fatal outcomes associated
with coronavirus disease 2019: A systematic review and meta-analysis. Int. |. Infect. Dis. 2020, 99, 47-56. [CrossRef]
Bellmann-Weiler, R.; Lanser, L.; Burkert, F; Seiwald, S.; Fritsche, G.; Wildner, S.; Schroll, A.; Koppelstitter, S.; Kurz, K.;
Griesmacher, A ; et al. Neopterin predicts disease severity in hospitalized patients with COVID-19. Open Forum Infect. Dis. 2020,
8, ofaab21. [CrossRef]

Manson, J.J.; Crooks, C.; Naja, M.; Ledlie, A.; Goulden, B.; Liddle, T.; Khan, E.; Mehta, P.; Martin-Gutierrez, L.; Waddington, K.E.;
et al. COVID-19-associated hyperinflammation and escalation of patient care: A retrospective longitudinal cohort study. Lancet
Rheumatol. 2020, 2, €594-e602. [CrossRef]

Bellmann-Weiler, R.; Lanser, L.; Barket, R.; Rangger, L.; Schapfl, A.; Schaber, M.; Fritsche, G.; W6ll, E.; Weiss, G. Prevalence and
Predictive Value of Anemia and Dysregulated Iron Homeostasis in Patients with COVID-19 Infection. J. Clin. Med. 2020, 9, 2429.
[CrossRef]

Lanser, L.; Burkert, ER.; Thommes, L.; Egger, A.; Hoermann, G.; Kaser, S.; Pinggera, G.M.; Anliker, M.; Griesmacher, A.; Weiss, G.;
et al. Testosterone Deficiency Is a Risk Factor for Severe COVID-19. Front. Endocrinol. (Lausanne) 2021, 12, 694083. [CrossRef]
Zhang, X.; Tan, Y,; Ling, Y.; Lu, G; Liu, E; Yi, Z,; Jia, X.; Wu, M,; Shi, B.; Xu, S.; et al. Viral and host factors related to the clinical
outcome of COVID-19. Nature 2020, 583, 437-440. [CrossRef]

Weiss, G.; Ganz, T.; Goodnough, L. T. Anemia of inflammation. Blood 2019, 133, 40-50. [CrossRef]

Bergamaschi, G.; Borrelli de Andreis, F.; Aronico, N.; Lenti, M.V.; Barteselli, C.; Merli, S.; Pellegrino, I.; Coppola, L.; Cremonte,
E.M.; Croce, G.; et al. Anemia in patients with Covid-19: Pathogenesis and clinical significance. Clin. Exp. Med. 2021, 21, 239-246.
[CrossRef]

Jacobs, J.; Eichbaum, Q. COVID-19 associated with severe autoimmune hemolytic anemia. Transfusion 2021, 61, 635-640.
[CrossRef]

Nairz, M.; Schroll, A.; Moschen, A.R.; Sonnweber, T.; Theurl, M.; Theurl, I.; Taub, N.; Jamnig, C.; Neurauter, D.; Huber, L.A.; et al.
Erythropoietin contrastingly affects bacterial infection and experimental colitis by inhibiting nuclear factor-kB-inducible immune
pathways. Immunity 2011, 34, 61-74. [CrossRef]

Ganz, T.; Nemeth, E. Iron homeostasis in host defence and inflammation. Nat. Rev. Immunol. 2015, 15, 500-510. [CrossRef]
[PubMed]

Valente de Souza, L.; Hoffmann, A.; Weiss, G. Impact of bacterial infections on erythropoiesis. Expert. Rev. Anti. Infect. Ther. 2020,
19, 619-633. [CrossRef] [PubMed]


http://doi.org/10.1001/jama.2020.1585
http://doi.org/10.1016/S2213-2600(20)30079-5
http://doi.org/10.1016/j.scitotenv.2020.140430
http://www.ncbi.nlm.nih.gov/pubmed/32623158
http://doi.org/10.1016/S2213-2600(20)30316-7
https://apps.who.int/iris/handle/10665/330694
http://doi.org/10.1016/S0140-6736(20)30183-5
http://doi.org/10.1016/S1473-3099(20)30243-7
http://doi.org/10.1056/NEJMoa2020283
http://doi.org/10.1016/j.ijid.2020.07.029
http://doi.org/10.1093/ofid/ofaa521
http://doi.org/10.1016/S2665-9913(20)30275-7
http://doi.org/10.3390/jcm9082429
http://doi.org/10.3389/fendo.2021.694083
http://doi.org/10.1038/s41586-020-2355-0
http://doi.org/10.1182/blood-2018-06-856500
http://doi.org/10.1007/s10238-020-00679-4
http://doi.org/10.1111/trf.16226
http://doi.org/10.1016/j.immuni.2011.01.002
http://doi.org/10.1038/nri3863
http://www.ncbi.nlm.nih.gov/pubmed/26160612
http://doi.org/10.1080/14787210.2021.1841636
http://www.ncbi.nlm.nih.gov/pubmed/33092423

Metabolites 2021, 11, 653 11 of 11

21.
22.

23.
24.

25.

26.

27.

28.

29.

30.

31.
32.

33.

34.

35.

36.

37.
38.

39.

40.

41.
42.

43.

44.

45.

46.

47.

48.

49.

50.

Drakesmith, H.; Prentice, A.M. Hepcidin and the iron-infection axis. Science 2012, 338, 768-772. [CrossRef] [PubMed]

Haschka, D.; Hoffmann, A.; Weiss, G. Iron in immune cell function and host defense. Semin. Cell Dev. Biol. 2021, 115, 27-36.
[CrossRef]

Weiss, G.; Goodnough, L.T. Anemia of Chronic Disease. N. Engl. ]. Med. 2005, 352, 1011-1023. [CrossRef] [PubMed]
Ludwiczek, S.; Aigner, E.; Theurl, I.; Weiss, G.n. Cytokine-mediated regulation of iron transport in human monocytic cells. Blood
2003, 101, 4148-4154. [CrossRef] [PubMed]

Arosio, P.; Carmona, F.; Gozzelino, R.; Maccarinelli, F; Poli, M. The importance of eukaryotic ferritins in iron handling and
cytoprotection. Biochem. J. 2015, 472, 1-15. [CrossRef] [PubMed]

Torti, EM.; Torti, S.V. Regulation of ferritin genes and protein. Blood 2002, 99, 3505-3516. [CrossRef] [PubMed]

Siegert, I.; Schodel, J.; Nairz, M.; Schatz, V.; Dettmer, K.; Dick, C.; Kalucka, J.; Franke, K.; Ehrenschwender, M.; Schley, G.; et al.
Ferritin-Mediated Iron Sequestration Stabilizes Hypoxia-Inducible Factor-1& upon LPS Activation in the Presence of Ample
Oxygen. Cell Rep. 2015, 13, 2048-2055. [CrossRef]

Nai, A,; Lore, N.I; Pagani, A.; De Lorenzo, R.; Di Modica, S.; Saliu, E; Cirillo, D.M.; Rovere-Querini, P; Manfredi, A.A ; Silvestri,
L. Hepcidin levels predict Covid-19 severity and mortality in a cohort of hospitalized Italian patients. Am. J. Hematol. 2021, 96,
E32-E35. [CrossRef]

McGonagle, D.; Sharif, K.; O’'Regan, A.; Bridgewood, C. The Role of Cytokines including Interleukin-6 in COVID-19 induced
Pneumonia and Macrophage Activation Syndrome-Like Disease. Autoimmun. Rev. 2020, 19, 102537. [CrossRef]

De Bruin, A.M.; Demirel, O.; Hooibrink, B.; Brandts, C.H.; Nolte, M.A. Interferon-y impairs proliferation of hematopoietic stem
cells in mice. Blood 2013, 121, 3578-3585. [CrossRef]

Jelkmann, W. Regulation of erythropoietin production. J. Physiol. 2011, 589, 1251-1258. [CrossRef]

Caiado, F; Pietras, E.M.; Manz, M.G. Inflammation as a regulator of hematopoietic stem cell function in disease, aging, and clonal
selection. J. Exp. Med. 2021, 218, €20201541. [CrossRef]

Means, R.T,, Jr.; Krantz, S.B.; Luna, J.; Marsters, S.A.; Ashkenazi, A. Inhibition of murine erythroid colony formation in vitro by
interferon gamma and correction by interferon receptor immunoadhesin. Blood 1994, 83, 911-915. [CrossRef] [PubMed]

Canna, S.W.; Wrobel, J.; Chu, N.; Kreiger, P.A.; Paessler, M.; Behrens, E.M. Interferon-y mediates anemia but is dispensable for
fulminant toll-like receptor 9-induced macrophage activation syndrome and hemophagocytosis in mice. Arthritis Rheum. 2013,
65,1764-1775. [CrossRef] [PubMed]

Beverina, I.; Borotto, E.; Novelli, C.; Radrizzani, D.; Brando, B. Iatrogenic anaemia and transfusion thresholds in ICU patients
with COVID-19 disease at a tertiary care hospital. Transfus. Apher. Sci. 2021, 60, 103068. [CrossRef] [PubMed]

Lasocki, S.; Baron, G.; Driss, F.; Westerman, M.; Puy, H.; Boutron, I.; Beaumont, C.; Montravers, P. Diagnostic accuracy of serum
hepcidin for iron deficiency in critically ill patients with anemia. Intensive Care Med. 2010, 36, 1044-1048. [CrossRef] [PubMed]
Weiss, G. Iron metabolism in the anemia of chronic disease. Biochim. Biophys. Acta 2009, 1790, 682—-693. [CrossRef] [PubMed]
Pak, M.; Lopez, M.A_; Gabayan, V.; Ganz, T.; Rivera, S. Suppression of hepcidin during anemia requires erythropoietic activity.
Blood 2006, 108, 3730-3735. [CrossRef]

Theurl, I; Mattle, V.; Seifert, M.; Mariani, M.; Marth, C.; Weiss, G. Dysregulated monocyte iron homeostasis and erythropoietin
formation in patients with anemia of chronic disease. Blood 2006, 107, 4142-4148. [CrossRef]

Thomas, C.; Thomas, L. Anemia of chronic disease: Pathophysiology and laboratory diagnosis. Lab. Hematol. 2005, 11, 14-23.
[CrossRef]

Camaschella, C.; Girelli, D. The changing landscape of iron deficiency. Mol. Asp. Med. 2020, 75, 100861. [CrossRef]

Tremblay, D.; Rapp, J.L.; Alpert, N.; Lieberman-Cribbin, W.; Mascarenhas, J.; Taioli, E.; Ghaffari, S. Mild anemia as a single
independent predictor of mortality in patients with COVID-19. E[Haem 2021, 1-8. [CrossRef]

Al-Jarallah, M.; Rajan, R.; Saber, A.A.; Pan, |.; Al-Sultan, A.T.; Abdelnaby, H.; Alroomi, M.; Dashti, R.; Aboelhassan, W.; Almutairi,
F; et al. In-hospital mortality in SARS-CoV-2 stratified by hemoglobin levels: A retrospective study. E[Haem 2021, 1-5. [CrossRef]
Camaschella, C. Iron deficiency. Blood 2019, 133, 30-39. [CrossRef] [PubMed]

Richards, T.; Breymann, C.; Brookes, M.].; Lindgren, S.; Macdougall, I.C.; McMahon, L.P.; Munro, M.G.; Nemeth, E.; Rosano,
G.M.C;; Schiefke, I; et al. Questions and answers on iron deficiency treatment selection and the use of intravenous iron in routine
clinical practice. Ann. Med. 2021, 53, 274-285. [CrossRef] [PubMed]

Sonnweber, T.; Sahanic, S.; Pizzini, A.; Luger, A.; Schwabl, C.; Sonnweber, B.; Kurz, K.; Koppelstitter, S.; Haschka, D.; Petzer, V.;
et al. Cardiopulmonary recovery after COVID-19: An observational prospective multi-center trial. Eur. Respir. J. 2020, 57, 2003481.
[CrossRef] [PubMed]

Brandtner, A.; Tymoszuk, P; Nairz, M.; Lehner, G.F; Fritsche, G.; Vales, A.; Falkner, A.; Schennach, H.; Theurl, L; Joannidis, M.;
et al. Linkage of alterations in systemic iron homeostasis to patients” outcome in sepsis: A prospective study. J. Intensive Care
2020, 8, 76. [CrossRef]

Hippchen, T.; Altamura, S.; Muckenthaler, M.U.; Merle, U. Hypoferremia is Associated With Increased Hospitalization and
Oxygen Demand in COVID-19 Patients. Hemasphere 2020, 4, e492. [CrossRef] [PubMed]

Shah, A.; Frost, ].N.; Aaron, L.; Donovan, K.; Drakesmith, H.; McKechnie, S.R.; Stanworth, S.J.; Collaborators. Systemic
hypoferremia and severity of hypoxemic respiratory failure in COVID-19. Crit. Care 2020, 24, 320. [CrossRef]

World Health Organization. Haemoglobin Concentrations for the Diagnosis of Anaemia and Assessment of Severity. Available
online: https://apps.who.int/iris/handle/10665/85839 (accessed on 11 July 2021).


http://doi.org/10.1126/science.1224577
http://www.ncbi.nlm.nih.gov/pubmed/23139325
http://doi.org/10.1016/j.semcdb.2020.12.005
http://doi.org/10.1056/NEJMra041809
http://www.ncbi.nlm.nih.gov/pubmed/15758012
http://doi.org/10.1182/blood-2002-08-2459
http://www.ncbi.nlm.nih.gov/pubmed/12522003
http://doi.org/10.1042/BJ20150787
http://www.ncbi.nlm.nih.gov/pubmed/26518749
http://doi.org/10.1182/blood.V99.10.3505
http://www.ncbi.nlm.nih.gov/pubmed/11986201
http://doi.org/10.1016/j.celrep.2015.11.005
http://doi.org/10.1002/ajh.26027
http://doi.org/10.1016/j.autrev.2020.102537
http://doi.org/10.1182/blood-2012-05-432906
http://doi.org/10.1113/jphysiol.2010.195057
http://doi.org/10.1084/jem.20201541
http://doi.org/10.1182/blood.V83.4.911.911
http://www.ncbi.nlm.nih.gov/pubmed/8111063
http://doi.org/10.1002/art.37958
http://www.ncbi.nlm.nih.gov/pubmed/23553372
http://doi.org/10.1016/j.transci.2021.103068
http://www.ncbi.nlm.nih.gov/pubmed/33612448
http://doi.org/10.1007/s00134-010-1794-8
http://www.ncbi.nlm.nih.gov/pubmed/20213069
http://doi.org/10.1016/j.bbagen.2008.08.006
http://www.ncbi.nlm.nih.gov/pubmed/18786614
http://doi.org/10.1182/blood-2006-06-028787
http://doi.org/10.1182/blood-2005-08-3364
http://doi.org/10.1532/LH96.04049
http://doi.org/10.1016/j.mam.2020.100861
http://doi.org/10.1002/jha2.167
http://doi.org/10.1002/jha2.195
http://doi.org/10.1182/blood-2018-05-815944
http://www.ncbi.nlm.nih.gov/pubmed/30401704
http://doi.org/10.1080/07853890.2020.1867323
http://www.ncbi.nlm.nih.gov/pubmed/33426933
http://doi.org/10.1183/13993003.03481-2020
http://www.ncbi.nlm.nih.gov/pubmed/33303539
http://doi.org/10.1186/s40560-020-00495-8
http://doi.org/10.1097/HS9.0000000000000492
http://www.ncbi.nlm.nih.gov/pubmed/33205000
http://doi.org/10.1186/s13054-020-03051-w
https://apps.who.int/iris/handle/10665/85839

	Introduction 
	Results 
	Patients’ Characteristics 
	Anemia and Iron Deficiency upon Hospital Admission 
	Longitudinal Association of Hemoglobin, Hyperinflammation and Disease Severity 
	Longitudinal Association of Ferritin, Transferrin, Hyperinflammation and Disease Severity 
	Normalization of Hemoglobin and Iron Levels after Discharge from Hospital 

	Discussion 
	Materials and Methods 
	Study Population 
	Labotratory Measurements 
	Classifications 
	Statistical Analysis 

	Conclusions 
	References

