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Abstract: Nucleated red blood cells (NRBCs) are premature erythrocyte precursors that reside in the
bone marrow of humans of all ages as an element of erythropoiesis. They rarely present in healthy
adults’ circulatory systems but can be found circulating in fetuses and neonates. An NRBC count is a
cost-effective laboratory test that is currently rarely used in everyday clinical practice; it is mostly
used in the diagnosis of hematological diseases/disorders relating to erythropoiesis, anemia, or
hemolysis. However, according to several studies, it may be used as a biomarker in the diagnosis and
clinical outcome prognosis of preterm infants or severely ill adult patients. This would allow for a
quick diagnosis of life-threatening conditions and the prediction of a possible change in a patient’s
condition, especially in relation to patients in the intensive care unit. In this review, we sought to
summarize the possible use of NRBCs as a prognostic marker in various disease entities. Research
into the evaluation of the NRBCs in the pediatric population most often concerns neonatal hypoxia,
the occurrence and consequences of asphyxia, and overall neonatal mortality. Among adults, NRBCs
can be used to predict changes in clinical condition and mortality in critically ill patients, including
those with sepsis, trauma, ARDS, acute pancreatitis, or severe cardiovascular disease.
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1. Introduction

Nucleated red blood cells (NRBCs) are premature erythrocyte precursors rarely present
in the circulatory systems of healthy adults [1,2]. They normally reside in the bone marrow
of humans of all ages (Figure 1), where the common myeloid progenitor cell differentiates
into more developed cells to finally become an erythroblast [3-5]. At this stage, the
nucleus is expelled, and the cell becomes a reticulocyte, later developing into a mature
erythrocyte [6]. NRBCs can be found in circulating in fetuses and seem to disappear in
healthy neonates in the first month of life [7-9]. An increased NRBC count in neonates or
the appearance of NRBCs at a later age are thought to be associated with the release of
NRBCs from the bone marrow due to numerous medical conditions, such as blood loss or
hypoxia; therefore, NRBCs can also be observed in the peripheral blood of healthy adult
blood donors [10,11]. Their presence in the blood can indicate increased red blood cell
production outside the bone marrow or a disruption of the blood-bone marrow barrier [8].

The prompt diagnosis of prenatal conditions is crucial for ensuring proper neona-
tal care. Several studies have identified NRBCs as biomarkers in diagnosing increased
erythropoiesis, acute and chronic hypoxia, anemia or hemolysis, and blood loss [12-14].
Christensen et al. showed that this easily accessible and low-cost analysis might be ad-
ditionally useful in the diagnosis of other medical conditions and can be identified as a
prognostic marker among severely ill patients. Efforts were also made to establish the most
optimal reference values for NRBCs among different age groups [15].
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Figure 1. Microscopic images showing immature nucleated red blood cells in the bone marrow. (a) An
erythroblast surrounded by mature erythrocytes; (b) Bone marrow preparation containing an ery-
throblast, erythrocytes, neutrophils, and a lymphocyte. Source: Alicja Siwicka, PhD, Cytohematology
Laboratory, Pediatric Hospital of the Medical University of Warsaw, Poland.

Numerous studies have revealed that NRBCs can be used as an important indicator
of the presence and duration of intrauterine hypoxia or the assessment of the severity
and early outcome of perinatal asphyxia [16,17]. NRBCs are also a sensitive indicator of
mortality among preterm infants and the prognosis of conditions such as retinopathy of
prematurity (ROP), bronchopulmonary dysplasia, necrotizing enterocolitis, or sickle cell
disease [4,18-21].

Among adult patients, NRBC count assessment appears to be the most significant
predictor of mortality among patients who have suffered trauma and currently suffer from
sepsis and other critical conditions [22]. In hematology, it may be used as an additional
marker for predicting treatment efficiency among patients with chronic myeloid leukemia
(CML) and for forecasting the course of myelodysplastic syndromes (MDS) and their
potential risk of transformation into acute myeloid leukemia (AML) [23,24].

Yet, to date, there are very few studies focusing on the integration of NRBC measure-
ment into clinical decision making. In a prospective study by Stachon et al., critically ill
patients in an intensive care unit were monitored based on their NRBC levels. This enabled
the physicians to select those patients who were at greater risk of a poor outcome and
required closer monitoring [25]. Hebbar et al., on the other hand, progressively evaluated
the risk of negative neonatal outcome among children of mothers with pre-eclampsia
based on their NRBC levels. This led to the selection of babies at a greater risk of neonatal
intensive care unit admission [8]. These studies showed great promise with respect to the
potential clinical use of NRBCs as a prognostic marker in the selected medical conditions
mentioned in this review article.

Life-threatening conditions require quick and effective measures for diagnosing pa-
tient deterioration. Finding biomarkers that aid in the prompter identification of critical
situations among both adult and pediatric (especially with respect to neonates) populations
is crucial for efficient medical intervention in order to ensure the highest possible chance
of a recovery. In this review, we set out to thoroughly analyze the diagnostic value and
prognostic significance of NRBCs in selected medical conditions, a subject that, to date, has
not been reported to such an extent in the English language literature.
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2. Materials and Methods

Extensive research was conducted in June 2022 on the PubMed online electronic
database using the key phrases “nucleated red blood cells” or “NRBC”. Publication data
restrictions were not assigned. Ninety-three articles were found in total, and the further
selection of the articles was conducted according to the preferred reporting items for
systematic reviews and meta-analyses (PRISMA) guidelines. Additionally, the review
was registered with the Open Science Framework Registries (OSF)—https://doi.org/
10.17605/0OSF.IO/YXQG3. Before the initial selection, 5 articles were noted to contain
duplicates and were thus removed. In addition, 4 articles were excluded because they
were written in a language other than English. Five articles could not be retrieved. Of the
seventy-nine reports that were evaluated for eligibility, fifteen were rejected because they
contained information irrelevant to the study presented, and three were rejected because
they concerned only technical aspects. One article was excluded because it did not relate
to human subjects. A total of sixty articles were finally analyzed in this review. Figure 2
shows a diagram of the selection process of the scientific papers selected for this article.
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Figure 2. PRISMA flow diagram (2020). Adapted from Page et al. [26].

3. NRBCs as a Biomarker in Neonatology
3.1. NRBCs as an Indicator of Hypoxia among Neonates
Neonatal hypoxia and ischemia remain the most common causes of disability and

death among neonates and are often associated with persistent motor, sensory, and cog-
nitive disturbances (accounting for 23% of infant mortality worldwide) [27]. Therefore, a
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quick diagnosis of hypoxia is crucial for the immediate initiation of appropriate medical
therapy.

According to several studies, NRBC count at birth may be a biomarker of neonatal
hypoxia in terms of both its duration [16] and estimated severity [28]. Scientists have
taken advantage of this fact in an attempt to associate NRBC counts with specific causes of
hypoxia and predict their impact on further infant development.

A study by Christensen et al. attempted to correlate the time between the onset of
intrauterine fetal hypoxia and NRBC appearance in the blood. This was based on the time
required for erythropoietin (EPO) production to begin in response to hypoxia. The study
retrospectively analyzed cases of neonates born at 34 weeks of gestation who were given
two doses or a dose of darbepoetin after birth. NRBCs first appeared in the peripheral
blood between 24 and 36 h after administration. Patients receiving higher doses tended
to have a higher peak in their NRBC counts, but the timing of NRBC appearance was not
dose-dependent. Since the process of increasing plasma EPO levels takes from 4 to 5 h,
the authors concluded that neonates with elevated NRBC counts at birth had an onset of
hypoxia at least 28 to 29 h before birth [16,29,30].

NRBC levels among infants may additionally correlate with the need for higher
concentrations of oxygen in the breathing mixture and with increased pulmonary vascular
resistance among preterm infants treated at birth with a surfactant. It has been shown
that infants with elevated NRBC levels require higher concentrations of oxygen than
those with normal NRBC levels. NRBCs correlated positively with indices responsible for
estimating pulmonary vascular resistance. In view of these results, it was hypothesized
that intrauterine hypoxia may play a role in postnatal circulatory adaptation in neonates
with respiratory distress syndrome [31].

Elevated NRBC counts among neonates may indicate intrauterine hypoxia and brain
damage in the form of hypoxic ischemic encephalopathy (HIE) [32]. Li et al. retrospectively
examined the outcomes of dozens of neonates with HIE by evaluating brain-imaging
changes viewed via MRI 2 weeks after birth and then through continued observation for
2 years. NRBC levels were examined for all newborns during the first 3 days of life. It
was shown that both the absolute number of NRBCs and the ratios per 100 white blood
cells (WBC) were significantly higher in children with HIE than in the control group.
Additionally, infants with higher numbers had an increased risk of having abnormal MRI
findings and worse outcomes at their 2-year follow-up [33]. A study by Walsh et al. sought
to evaluate the value of NRBC counts and electroencephalography (EEG) scores among
neonates with HIE as a marker of the disease’s severity. NRBC counts and continuous
multichannel EEG recordings were recorded during the first 24 h of life, and a neurological
evaluation was conducted after 2 years. The median NRBC counts were significantly
higher in infants with moderate to severe HIE than those with mild HIE. Additionally, the
combined marker from the two tests (NRBC count and EEG) at each time point showed a
stronger correlation with HIE severity than EEG alone [34].

Other issues raised in scientific reports include the effects of maternal overweight
and obesity on fetal status, prognosis, and the association of these factors with NRBCs.
Increased rates of Caesarian sections, postpartum hemorrhage, and macrosomia have been
observed in mothers with an elevated BMI. A study by Gohir et al. concluded that the
placentas of obese mouse mothers were found to have immature blood vessels, tissue
hypoxia, and elevated levels of inflammatory markers [35]. Another study comparing the
placentas of obese and non-obese mothers demonstrated a positive relationship between
maternal obesity and cord blood erythropoietin levels at birth [36]. Additionally, Persson
et al. suggested that the risk of severe asphyxia among newborns born at term increases
when mothers are overweight and obese, which also indicates that preventing overweight
among women of reproductive age is important for improving perinatal health [37]. All
these studies indicate that maternal obesity may be associated with chronic fetal hypoxia.
Assuming that the NRBC count test can be a useful indicator of neonatal hypoxia, the



Cells 2023,12, 1817

50f12

validity of performing this test can also be considered as a screening test for overweight
pregnant women.

Additionally, a significant positive correlation was found between erythropoietin
and NRBC levels in the cord blood and maternal BMI, which may indirectly predict
poor neonatal outcomes [28]. NRBCs may also be a marker of obstetric and postpartum
complications among low-birth-weight infants. After examining the percentage of NRBCs
per 100 WBCs in fetuses small for their gestational age and with determined normal
umbilical artery Doppler findings, it was shown that the group with a higher percentage of
NRBCs had a significantly higher incidence of Caesarian sections, fetal distress, acidosis,
and lower terminal birth weight [38]. Another maternal factor in the occurrence of neonatal
complications is the presence of diabetes. A study by Namavar Jahromi et al. compared
the outcomes of newborns of both healthy and diabetic women requiring insulin. The
mean NRBC counts in the newborns of diabetic mothers were statistically significantly
higher, as was the arterial blood carbon dioxide partial pressure, while the pH values
were lower. The coexistence of these three relationships may indicate chronic intrauterine
acidosis among newborns of diabetic mothers [39]. Additionally, the number of NRBCs in
newborn populations may be an exponent of hypoxia expressed through birth meconium
in the amniotic fluid (MSAF). Elsokkary et al. compared the results of forty women with
clear amniotic fluid and forty women with meconium-stained amniotic fluid. The mean
number of NRBCs in the cord blood of neonates with MSAF was significantly higher than
that in the control group, supporting the hypothesis that the presence of meconium may be
associated with chronic fetal hypoxia [40].

3.2. NRBCs as a Marker of Infant Mortality

According to several clinical studies, an infant’s NRBC count at birth may be an
independent predictor of mortality among preterm and term born infants [41-43]. A 2015
study evaluated the NRBC counts in the peripheral blood of several hundred premature
infants weighing less than 1500 g analyzed within the first 5 days after birth. The neonates
who did not survive had significantly higher NRBC counts between days 2 and 5 compared
to the other group. A 0.01/pL increase in the mean NRBC count resulted in a statistically
significant increase in the probability of severe disease morbidity and mortality. Therefore,
it was hypothesized that the NRBC count measured on these days might be an independent
predictor of early infant mortality [18].

In recent years, attempts have also been made to investigate the prognostic value of
NRBCs with respect to critically ill children of different ages. For this purpose, clinical
presentation, manifested by the need for inotropic positive drugs, dialysis, or mechanical
ventilation, and clinical outcome have been compared with hematological parameters and
the severity of the underlying disease itself. In the group of studied neonates, patients
who died, were provided assisted ventilation, or received inotropic drugs had significantly
more NRBCs in their peripheral blood. Among older children, the number of NRBCs was
only found to be correlated with the need for renal replacement therapy. Therefore, NRBC
count cannot be considered as an overall independent factor for predicting poor outcomes
in pediatric intensive care. However, it may have prognostic significance among children
in the first month of life. It is presumed that an explanation might lie in the differences
in interleukin-6, erythropoietin (EPO), or catecholamine production between the two age
groups [41].

Another group of infants studied consisted of those requiring extracorporeal mem-
brane oxygenation (ECMO) because of cardiac dysfunction or a cardiotomy. Piggott et al.
suggested that a >50% increase in NRBC count after ECMO decannulation correlates with
in-hospital mortality and that pre-ECMO NRBCs may be a useful biomarker of mortality
dur-ng ECMO therapy and after decannulation [44]. Additionally, Piggott et al. sought to
determine whether an elevated NRBC count after cardiac surgery and subsequent hospi-
talization could be used as a marker to estimate the risk of neonatal mortality after such
surgery [45]. Morton et al. examined the correlation between NRBC counts and deaths
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among patients in intensive care units (ICU). Among all patients admitted to the ICU, the
presence of elevated NRBCs was associated with increased mortality [7]. As there seem
to be no specific markers of clinical outcome for ICU neonate patients, an elevation in
NRBC count should always be considered as a possible poor prognostic factor of a patient’s
condition.

3.3. NRBCs as a Prognostic and Diagnostic Factor in Perinatal Asphyxia

Asphyxia can severely affect the major organs of neonates and lead to respiratory
distress syndrome, disseminated intravascular coagulation, subcutaneous fat necrosis, my-
ocardial ischemia, adrenal hemorrhage, or neurological complications [46]. Asphyxia is
one of the major causes of neonatal mortality and chronic neurological disorders among
surviving neonates. Recent reports in the literature have shown that the number of NRBCs
in the bodies of newborns with asphyxia may be correlated with the disease’s severity and
indicate the development of complications and the overall prognosis of children [47-49].
Goel et al., upon examining 100 newborns, confirmed the existence of a relationship be-
tween the severity of hypoxic ischemic encephalopathy and NRBC count. Additionally,
both neonates with lower Apgar scores and those who did not survive had higher NRBC
levels in their cord blood. The overall predictive accuracy of the marker was determined to
be 96%, indicating that it can be used as a simple indicator to assess the severity and predict
the prognosis of neonates before discharge [17]. Boskabadi et al. attempted to determine
whether NRBC levels could be a prognostic indicator of later development among infants
with developed asphyxia. An NRBC count of more than 11 per 100 WBCs or an absolute
NRBC count above 1554 were shown to have high sensitivity and specificity with respect
to predicting complications of asphyxia. These results may also demonstrate the potential
use of NRBCs as prognostic indicators in the future [50].

Additionally, Rai et al. focused on assessing typical neurological complications among
neonates with asphyxia. NRBC counts were significantly higher in newborns developing
abnormally, newborns who had seizures within the first 12 h of life, developed stage 3 HIE,
and/or required anticonvulsants [47]. The obtained results prove that NRBCs may be a
helpful marker for predicting neurological development among newborns with a history
of perinatal asphyxia.

4. NRBCs in Hematological Conditions

To date, very few reports on the significance of NRBCs in hematological disorders have
been published in the English language literature. One such study aimed to investigate
the role of NRBCs in predicting remission failure in adult patient populations with chronic
myeloid leukemia (CML) treated with Imatinib. The results demonstrated that median
NRBC levels decreased during treatment, and NRBCs were nearly almost always absent
in the blood of patients with good responses at the time points of 6, 12, and 18 months of
therapy. In addition, CML patients with high NRBC levels in the peripheral blood had
increased levels of BCR-ABL transcripts. This facilitates the potential use of NRBC as a
biomarker of molecular remission failure in imatinib-treated CML patients [23].

On the contrary, a study by Jiang et al. focused on the role of nucleated red blood cells
in the development of myelodysplastic syndromes (MDS). It was hypothesized that the im-
pairment of mitochondria and mitophagy may be involved in the pathophysiology of MDS.
NIX-induced mitophagy was found to be disturbed in the NRBCs of adult MDS patients.
The results showed a negative correlation between the number of mitochondria in the
NRBCs and hemoglobin levels among high-risk patients diagnosed with myelodysplastic
syndromes [51].

5. NRBCs as a Marker of Bad Prognosis and Mortality in Severely I1l Patients

The association between NRBC counts and the clinical prognosis of patients in in-
tensive care units (ICUs) has been studied quite widely, with several attempts made to
determine whether NRBCs could constitute a potential biomarker. A study by Moura



Cells 2023,12, 1817

7 of 12

Monteiro Junior et al. attempted to determine the role of NRBC levels in the prognoses of
ICU patients with cardiovascular episodes. NRBCs were detected in the peripheral blood
of over half of the patients with higher NRBC levels observed during longer hospital stays,
in older patients, in patients with conditions complicated by sepsis, and in those with
non-coronary heart disease. The presence of NRBCs was associated with an increased risk
of mortality both in the ICU and during subsequent hospitalization in other departments.
The predictive value of this marker was assessed to be independent and could be used
as an adjunct to the well-validated Acute Physiology and Chronic Health Evaluation II
classification (APACHE II) score [52].

Additionally, Narci et al. examined whether NRBCs could be a predictor of all-cause
mortality among patients admitted to the emergency department, with trauma patients
excluded. Interestingly, NRBC levels were significantly higher in deceased emergency
department patients [22].

Notably, Menk et al. presented similar results with regard to patients with acute
respiratory distress syndrome (ARDS). The presence of NRBCs in ARDS patients was
identified to be an independent risk factor for death, with their incidence in the peripheral
blood doubling the risk of ICU related mortality [53].

A study by Xu et al. aimed to develop a predictive model that could determine the
outcomes of patients with severe acute pancreatitis based on NRBC counts. Interestingly,
the NRBC-positive rate among non-survivors was significantly higher than that among
those who survived. The concomitant occurrence of a negative NRBC test result and a
Charlson Comorbidity Index (CCI) below seven predicted survival among patients with
acute pancreatitis. On the other hand, all the patients who died exhibited a positive NRBC
test result and an APACHE II score greater than 30. The results of the study show that
NRBC counts combined with CCI, APACHE II, and Ranson scores can be a predictor of
90-day mortality among patients with acute pancreatitis [54].

NRBC counts were also evaluated as an early prognostic marker of death among
patients with surgical sepsis. Desai et al. determined that surgical sepsis was more likely
to result in death among NRBC-positive patients both in the ICU and other hospital
departments. A peak NRBC count of over 500/ pL at any time was associated with 50% or
higher mortality; additionally, only one out of nine patients survived their hospital stay
when the peak NRBC count was over 2000/ uL. The difference in mortality was particularly
marked among surgical patients with severe sepsis. This study suggests that NRBCs may
be a biomarker of survival outcome among surgical sepsis patients [55].

In addition, Shah et al. attempted to determine whether NRBC counts could be a
prognostic marker for surgical intensive unit patients’ clinical outcomes. Patents with no
NRBCs detected in their peripheral blood were associated with shorter periods of hospital
admission. An elevation in NRBC levels was associated with an increase in mortality.
Trends in changes in NRBC values showed that a decrease to an undetectable value had
a protective effect. Notably, there were no statistically significant differences between the
groups of ICU patients with and without trauma [56].

Furthermore, Kuert et al. evaluated the effect of low arterial blood oxygen partial
pressure (pO;) on NRBC incidence and prognosis among NRBC-positive patients. Patients
were considered NRBC-positive when NRBCs were identified at least once during their
hospitalization in the intensive care unit. According to this study, NRBC detection in
the peripheral blood of intensive care unit patients correlated with significantly higher
mortality than among patients with negative NRBC levels. Interestingly, all patients with
NRBC levels above 1100/ uL died. In addition, NRBC-positive patients had a significantly
lower pO, levels during intensive care than NRBC-negative patients. Low pO, levels
appeared to precede the appearance of NRBCs, especially among patients at high risk of
mortality [57].
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6. NRBCs as a Diagnostic Method for Thalassemia

Thalassemia constitutes a group of inherited, autosomal recessive, hematological
disorders causing hemolytic anemia because of decreased or nonexistent globin chain
synthesis. The globin chain imbalance causes hemolysis and impairs erythropoiesis. Alpha
thalassemia is caused by the reduced or nonexistent synthesis of the globin chains of
alpha globin, while beta thalassemia is caused by the reduced or nonexistent synthesis of
beta globin chains [58]. Several studies have examined whether the NRBC count test is a
valuable tool for the prenatal diagnosis of thalassemia and the optimization of transfusion
therapy [59-62].

A study by Shafei et al. reviewed and compared the diagnostic value of two non-
invasive diagnostic methods for assessing prenatal thalassemia using cell-free fetal DNA
(cff-DNA) and NRBC counts. It was found that the sensitivity and specificity of diagnosing
thalassemia via the cff-DNA method were 100% and 84%, respectively, while those using
the NRBC method were 100% and 92%. This led to the conclusion that these methods
might be used as a screening test, but because of their lower specificity than chorionic villus
sampling, they cannot be used as a diagnostic test [59].

Another method for the non-invasive diagnosis of beta-thalassemia was studied by
Wei et al. using a single fetal NRBC sample from mother’s blood, which was compared
with a genotype extracted from chorionic villi or amniocytes. The accuracy rate of the
described method was 87.5%, thus confirming that it could become an optional approach
for the non-invasive prenatal diagnosis of beta-thalassemia [60].

A research study by Karakukcu et al. aimed to evaluate the correlation of NRBCs with
ineffective erythropoiesis and used it to optimize transfusion therapy among patients with
beta thalassemia major. Analysis of the data from this research determined that NRBCs
were present in the blood of all the patients with thalassemia major and 87% of patients
with thalassemia intermedia; the others had very mild clinical features of the disease and a
favorable genetic profile. The data collected suggested that the number of NRBCs may be a
useful parameter with respect to the degree of ineffective erythropoiesis [61].

Another study attempted to establish a correlation between NRBCs and ineffective
erythropoiesis in various thalassemia syndromes. The number of NRBCs showed a positive
correlation with ineffective erythropoiesis: the highest numbers were observed in patients
with thalassemia syndromes with almost completely ineffective erythropoiesis. NRBCs
were not present among patients affected by hereditary spherocytosis, which is also a
disease involving efficient erythropoiesis. In conclusion, NRBC counts may be useful for
improving our understanding of ineffective erythropoiesis among patients with thalassemia
and may also help to optimize transfusion therapy for patients with severe thalassemia
syndromes [62] (Table 1).

Table 1. Summary of disease groups, individual medical entities, and conditions in which an increase
in NRBC levels can be observed.

TNRBC
Group Disorders
Hypoxia [16,29-31]
Neonatal conditions Asphyxia [17,47,48,50]

Mortality [18,41,43-45]
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Table 1. Cont.

1NRBC

Group Disorders

Chronic myeloid leukemia [23]

Hematological diseases Myelodysplastic syndromes [51]
Thalassemia [59-62]
Trauma [22,56]
Sepsis [55]

Acute pancreatitis [54]

ARDS [53]

Hypoxemia [57]
Hospitalization in the ICU [52]

Critical conditions

7. Conclusions

An NRBC count is a basic and inexpensive laboratory test that is simple, cost-effective,
and highly reliable. It is currently rarely used in everyday clinical practice, but scientific
reports attest to its potential usefulness in the diagnostic process, especially in the context
of predicting a patient’s clinical outcome. The most promising reports suggest that in the
pediatric population, NRBC counts can be used as an indicator of neonatal hypoxia, the
occurrence and consequences of asphyxia, and overall neonatal mortality. In the adult
population, NRBCs can be used as a marker for the clinical prognosis of critically ill patients
and as a predictor of patient mortality. This is especially relevant for critically ill patients
hospitalized in the ICU and with additional risk factors such as the occurrence of ARDS,
sepsis, acute pancreatitis, or cardiac complications. More research is required to better
investigate the exact role of nucleated red blood cells as an independent prognostic marker.

Author Contributions: Conceptualization, K.P., AK.-G., M.S.-Z. and M.K.-R;; methodology, K.P,;
investigation, K.P.; writing—original draft preparation, K.P. and A.K.-G.; writing—review and editing,
M.S.-Z. and M.K.-R;; visualization, K.P. and A K.-G.; supervision, M.S.-Z. and M.K.-R. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: No applicable.

Acknowledgments: We are thankful to Alicja Siwicka, PhD, Cytohematology Laboratory, Pediatric
Hospital of the Medical University of Warsaw, Poland for providing us with images of NRBCs.

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

1. Chinudomwong, P.; Khongjaroensakun, N.; Chatachote, B.; Chaothai, N.; Paisooksantivatana, K. Improving the efficiency of
the autoverification workflow for nucleated red blood cell reporting in the hematology laboratory. Int. J. Lab. Hematol. 2021, 43,
1373-1378. [CrossRef] [PubMed]

2. Pedersen, S.J.; Chok, R.; McKillop, S.; Rojas-Vasquez, M.; Duff, ].P.,; Szkotak, A.; Bruce, A.A. Peripheral Nucleated Red Blood Cells
and Mortality in Critically Il Children. J. Pediatr. Hematol. Oncol. 2021, 44, 79-83. [CrossRef] [PubMed]

3.  Bergens, M.A.; Pittman, G.S.; Thompson, 1.].B.; Campbell, M.R.; Wang, X.; Hoyo, C.; Bell, D.A. Smoking-associated AHRR
demethylation in cord blood DNA: Impact of CD235a+ nucleated red blood cells. Clin. Epigenetics 2019, 11, 87. [CrossRef]

[PubMed]

4. Poryo, M.; Wissing, A.; Aygiin, A.; Geisel, J.; Wagenpfeil, S.; Zemlin, M.; Meyer, S. Reference values for nucleated red blood
cells and serum lactate in very and extremely low birth weight infants in the first week of life. Early Hum. Dev. 2017, 105, 49-55.

[CrossRef] [PubMed]


https://doi.org/10.1111/ijlh.13641
https://www.ncbi.nlm.nih.gov/pubmed/34237189
https://doi.org/10.1097/MPH.0000000000002294
https://www.ncbi.nlm.nih.gov/pubmed/34486569
https://doi.org/10.1186/s13148-019-0686-1
https://www.ncbi.nlm.nih.gov/pubmed/31182156
https://doi.org/10.1016/j.earlhumdev.2016.12.004
https://www.ncbi.nlm.nih.gov/pubmed/28057383

Cells 2023,12, 1817 10 of 12

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.

Nandakumar, S.K.; Ulirsch, J.C.; Sankaran, V.G. Advances in understanding erythropoiesis: Evolving perspectives. Br. ]. Haematol.
2016, 173, 206-218. [CrossRef] [PubMed]

Tsiftsoglou, A.S. Erythropoietin (EPO) as a Key Regulator of Erythropoiesis, Bone Remodeling and Endothelial Transdifferentiation
of Multipotent Mesenchymal Stem Cells (MSCs): Implications in Regenerative Medicine. Cells 2021, 10, 2140. [CrossRef]
Morton, S.U.; Brettin, K.; Feldman, H.A.; Leeman, K.T. Association of nucleated red blood cell count with mortality among
neonatal intensive care unit patients. Pediatr. Neonatol. 2020, 61, 592-597. [CrossRef]

Hebbar, S.; Misha, M.; Rai, L. Significance of Maternal and Cord Blood Nucleated Red Blood Cell Count in Pregnancies
Complicated by Preeclampsia. J. Pregnancy 2014, 2014, 1-7. [CrossRef]

Kovalak, E.E.; Dede, ES.; Gelisen, O.; Dede, H.; Haberal, A. Nonreassuring fetal heart rate patterns and nucleated red blood cells
in term neonates. Arch. Gynecol. Obstet. 2010, 283, 1005-1009. [CrossRef]

Shin, S.; Lee, H.R.; Yoon, J.H.; Kim, B.J.; Kim, N.; Park, H.; Roh, E.Y. Increased Nucleated RBCs in Cord Blood: Not an Exclusion
Criterion but a Quality Indicator for Hematopoietic Progenitor Cell Transplantation. Transfus. Med. Rev. 2021, 35, 53-59.
[CrossRef]

Griffiths, R.E.; Kupzig, S.; Cogan, N.; Mankelow, T].; Betin, VM.S.; Trakarnsanga, K.; Massey, E.].; Lane, ].D.; Parsons, S.E,; Anstee,
D.J. Maturing reticulocytes internalize plasma membrane in glycophorin A—containing vesicles that fuse with autophagosomes
before exocytosis. Blood 2012, 119, 6296-6306. [CrossRef]

Gunay, N.E.; Cakir, I; Celik, T. Is there clinical value in counting nucleated red blood cells and platelet indices in primary
immunodeficiency disease? Turk. J. Pediatr. 2017, 59, 657-663. [CrossRef]

Davari-Tanha, F; Kaveh, M.; Nemati, S.; Javadian, P.; Salmanian, B. Nucleated Red Blood Cells Count in Pregnancies with
Idiopathic Intra-Uterine Growth Restriction. J. Fam. Reprod. Health 2014, 8, 77-81.

Lippi, G.; Pavesi, F,; Cattabiani, C.; Avanzini, P,; Pipitone, S. Influence of in vitro hemolysis on nucleated red blood cells and
reticulocyte counts. Int. J. Lab. Hematol. 2012, 35, 225-228. [CrossRef]

Christensen, R.D.; Henry, E.; Andres, R.L.; Bennett, S.T. Reference Ranges for Blood Concentrations of Nucleated Red Blood Cells
in Neonates. Neonatology 2010, 99, 289-294. [CrossRef] [PubMed]

Christensen, R.D.; Lambert, D.K,; Richards, D.S. Estimating the nucleated red blood cell ‘emergence time’ in neonates. . Perinatol.
2013, 34, 116-119. [CrossRef] [PubMed]

Goel, M.; Dwivedi, R.; Gohiya, P.; Hegde, D. Nucleated red blood cell in cord blood as a marker of perinatal asphyxia. J. Clin.
Neonatol. 2013, 2, 179-182. [CrossRef] [PubMed]

Cremer, M.; Roll, S.; Grif, C.; Weimann, A.; Biihrer, C.; Dame, C. Nucleated red blood cells as marker for an increased risk of
unfavorable outcome and mortality in very low birth weight infants. Early Hum. Dev. 2015, 91, 559-563. [CrossRef] [PubMed]
Boskabadi, H.; Pourbadakhshan, N.; Pishghadam, E.; Zakerihamidi, M. Comparing Nucleated Red Blood Cells in Neonates with
and without Retinopathy. Curr. Pediatr. Rev. 2021, 17, 1. [CrossRef]

Hu, G,; Guan, R;; Li, L. Nucleated Red Blood Cell Count in Maternal Peripheral Blood and Hypertensive Disorders in Pregnant
Women. Am. J. Med. Sci. 2016, 351, 140-146. [CrossRef] [PubMed]

Ballantine, J.D.; Kwon, S.; Liem, R.I. Nucleated Red Blood Cells in Children with Sickle Cell Disease Hospitalized for Pain. J.
Pediatr. Hematol. Oncol. 2019, 41, e487-492. [CrossRef] [PubMed]

Narci, H.; Oktay, M.M.; Ayrik, C.; Cimen, M.B.Y. Nucleated red blood cells as predictor of all-cause mortality in emergency
department. Am. J. Emerg. Med. 2020, 46, 335-338. [CrossRef] [PubMed]

Phan, T.T,; Vy, H.T,; Ho, T.T; Tran, V.T.; Tran, T.T.; Pho, S.P; Pham, T.T.B.; Le, T.T.; Nguyen, S.T. Emergence role of nucleated
red blood cells in molecular response evaluation for chronic myeloid leukemia. Int. J. Gen. Med. 2019, 12, 333-341. [CrossRef]
[PubMed]

Matarraz, S.; Teodosio, C.; Fernandez, C.; Albors, M.; Jara-Acevedo, M.; Lopez, A.; Gonzalez-Gonzalez, M.; Gutierrez, M.L,;
Flores-Montero, J.; Cerverd, C.; et al. The Proliferation Index of Specific Bone Marrow Cell Compartments from Myelodysplastic
Syndromes Is Associated with the Diagnostic and Patient Outcome. PLoS ONE 2012, 7, e44321. [CrossRef]

Stachon, A.; Segbers, E.; Holland-Letz, T.; Kempf, R.; Hering, S.; Krieg, M. Nucleated red blood cells in the blood of medical
intensive care patients indicate increased mortality risk: A prospective cohort study. Crit. Care 2007, 11, R62. [CrossRef]

Page, M.].; McKenzie, J.E.; Bossuyt, PM.; Boutron, I.; Hoffmann, T.C.; Mulrow, C.D.; Shamseer, L.; Tetzlaff, ] M.; Akl, E.A,;
Brennan, S.E.; et al. The PRISMA 2020 Statement: An Updated Guideline for Reporting Systematic Reviews. BM]J 2021, 372, n71.
[CrossRef]

Millar, L.J.; Shi, L.; Hoerder-Suabedissen, A.; Molnar, Z. Neonatal Hypoxia Ischaemia: Mechanisms, Models, and Therapeutic
Challenges. Front. Cell. Neurosci. 2017, 11, 78. [CrossRef]

Ibrahim, M.H.; Moustafa, A.N.; Saedii, A.A.F.; Hassan, E.E. Cord blood erythropoietin and cord blood nucleated red blood cells
for prediction of adverse neonatal outcome associated with maternal obesity in term pregnancy: Prospective cohort study. J.
Matern. Fetal. Neonatal Med. 2016, 30, 2237-2242. [CrossRef]

Schédel, J.; Ratcliffe, PJ. Mechanisms of hypoxia signalling: New implications for nephrology. Nat. Rev. Nephrol. 2019, 15, 641-659.
[CrossRef]

Haase, V.H. Regulation of erythropoiesis by hypoxia-inducible factors. Blood Rev. 2013, 27, 41-53. [CrossRef]

Nitzan, I.; Roberts, C.T.; Bhatia, R.; Mimouni, F.B.; Sehgal, A. Nucleated Red Blood Cells as Markers of Perinatal Adaptation in
Preterm Neonates Receiving Minimally Invasive Surfactant Therapy. Am. ]. Perinatol. 2021, 39, 1792-1795. [CrossRef]


https://doi.org/10.1111/bjh.13938
https://www.ncbi.nlm.nih.gov/pubmed/26846448
https://doi.org/10.3390/cells10082140
https://doi.org/10.1016/j.pedneo.2020.07.009
https://doi.org/10.1155/2014/496416
https://doi.org/10.1007/s00404-010-1517-y
https://doi.org/10.1016/j.tmrv.2021.05.002
https://doi.org/10.1182/blood-2011-09-376475
https://doi.org/10.24953/turkjped.2017.06.006
https://doi.org/10.1111/ijlh.12012
https://doi.org/10.1159/000320148
https://www.ncbi.nlm.nih.gov/pubmed/21135564
https://doi.org/10.1038/jp.2013.113
https://www.ncbi.nlm.nih.gov/pubmed/24030675
https://doi.org/10.4103/2249-4847.123097
https://www.ncbi.nlm.nih.gov/pubmed/24404530
https://doi.org/10.1016/j.earlhumdev.2015.06.004
https://www.ncbi.nlm.nih.gov/pubmed/26217935
https://doi.org/10.2174/1573396317666210909155024
https://doi.org/10.1016/j.amjms.2015.11.008
https://www.ncbi.nlm.nih.gov/pubmed/26897268
https://doi.org/10.1097/MPH.0000000000001467
https://www.ncbi.nlm.nih.gov/pubmed/30951023
https://doi.org/10.1016/j.ajem.2020.10.002
https://www.ncbi.nlm.nih.gov/pubmed/33041147
https://doi.org/10.2147/IJGM.S219744
https://www.ncbi.nlm.nih.gov/pubmed/31564956
https://doi.org/10.1371/journal.pone.0044321
https://doi.org/10.1186/cc5932
https://doi.org/10.1136/bmj.n71
https://doi.org/10.3389/fncel.2017.00078
https://doi.org/10.1080/14767058.2016.1243101
https://doi.org/10.1038/s41581-019-0182-z
https://doi.org/10.1016/j.blre.2012.12.003
https://doi.org/10.1055/s-0041-1726317

Cells 2023,12, 1817 11 0f12

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Walsh, B.; Boylan, G.; Dempsey, E.; Murray, D. Association of nucleated red blood cells and severity of encephalopathy in
normothermic and hypothermic infants. Acta Paediatr. 2012, 102, e64—e67. [CrossRef] [PubMed]

Li, J.; Kobata, K.; Kamei, Y.; Okazaki, Y.; Nishihara, M.; Wada, H.; Tamai, H.; Funato, M.; Jenkin, G. Nucleated red blood cell
counts: An early predictor of brain injury and 2-year outcome in neonates with hypoxic-ischemic encephalopathy in the era of
cooling-based treatment. Brain Dev. 2014, 36, 472-478. [CrossRef] [PubMed]

Walsh, B.; Boylan, G.; Murray, D. Nucleated Red Blood Cells and early EEG: Predicting Sarnat stage and two year outcome. Early
Hum. Dev. 2011, 87, 335-339. [CrossRef]

Gohir, W.; Kennedy, K.M.; Wallace, ].G.; Saoi, M.; Bellissimo, C.J.; Britz-McKibbin, P; Petrik, ].J.; Surette, M.G.; Sloboda, D.M.
High-fat diet intake modulates maternal intestinal adaptations to pregnancy and results in placental hypoxia, as well as altered
fetal gut barrier proteins and immune markers. J. Physiol. 2019, 597, 3029-3051. [CrossRef]

Amark, H.; Sirotkina, M.; Westgren, M.; Papadogiannakis, N.; Persson, M. Is obesity in pregnancy associated with signs of chronic
fetal hypoxia? Acta Obstet. et Gynecol. Scand. 2020, 99, 1649-1656. [CrossRef]

Persson, M.; Johansson, S.; Villamor, E.; Cnattingius, S. Maternal Overweight and Obesity and Risks of Severe Birth-Asphyxia-
Related Complications in Term Infants: A Population-Based Cohort Study in Sweden. PLoS Med. 2014, 11, e1001648. [CrossRef]
[PubMed]

Mendes, R.EP; Martinelli, S.; Bittar, R.E.; Francisco, R.P.V.,; Zugaib, M. Relation between Nucleated Red Blood Cell Count in
Umbilical Cord and the Obstetric and Neonatal Outcomes in Small for Gestational Age Fetuses and with Normal Doppler
Velocimetry of Umbilical Artery. Rev. Bras. Ginecol. Obstet. 2015, 37, 455-459. [CrossRef] [PubMed]

Jahromi, B.N.; Ahmadi, N.; Cohan, N.; Jahromi, M.R.N. Comparison of the umbilical artery blood gas, nucleated red blood cell,
C-reactive protein, and white blood cell differential counts between neonates of diabetic and nondiabetic mothers. Taiwan. ].
Obstet. Gynecol. 2011, 50, 301-305. [CrossRef]

Elsokkary, M.; Mamdouh, A.; Nossair, W.; El Fattah, O.A.; Hemeda, H.; Sallam, S.; Taema, M.; Hussain, M.; Shafik, A.; Nawara,
M.; et al. Significance of assay of nucleated RBCs in umbilical cord blood in neonates with meconium-stained amniotic fluid. J.
Matern. Neonatal Med. 2017, 32, 483-487. [CrossRef]

Schaer, C.; Schmugge, M.; Frey, B. Prognostic value of nucleated red blood cells in critically ill children. Swiss. Med. Wkly. 2014,
144, w13944. [CrossRef] [PubMed]

Romero, R.; Savasan, Z.A.; Chaiworapongsa, T.; Berry, S.M.; Kusanovic, ].P.; Hassan, S.S.; Yoon, B.H.; Edwin, S.; Mazor, M.
Hematologic profile of the fetus with systemic inflammatory response syndrome. J. Périnat. Med. 2011, 40, 19-32. [CrossRef]
[PubMed]

Gasparovi¢, V.E.; Ahmetasevi¢, S.G.; Coli¢, A. Nucleated red blood cells count as first prognostic marker for adverse neonatal
outcome in severe preeclamptic pregnancies. Coll. Antropol. 2012, 36, 853—-857. [PubMed]

Piggott, K.D.; Norlin, C.; Laviolette, C.; Turner, J.; Lewis, L.; Soliman, A.; Hebert, D.; Pettitt, T. Nucleated red blood cells as a
biomarker for mortality in infants and neonates requiring veno-arterial extracorporeal membrane oxygenation for cardiac disease.
Perfusion 2021, 38, 299-304. [CrossRef]

Piggott, K.D.; Maqgsood, S.; Warner, C.L.; Pettitt, T.; Yang, S.; Turner, J.; Soliman, A.; Norlin, C.; Lewis, L.; Bhatia, A. Nucleated red
blood cells as a biomarker for mortality in neonates following cardiac surgery. Cardiol. Young 2021, 32, 1048-1052. [CrossRef]
Fattuoni, C.; Palmas, F.; Noto, A.; Fanos, V.; Barberini, L. Perinatal Asphyxia: A Review from a Metabolomics Perspective.
Molecules 2015, 20, 7000-7016. [CrossRef]

Rai, R.; Tripathi, G.; Singh, D.K. Nucleated RBC Count as Predictor of Neurological Outcome in Perinatal Asphyxia Hypoxemic
Ischaemic Encephalopathy. Indian Pediatr. 2014, 51, 231-232. [CrossRef]

Christensen, R.D.; Baer, V.L.; Yaish, H.M. Thrombocytopenia in late preterm and term neonates after perinatal asphyxia.
Transfusion 2014, 55, 187-196. [CrossRef]

Wirbelauer, J.; Thomas, W.; Speer, C.P. Response of leukocytes and nucleated red blood cells in very low-birth weight preterm
infants after exposure to intrauterine inflammation. J. Matern. Fetal Neonatal Med. 2010, 24, 348-353. [CrossRef]

Boskabadi, H.; Zakerihamidi, M.; Sadeghian, M.H.; Avan, A.; Ghayour-Mobarhan, M.; Ferns, G.A. Nucleated red blood cells
count as a prognostic biomarker in predicting the complications of asphyxia in neonates. |. Matern. Neonatal Med. 2016, 30,
2551-2556. [CrossRef]

Jiang, H.; Yang, L.; Guo, L.; Cui, N.; Zhang, G.; Liu, C.; Xing, L.; Shao, Z.; Wang, H. Impaired Mitophagy of Nucleated Erythroid
Cells Leads to Anemia in Patients with Myelodysplastic Syndromes. Oxidative Med. Cell. Longev. 2018, 2018, 1-11. [CrossRef]
[PubMed]

Juanior, J.G.d.M.M.; Torres, D.d.O.C.; da Silva, M.C.E.C.; Ramos, T.M.d.B.; Alves, M.L.; Filho, W.J.N.; Damasceno, E.P,; Brunet, A.E,;
Bittencourt, M.S.; Pedrosa, R.P; et al. Nucleated Red Blood Cells as Predictors of All-Cause Mortality in Cardiac Intensive Care
Unit Patients: A Prospective Cohort Study. PLoS ONE 2015, 10, e0144259. [CrossRef]

Menk, M.; Giebelhiduser, L.; Vorderwiilbecke, G.; Gassner, M.; Graw, J.A.; Weiss, B.; Zimmermann, M.; Wernecke, K.-D.; Weber-
Carstens, S. Nucleated red blood cells as predictors of mortality in patients with acute respiratory distress syndrome (ARDS): An
observational study. Ann. Intensiv. Care 2018, 8, 42. [CrossRef] [PubMed]

Xu, C.; Wang, J.; Jin, X.; Yuan, Y.; Lu, G. Establishment of a predictive model for outcomes in patients with severe acute pancreatitis
by nucleated red blood cells combined with Charlson complication index and APACHE II score. Turk. J. Gastroenterol. 2021, 31,
936-941. [CrossRef] [PubMed]


https://doi.org/10.1111/apa.12086
https://www.ncbi.nlm.nih.gov/pubmed/23157330
https://doi.org/10.1016/j.braindev.2013.06.012
https://www.ncbi.nlm.nih.gov/pubmed/23860386
https://doi.org/10.1016/j.earlhumdev.2011.01.041
https://doi.org/10.1113/JP277353
https://doi.org/10.1111/aogs.13941
https://doi.org/10.1371/journal.pmed.1001648
https://www.ncbi.nlm.nih.gov/pubmed/24845218
https://doi.org/10.1590/SO100-720320150005271
https://www.ncbi.nlm.nih.gov/pubmed/26313882
https://doi.org/10.1016/j.tjog.2011.01.029
https://doi.org/10.1080/14767058.2017.1384457
https://doi.org/10.4414/smw.2014.13944
https://www.ncbi.nlm.nih.gov/pubmed/24706413
https://doi.org/10.1515/JPM.2011.100
https://www.ncbi.nlm.nih.gov/pubmed/21957997
https://www.ncbi.nlm.nih.gov/pubmed/23213944
https://doi.org/10.1177/02676591211050607
https://doi.org/10.1017/S1047951121003577
https://doi.org/10.3390/molecules20047000
https://doi.org/10.1007/s13312-014-0379-y
https://doi.org/10.1111/trf.12777
https://doi.org/10.3109/14767058.2010.497568
https://doi.org/10.1080/14767058.2016.1256988
https://doi.org/10.1155/2018/6328051
https://www.ncbi.nlm.nih.gov/pubmed/29967662
https://doi.org/10.1371/journal.pone.0144259
https://doi.org/10.1186/s13613-018-0387-5
https://www.ncbi.nlm.nih.gov/pubmed/29589209
https://doi.org/10.5152/tjg.2020.19954
https://www.ncbi.nlm.nih.gov/pubmed/33626008

Cells 2023,12, 1817 12 0of 12

55.

56.

57.

58.
59.

60.

61.

62.

Desai, S.; Jones, S.L.; Turner, K.L.; Hall, J.; Moore, L], Hwang, D.H.; Dorfman, D.M.; Hwang, D.G.; Senna, P;
Pozdnyakova, O.; et al. Nucleated Red Blood Cells Are Associated with a Higher Mortality Rate in Patients with Sur-
gical Sepsis. Surg. Infect. 2012, 13, 360-365. [CrossRef]

Shah, R.; Reddy, S.; Horst, H.M.; Stassinopoulos, J.; Jordan, J.; Rubinfeld, I. Getting back to zero with nucleated red blood cells:
Following trends is not necessarily a bad thing. Am. J. Surg. 2012, 203, 343-346. [CrossRef]

Kuert, S.; Holland-Letz, T.; Friese, J.; Stachon, A. Association of nucleated red blood cells in blood and arterial oxygen partial
tension. Clin. Chem. Lab. Med. 2010, 49, 257-263. [CrossRef]

Cao, A.; Galanello, R. Beta-thalassemia. Orphanet ]. Rare Dis. 2010, 5, 11. [CrossRef]

Shafei, N.; Hakhamaneshi, M.S.; Houshmand, M.; Gerayeshnejad, S.; Fathi, F.; Sharifzadeh, S. Diagnostic Value of Non-Invasive
Prenatal Screening of 3-thalassemia by Cell Free Fetal DNA and Fetal NRBC. Curr. Mol. Med. 2019, 19, 105-111. [CrossRef]
Wei, H.Y,; Long, G.; Lin, WX; Li, S.Q. Noninvasive Prenatal Diagnosis of 3-Thalassaemia Using Individual Fetal Erythroblasts
Isolated from Maternal Blood after Enrichment. Zhonghua Er Ke Za Zhi 2007, 917-921. [CrossRef]

Karakukcu, M.; Karakukcu, C.; Unal, E.; Ozturk, A.; Ciraci, Z.; Patiroglu, T.; Ozdemir, M.A. The Importance of Nucleated Red
Blood Cells in Patients with Beta Thalassemia Major and Comparison of Two Automated Systems with Manual Microscopy and
Flow Cytometry. Clin. Lab. 2015, 61, 1289-1295. [CrossRef] [PubMed]

Danise, P.; Amendola, G.; Di Concilio, R.; Cillari, E.; Gioia, M.; Di Palma, A.; Avino, D.; Rigano, P; Maggio, A. Nucleated red
blood cells and soluble transferrin receptor in thalassemia syndromes: Relationship with global and ineffective erythropoiesis.
Clin. Chem. Lab. Med. 2009, 47, 1539-1542. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1089/sur.2011.089
https://doi.org/10.1016/j.amjsurg.2011.10.002
https://doi.org/10.1515/CCLM.2011.041
https://doi.org/10.1097/GIM.0b013e3181cd68ed
https://doi.org/10.2174/1566524019666190226124135
https://doi.org/10.1002/pd.1881
https://doi.org/10.7754/Clin.Lab.2015.141250
https://www.ncbi.nlm.nih.gov/pubmed/26554249
https://doi.org/10.1515/CCLM.2009.340
https://www.ncbi.nlm.nih.gov/pubmed/19824799

	Introduction 
	Materials and Methods 
	NRBCs as a Biomarker in Neonatology 
	NRBCs as an Indicator of Hypoxia among Neonates 
	NRBCs as a Marker of Infant Mortality 
	NRBCs as a Prognostic and Diagnostic Factor in Perinatal Asphyxia 

	NRBCs in Hematological Conditions 
	NRBCs as a Marker of Bad Prognosis and Mortality in Severely Ill Patients 
	NRBCs as a Diagnostic Method for Thalassemia 
	Conclusions 
	References

