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Abstract
Introduction: The molecular diagnosis of the A1 blood group 
is based on the exclusion of ABO gene variants causing blood 
groups A2, B, or O. A specific genetic marker for the A1 blood 
group is still missing. Recently, long-read ABO sequencing 
revealed four sequence variations in intron 1 as promising 
markers for the ABO*A1 allele. Here, we evaluated the diag-
nostic values of the 4 variants in blood donors with regular 
and weak A phenotypes and genotypes. Methods: ABO phe-
notype data (A, B, AB, or O) were taken from the blood donor 
files. The ABO genotypes (low resolution) were known from 
a previous study and included the variants c.261delG, 
c.802G>A, c.803G>C, and c.1061delC. ABO variant alleles 
(ABO*AW.06, *AW.08, *AW.09, *AW.13, *AW.30, and *A3.02) 
were identified in weak A donors by sequencing the ABO ex-
ons before. For genotyping of the ABO intron 1 variants 
rs532436, rs1554760445, rs507666, and rs2519093, we ap-
plied TaqMan assays with endpoint fluorescence detection 
according to a standard protocol. Genotypes of the variants 
were compared with the ABO phenotype and genotype. 
Evaluation of diagnostic performance included sensitivity, 
specificity, positive (PPV), and negative predictive value 
(NPV). Results: In 1,330 blood donors with regular ABO phe-
notypes and genotypes, the intron 1 variants were signifi-
cantly associated with the proposed A1 blood group. In 15 
donors, we found discrepancies to the genotype of at least 

one of the 4 variants. For the diagnosis of the ABO*A1 allele, 
the variants showed 98.79–99.48% sensitivity, 99.66–99.81% 
specificity, 98.80–99.31% PPV, and 99.66–99.86% NPV. Re-
garding the A phenotype, the diagnostic values were 99.02–
99.41% sensitivity, 99.63–99.76% specificity, 99.41–99.61% 
PPV, and 99.39–99.63% NPV. The *A1 marker allele of all in-
tron 1 variants was also associated with the *AW.06, *AW.13, 
and *AW.30 variants. Samples with *AW.08, *AW.09, and 
*A3.02 variants lacked this association. Conclusion: The ABO 
intron 1 variants revealed significant association with the 
ABO*A1 allele and the A phenotype. However, the intron 1 
genotype does not exclude variant alleles causing weak A 
phenotypes. With the introduction of reliable tag, single nu-
cleotide variants for the A1, A2, B, and O blood groups and 
the genotyping instead of phenotyping of the ABO blood 
group are getting more feasible on a routine basis.

© 2023 The Author(s).
Published by S. Karger AG, Basel

Introduction

The ABO blood group system (ISBT 001) includes the 
two major antigens A and B. The further antigens A, B, 
and A1 are less common. The major phenotypes A, B, AB, 
and O are defined by the presence or absence of the A and 
B antigens [1]. The A phenotype is divided into A1 and A2 
with approximately 5 times more A epitopes per red cell 
for A1. Furthermore, a significantly lower number of epi-
topes per red cell is the most important cause of addi-
tional phenotypes such as weak A and weak B.

This is an Open Access article licensed under the Creative Commons 
Attribution-NonCommercial-4.0 International License (CC BY-NC) 
(http://www.karger.com/Services/OpenAccessLicense), applicable to 
the online version of the article only. Usage and distribution for com-
mercial purposes requires written permission.
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The ABO gene located on the long arm of human chro-
mosome 9 encodes the ABO blood group system. Com-
pared to the reference allele ABO*A1.01, most of the se-
quence variations were identified in exon 6 and 7, encod-
ing the catalytic domain of the glycosyltransferase [2, 3]. 
According to the ISBT allele table (version 1.2, released 
on October 21, 2017), 84 alleles are associated with the A1, 
A2, and weak A phenotypes [4]. Most of the *A2 alleles 
for the A2 phenotype have the deletion of C at position 
c.1061 in common. The 49 listed alleles for the B and weak 
B phenotypes are defined by specific sequence variations 
such as c.803G>C compared to the ABO*A1.01 reference 
allele. The O phenotype is most commonly caused by 
ABO alleles with deletion of G at position c.261. More 
than 40 deletional ABO*O.01 alleles with sequence varia-
tions in addition to c.261delG have been described. The 
most common non-deletional allele ABO*O.02 is charac-
terized by the missense variation c.802G>A in exon 7. In 
summary, genotyping of the most relevant ABO sequence 
variations c.261delG, c.802G>A, c.803G>C, and 
c.1061delC enabled diagnosis of the A2, B, and O pheno-
types [5]. Exclusion of these proposed the *A1 allele for 
the A1 phenotype. This low-resolution genotype does not 
consider rare variants with mutations at other positions.

In a recent study by Gueuning et al. [6], long-read se-
quencing of the entire ABO gene led to the identification 
of four sequence variations in intron 1 significantly asso-
ciated with the ABO*A1 allele. These variants represent 
promising diagnostic targets for the A1 blood group. 
Here, we genotyped the four intron 1 variants in a repre-
sentative sample of 1,330 blood donors with known ABO 
phenotype and genotyped for *A2, *B, *O.01, and *O.02 
alleles. The diagnostic values were calculated for each 
variant with regard to the identification of the *A1 allele 
and the A blood group.

Materials and Methods

Blood Donors
The geographical origin of blood donors of our transfusion ser-

vice is the southwestern part of Germany. A DNA bank was estab-
lished as a representative sample of our blood donor cohort and 
encompasses 1,330 blood donors with a mean age of 46.8 ± 15.3 
years (range 18.0–68.8 years) and 1:1 gender distribution. DNA 
was isolated from buffy coats of CPD-anticoagulated whole blood 

donations using a commercial system (FlexiGene DNA Kit; Qia-
gen, Hilden, Germany). Data about ABO blood groups were taken 
from the blood donor files, and all donors had regular ABO blood 
groups (A, B, AB, or O) without discrimination of the A1 and A2 
phenotypes. The low-resolution ABO genotypes were determined 
in a previous study [7] and included the variants c.261delG (for 
deletional *O.01 alleles), c.802G>A (for the non-deletional O al-
leles *O.02), c.803G>C (for *B alleles), and c.1061delC (for *A2 
alleles). The A1, A2, B, and O phenotypes were deduced from the 
low-resolution genotype. Furthermore, DNA samples from blood 
donors and patients with weak A phenotype and ABO variant al-
leles previously identified by sequencing exons 1 to 7 were includ-
ed. All donors gave written consent to use their blood samples for 
research purposes. The anonymous DNA bank was approved by 
the Ethics Committee of the Heidelberg University, Medical Fac-
ulty Mannheim.

Genotyping of ABO Intron 1 Variants
According to the database (dbSNP), the four variants are lo-

cated in intron 1 of the ABO gene (Fig. 1). The rs1554760445 is a 
CA>T insertion/deletion (INDEL) variant, whereas rs532436 
(G>A), rs507666 (G>A), and rs2519093 (C>T) are single nucleo-
tide variants (SNVs). Allelic discrimination was achieved by end-
point fluorescence detection using custom TaqManTM SNP geno-
typing assays (assay IDs: AN9HYTF for rs2519093; ANAAP46 for 
rs532436; ANCFJP3 for rs507666; and ANDKEAZ for 
rs1554760445) designed and produced by Thermo Fisher Scien-
tific (Darmstadt, Germany). For all variants, the minor allele was 
the proposed tag for the ABO*A1 allele.

Results

Allelic discrimination was achieved for all variants and 
enabled determination of the genotypes in most of the 
1,330 samples (Fig. 2). Genotyping failed for rs532436 in 
3 samples, for rs1554760445 in 4 samples, for rs507666 in 
8 samples, and for rs2519093 in 3 samples. The minor al-
lele frequencies were 0.2163 for rs532436, 0.2177 for 
rs1554760445, 0.2179 for rs507666, and 0.218 for 
rs2519093.

For most of the samples, the genotype of the intron 1 
variants corresponded to the low-resolution ABO geno-
type and the phenotype. The proposed *A1 markers 
showed false positive or false negative results in 15 sam-
ples (Table 1). In 9 samples, at least one of the intron 1 
variants was wrong, and in 6 samples, all 4 markers 
showed a genotype not corresponding to the proposed 
ABO genotype. With regard to the diagnosis of blood 

Fig. 1. Genomic structure of the ABO gene 
on chromosome 9 and location of rs532436, 
rs1554760445, rs507666, and rs2519093. 
Chromosomal position of the variations is 
given according to the reference genome 
GRCh38.p13.
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group A, the intron 1 variants failed in 8 of the 15 samples 
(Table 1). In two samples with blood group O, all intron 
1 variants were heterozygous indicating blood group A1. 
In three samples with blood group A, the absence of the 

*A1 allele at all intron variants revealed false negative re-
sults. In all 15 samples sequencing of the ABO exons, 1 to 
7 confirmed the supposed presence or absence of the 
*A1.01 allele.

Fig. 2. Representative results from genotyping of 95 DNA samples for rs532436, rs1554760445, rs507666, and 
rs2519093 by using TaqManTM assays. Allelic discrimination was achieved by endpoint fluorescence detection of 
FAM- and VIC-labeled allele-specific probes. All samples group into homozygous for VIC allele (red dots), ho-
mozygous for FAM allele (blue dots), and heterozygous for both (green dots).

Table 1. In 15 samples, the genotypes of the intron 1 variants revealed discrepancy to the ABO phenotype or low-resolution genotype

Sample Phenotype* Genotype Deduced 
phenotype#

rs532436 rs1554760445 rs507666 rs2519093

M01E10 AB *A1/*B A1B nonA1 (FN) A1/nonA1 A1 (FP) A1/nonA1
M02B09 A *O.01*A2 A2 A1/nonA1 (FP) A1/nonA1 (FP) A1/nonA1 (FP) nonA1
M03F08 A *O.01/*A1 A1 nonA1 (FN) nonA1 (FN) nonA1 (FN) nonA1 (FN)
M05C04 A *O.01/*A1 A1 nonA1 (FN) nonA1 (FN) nonA1 (FN) nonA1 (FN)
M05G09 A *A2/*A2 A2 A1/nonA1 (FP) A1/nonA1 (FP) A1/nonA1 (FP) A1/nonA1 (FP)
M07C07 A *A1 A1 A1/nonA1 (FN) A1/nonA1 (FN) A1/nonA1 (FN) A1
M07G07 A *A1 A1 A1/nonA1 (FN) A1/nonA1 (FN) A1/nonA1 (FN) A1
M10A06 A *O.02/*A1 A1 A1/nonA1 A1/nonA1 A1/nonA1 A1 (FP)
M10F09 A *O.01/*A1 A1 nonA1 (FN) nonA1 (FN) A1/nonA1 A1/nonA1
M11B01 0 *O.01 0 A1/nonA1 (FP) A1/nonA1 (FP) A1/nonA1 (FP) A1/nonA1 (FP)
M11D12 0 *O.01 0 A1/nonA1 (FP) A1/nonA1 (FP) A1/nonA1 (FP) A1/nonA1 (FP)
M12E12 A *O.02/*A1 A1 A1/nonA1 A1/nonA1 A1/nonA1 A1 (FP)
M13D08 AB *A/*B A1B nonA1 (FN) nonA1 (FN) nonA1 (FN) nonA1 (FN)
M13G10 A *O.01/*A1 A1 A1/nonA1 A1/nonA1 A1/nonA1 A1 (FP)
M14G12 A *O.02/*A1 A1 A1/nonA1 A1/nonA1 A1/nonA1 A1 (FP)

* ABO phenotype from the donor files without discrimination of A1 and A2 phenotype. # ABO phenotype deduced from the low-resolution genotype; 
gray background indicates false ABO genotype proposed from the genotype of the intron 1 variants: FN, false negative; FP, false positive for the A1 allele; in 
8 samples given in bold letters the genotypes of the intron 1 variants indicated a wrong A phenotype.
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The diagnostic values including sensitivity, specificity, 
positive (PPV), and negative predictive value (NPV) were 
calculated for the intron 1 variants (Table 2). Overall, the 
diagnostic values for the 4 intron 1 variants were similar. 
For the diagnosis of the ABO*A1 allele, the intron 1 vari-
ants showed a sensitivity of 98.79–99.48%, a specificity of 
99.66–99.81%, a PPV of 98.80–99.31%, and a NPV of 
99.66–99.86%. For the diagnosis of the A phenotype, we 
found 99.02–99.41% sensitivity, 99.63–99.76% specifici-

ty, 99.41–99.61% PPV, and 99.39–99.63% NPV. None of 
the intron 1 variants showed complete association with 
the ABO*A1 allele or the A phenotype.

Furthermore, 77 samples with known ABO variant al-
leles causing a weak A phenotype were genotyped for the 
intron 1 variants (Table  3). The *AW.06 and *AW.30 
variants were associated with the *A1 allele of all intron 1 
variants in 13 and 27 samples, respectively. For the 
*AW.13 variant, we found an association with the *A1 al-

Table 2. Calculation of the diagnostic values for the intron 1 variants with regard to the diagnosis of the ABO*A1 
allele and the A phenotype

Intron 1 variants

Diagnosis of the ABO*A1 allele rs532436 rs1554760445 rs507666 rs2519093
True positive, n 570 573 571 574
False positive, n 4 4 5 7
True negative, n 2,073 2,069 2,063 2,070
False negative, n 7 6 5 3
Sensitivity, % 98.79 98.96 99.13 99.48
Specificity, % 99.81 99.81 99.76 99.66
PPV, % 99.30 99.31 99.13 98.80
NPV, % 99.66 99.71 99.76 99.86

Diagnosis of the A phenotype
True positive, n 505 507 504 505
False positive, n 2 2 3 2
True negative, n 815 813 812 816
False negative, n 5 4 3 4
Sensitivity, % 99.02 99.22 99.41 99.21
Specificity, % 99.76 99.75 99.63 99.76
PPV, % 99.61 99.61 99.41 99.61
NPV, % 99.39 99.51 99.63 99.51

Sensitivity: true positive/(true positive + false negative); specificity: true negative/(true negative + false positive); 
positive predictive value (PPV): true positive/(true positive + false positive); negative predictive value (NPV): true 
negative/(true negative + false negative).

Table 3. Association of intron 1 variants with ABO variant alleles causing the weak A phenotype

Variant* Samples, n Genotype rs532436 rs1554760445 rs507666 rs2519093

*AW.06 12 *O.01/*AW.06 A1/nonA1 A1/nonA1 A1/nonA1 A1/nonA1
1 *AW.06/*B.01 A1/nonA1 A1/nonA1 A1/nonA1 A1/nonA1

*AW.08 10 *O.01/*AW.08 nonA1 nonA1 nonA1 nonA1
*AW.09 4 *O.01/*AW.09 nonA1 nonA1 nonA1 nonA1
*AW.13 11 *O.01/*AW.13 A1/nonA1 A1/nonA1 A1/nonA1 A1/nonA1

4 *AW.13/*B.01 A1/nonA1 A1/nonA1 A1/nonA1 A1/nonA1
2 *AW.13/*B.01 nonA1 nonA1 nonA1 nonA1

*AW.30 25 *O.01/*AW.30 A1/nonA1 A1/nonA1 A1/nonA1 A1/nonA1
1 *O.02/*AW.30 A1/nonA1 A1/nonA1 A1/nonA1 A1/nonA1
1 *AW.30/*B.01 A1/nonA1 A1/nonA1 A1/nonA1 A1/nonA1

*A3.02 5 *O.01/*A3.02 nonA1 nonA1 nonA1 nonA1
1 *A3.02/*B.01 nonA1 nonA1 nonA1 nonA1

ABO variants defined by mutations: c.502C>G (*AW.06), c.488C>T and c.526C>G (*AW.08), c.46G>A (*AW.09), c.2T>C (*AW.13), c.646T>A 
(*AW.30 and others), and c.829G>A (*A3.02).
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lele of the intron 1 variants in 15 of 17 samples. Two sam-
ples with *AW.13 and all samples with *AW.08, *AW.09, 
and *A3.02 variants lacked this association.

Discussion

The identification of sequence characteristics of the 
ABO gene as specific markers for the A, B, and O blood 
groups enabled the molecular diagnosis of ABO pheno-
types. Because of the lack of a specific marker, the A1 phe-
notype was diagnosed by exclusion of alleles encoding A2, 
B, or O phenotypes. Based on the genotyping of the 4 major 
variants c.261delG, c.802G>A, c.803G>C, and c.1061delC, 
a genotype-phenotype correlation was achieved for 99.7% 
of the samples [7]. However, the significant diversity of the 
ABO gene and the increasing number of mutations associ-
ated with aberrant blood group phenotypes impeded the 
molecular diagnosis. The introduction of additional DNA 
markers, especially for the A1 blood group, is important to 
increase the specificity and sensitivity of the molecular di-
agnosis of the ABO blood group.

The rs507666 and rs2519093 have been used as a 
marker for the A1 blood group in studies on the associa-
tion of the ABO locus with ICAM-1 plasma levels and 
trisk of venous thrombosis, respectively [8, 9]. Further 
analyses linking the lead SNVs to ABO allele groups have 
not been undertaken in these studies. Thus, proof of the 
diagnostic value of the markers as tags for blood group A1 
was lacking. Long-read sequencing of the ABO locus un-
covered putatively ABO*A1 diagnostic variants in the in-
tron 1 region [6]. Three SNVs (rs532436, rs1554760445, 
and rs507666) are located in close proximity within a 431 
bp region at the 5’ end of intron 1. The rs2519093 is lo-
cated more than 7.5 kbp downstream from rs507666. In 
many of the samples with discordant results, we observed 
a linkage of the first 3 SNVs, i.e., concordant genotypes, 
whereas rs2519093 revealed a different genotype. This 
could indicate recombination events in intron 1 as a cause 
of discordant genotyping results. A multi-ethnic valida-
tion approach indicated that the three SNV-based vari-
ants rs532436, rs507666, and rs2519093 significantly 
tagged the ABO*A1 allele across ethnicities. The INDEL 
variant rs1554760445 specifically tagged the ABO*A1.01 
allele in populations outside Africa. The sensitivities 
ranged from 97.55% (rs507666) to 97.99% (rs2519093) 
and the specificities from 99.41% (rs532436) to 99.72% 
(rs1554760445). The geographic origin of the blood do-
nors in our study is Southwestern Germany; however, the 
ethnicity is not known in detail. It can be assumed that 
the majority of the donors are European, and only a mi-
nor proportion is of African descent.

We evaluated the performance of the intron 1 variants 
for the diagnosis of the ABO*A1 allele. All 4 variants 

showed a strong but not complete association with the 
*A1 allele in 1,330 samples with regular ABO phenotypes. 
For the diagnosis of the ABO*A1 allele, we found sensi-
tivities ranging from 98.79% (rs532436) to 99.48% 
(rs2519093) and specificities from 99.66% (rs2519093) to 
99.81% (rs532436), similar to the values reported previ-
ously [6]. For the diagnosis of the A blood group, the 
rs507666 showed the highest sensitivity (99.41%), where-
as, rs532436 and rs2519093 had the highest specificity 
(99.76%). In 6 of the 1,330 samples (0.45%), none of the 
4 intron 1 variants showed correct tagging of the *A1 al-
lele with 3 false negative and 3 false positive results. The 
combination of all 4 intron variants did not increase the 
diagnostic performance. According to our data from 
blood donors with regular ABO phenotypes, the genotyp-
ing of the intron 1 variants would lead to a wrong pheno-
type prediction in 0.6% of the donors. To increase the 
diagnostic reliability, ABO genotyping should include the 
markers for *A2, *B, *O.01, and *O.02 alleles in addition 
to the *A1 markers in intron 1.

Further limitation of ABO genotyping is given by the 
large number of variant alleles. Most of these variants are 
very rare (<0.01%), and the association with the intron 1 
variants is not known. In our study, we found that the rare 
ABO*AW.06, *AW.13, and *AW.30 alleles causing a weak 
A phenotype were associated with the *A1 markers, i.e., 
the intron 1 variants indicated a regular A1 phenotype. 
Other variant alleles such as *AW.08, *AW.09, and *A3.02 
lacked this association, i.e., intron 1 genotyping indicated 
the absence of a regular A1 phenotype. The prevalence of 
variant alleles could be different in the populations. The 
*AW.09 allele tagged by c.49G>A (rs55917063) is rare in 
Europeans (0.02%) but frequent in Africans (2%) [10]. 
The frequency of the *AW.08 allele tagged by c.488C>T 
(rs55756402) is 0.1% in Europeans and South Asians but 
not observed in Africans. Thus, depending on the popula-
tion, the association of the *A1 markers with rare ABO 
gene variants could significantly delimit the correct diag-
nosis of the A1 blood group.

Blood group genotyping projects usually include nu-
merous clinically relevant blood group systems but not 
ABO. This is because ABO phenotyping is cost effective 
and well established in routine labs. The diagnosis of the 
ABO blood group based on genotyping is getting more 
relevant since molecular techniques are developed to-
ward high-throughput screening. For example, the geno-
type screening project at our institute includes 37 blood 
groups as well as platelet and neutrophil antigens [11]. 
The inclusion of ABO genotyping with tag SNVs could be 
cost and time effective. Thereby, the availability of reli-
able diagnostic markers for the main phenotypes is an 
important prerequisite. The genotyping platform for 
blood donors introduced by the Blood Transfusion Ge-
nomics Consortium (BGC) comprised a large number of 
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determinants of blood group, platelet, and leukocyte an-
tigens as well as variants in genes relevant to antigen ex-
pression [12]. The genotyping results demonstrated con-
cordance of 99.91% with antigen typing data for 28 blood 
group antigens including ABO. In 7 of 7,449 samples 
(0.09%), the ABO genotyping results were discordant 
with the phenotype.

In conclusion, with the introduction of reliable molec-
ular markers, genotyping instead of phenotyping of the 
ABO blood group is getting more feasible also on a routine 
basis. This could be reached by a combination of SNVs 
that tag the A1, A2, B, and O phenotypes and the exclusion 
of ABO variants encoding aberrant phenotypes. However, 
as long as discordance of genotypes is observed, the anti-
body-based ABO phenotyping remains the only method 
to ensure ABO-matched blood transfusion.
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Abstract
Background: Near-infrared spectroscopy (NIRS) is a com-
monly used technique to evaluate tissue oxygenation and 
prevent harmful cerebral desaturation in the perioperative 
setting. The aims of the present study were to assess wheth-
er surgery-related anemia can be detected via NIRS of cere-
bral oxygen saturation and to investigate the effects of dif-
ferent perioperative transfusion strategies on cerebral oxy-
genation, potentially affecting transfusion decision-making. 
Study Design and Methods: Data from the ongoing multi-
center LIBERAL-Trial (liberal transfusion strategy to prevent 
mortality and anemia-associated ischemic events in elderly 
noncardiac surgical patients, LIBERAL) were used. In this sin-
gle-center sub-study, regional cerebral oxygenation satura-
tion (rSO2) was evaluated by NIRS at baseline, pre-, and post-
RBC transfusion. The obtained values were correlated with 
blood gas analysis-measured Hb concentrations. Results: 
rSO2 correlated with Hb decline during surgery (r = 0.35, p < 
0.0001). Different RBC transfusion strategies impacted rSO2 
such that higher Hb values resulted in higher rSO2. Cerebral 

desaturation occurred  at lower Hb values more often. Dis-
cussion: Cerebral oxygenation monitoring using NIRS pro-
vides noninvasive rapid and continuous information regard-
ing perioperative alterations in Hb concentration without 
the utilization of patients’ blood for blood sampling. Further 
investigations are required to demonstrate if cerebral rSO2 
may be included in future individualized transfusion deci-
sion strategies. © 2023 The Author(s).

Published by S. Karger AG, Basel

Introduction

Transfusion of allogeneic red blood cell (RBC) units is 
frequently required during major surgery with elderly pa-
tient being at risk due to higher incidence of comorbidi-
ties including preoperative anemia and vascular disease 
predisposing to myocardial and cerebral ischemia [1–3]. 
Transfusion of RBC is the standard therapy of periopera-
tive anemia with a broad Hb treatment range between 6 
and 10 g/dL. However, existing evidence does not support 
a single criterion for transfusion and justification should 
depend on patients comorbidities, potential or actual on-

Achilles Delis and Derek Bautz contributed equally to this work.
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going bleeding (rate and magnitude), volume status, car-
diopulmonary reserve, and most notably signs of organ 
ischemia resulting in impaired tissue oxygenation [4].

Near-infrared spectroscopy (NIRS) is a commonly ap-
plied, noninvasive technique that uses the different ab-
sorption and dispersion spectrum of near infrared light to 
distinguish between oxygenated and deoxygenated hemo-
globin, indicative of tissue oxygenation, in different tis-
sues approximately 25 mm below the skull [5]. Therefore, 
any given NIRS presents a relative value that reflects a bal-
ance between oxygen demand and supply, within the eval-
uated tissue at current conditions. Furthermore, the as-
sessed value depended on patient’s individual baseline but 
also affected by various covariates including perfusion, 
oxygenation, and hemoglobin concentration [6]. While 
tissue perfusion is influenced by blood pressure and car-
diac function, oxygenation is controlled during general 
anesthesia through the ventilatory settings. Hemodynam-
ics and oxygenation are continuously monitored and kept 
within predefined ranges during anesthesia. Although he-
moglobin concentrations commonly change during the 
course of major surgery with increased probability of 
blood loss, affecting tissue oxygenation, noninvasive tech-
niques continuously evaluating hemoglobin concentra-
tion tend to be inferior to invasive blood gas analyses 
(BGAs). However, BGA is usually performed in response 
to clinical signs including blood loss and volume compen-
sation and thus provides only intermittent information.

Most studies investigating the perioperative impact of 
cerebral oxygenation saturation (rSO2) on postoperative 
outcome are performed in cardiac or vascular surgery and 
report a correlation between rSO2 and central venous oxy-
genation saturation. Current guidelines recommend moni-
toring of cerebral oxygenation during cardiac surgery to de-
tect cerebral desaturation early, to increase oxygen supply, 
and thereby to improve neurological outcome [7]. Al-
though, investigation showed that NIRS can be used for the 
detection of anemia in intensive care patients, no study has 
yet investigated the perioperative usage of NIRS for the de-
tection of intraoperative bleeding and consecutive anemia 
and deoxygenation to potentially consider transfusion of 
RBC in adult patients undergoing major noncardiac sur-
gery. Therefore, we hypothesize that anemia occurring dur-
ing noncardiac surgery can be detected via NIRS evaluation 
of cerebral oxygen saturation and RBC transfusion im-
proves cerebral oxygenation, potentially affecting transfu-
sion decision-making (TDM) in elderly patients.

Material and Methods

Study Design
The present analysis contains data of 67 consecutive patients, 

undergoing spine or hip surgery, recruited within the ongoing 
LIBERAL-Trial from 2020 to 2021. The LIBERAL-Trial is a pro-

spective, multicenter, randomized, open, phase 4 trial, investigat-
ing the effects of a liberal transfusion strategy of RBCs on mortal-
ity and anemia-associated ischemic events in elderly patients un-
dergoing noncardiac surgery [8]. In brief, patients ≥70 years 
scheduled for intermediate- or high-risk noncardiac surgery 
were included. Hemoglobin levels were monitored during the 
surgery and daily after surgery. If Hb level dropped below ≤9.0 g/
dL during surgery or in the postoperative phase until postopera-
tive day 3, patients were randomized either to the LIBERAL (re-
ceiving one single RBC unit each time Hb reaches ≤9.0 g/dL) or 
restrictive transfusion regime (a single RBC unit each time Hb 
reaches ≤7.5 g/dL). To investigate the impact of anemia severity 
on RBC transfusion-induced changes of cerebral NIRS, we 
grouped patients according to their pre-transfusion Hb concen-
tration irrespective of their randomization group assignment: Hb 
<7.5 g/dL, Hb 7.5–8.5, and Hb ≥8.5 g/dL. This sub-study did nei-
ther unblind any data nor analyze any group differences of the 
large LIBERAL trial.

Anesthesia Protocol
Pulse oximetry, electrocardiogram, noninvasive blood pres-

sure measurement, and a peripheral line were established upon 
arrival at the introduction room. Anesthesia was induced using 
fentanyl, propofol (2 mg/kg), and rocuronium (0.5 mg/kg). Fol-
lowing intubation, ventilation was adjusted to 8–10 mL/kg and 
respiratory rate was set to maintain etCO2 at 35–40 mm Hg. Sub-
sequently, the radial artery was cannulated for invasive blood pres-
sure measurement and BGAs. Oxygen concentration was adjusted 
to pO2 between 120 and 150 mmHg to maintain SpO2 above 95%. 
Anesthesia was maintained using propofol and sedation dept was 
monitored using bi-spectral index monitoring (XP-sensor, Covi-
dien plc, Dublin, Ireland) and bi-spectral index values were kept 
between 40 and 60, ensuring an appropriate anesthesia level. Dur-
ing the surgery, phenylephrine infusion has been used to maintain 
mean arterial blood pressure within 20% of pre-anesthesia level. 
To assess regional tissue oxygenation, the probe of an INVOSTM 
5100C (Medtronic Inc., Minneapolis, MN, USA) was placed on the 
right forehead and cerebral oxygenation saturation (rSO2) was 
continuously monitored throughout the surgery. Anesthesia re-
gime and NIRS evaluation was performed in the present sub-study 
according to institutional standard and not specified in the LIBER-
AL-Trial study protocol [8]. Patients with carotid artery stenosis 
were not included due to its potential impact on cerebral perfu-
sion. rSO2 values were assessed through NIRS prior to and 10 min 
after transfusion of each RBC unit to investigate the impact of RBC 
transfusion on cerebral tissue oxygenation at different Hb concen-
trations.

Statistical Analyses
Statistical analyses were performed using Graph Pad PRISM 8. 

Data are expressed as mean ± standard deviation for normally dis-
tributed continuous variables. Differences between groups were 
determined using one-way ANOVA and Bonferroni post hoc anal-
yses. Baseline, pre-, and post-transfusion differences were ana-
lyzed using two-way ANOVA and Bonferroni post hoc analyses.

Results

The present study included 67 patients that received 
RBC transfusion during elective hip or spine surgery. 
Age, height, weight, and BMI were not different between 
groups (Table 1).
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Cerebral regional oxygen saturation (rSO2) and Hb 
concentrations were evaluated after induction of anesthe-
sia, prior to RBC transfusion, and 10 min after transfu-
sion. As both hemoglobin concentrations and NIRS val-
ues changed during the surgery, the association between 
cerebral rSO2 values and Hb concentrations at baseline, 
pre-transfusion, and post-transfusion were analyzed us-
ing Spearman’s correlation. Our data indicate a positive 
correlation between Hb concentration and cerebral tissue 
oxygenation (r = 0.35, p < 0.0001) (Fig. 1).

Hb concentrations increased in all groups after trans-
fusion of 1 RBC unit. However, post-transfusion Hb con-
centration remained lower in patients with pre-transfu-
sion Hb concentrations <7.5 g/dL compared to 7.5–8.5 g/
dL and >8.5 g/dL groups. Statistical analyses indicated ef-
fects of pre-transfusion Hb concentrations, transfusion, 
and an interaction of pre-transfusion Hb and RBC trans-
fusion on post-transfusion Hb concentrations (Fig. 2).

Cerebral rSO2 was lower prior to transfusion com-
pared to baseline in patients transfused at Hb concentra-
tions <7.5 g/dL, while there was no difference observed 
in other groups prior to transfusion compared to base-
line values. Pre- to post-transfusion increases in rSO2 
were observed in all groups. Furthermore, rSO2 was in-
creased after transfusion compared to baseline values in 
7.5–8.5 g/dL and >8.5 g/dL groups, while there was no 
difference observed in patients transfused at Hb concen-
trations <7.5 g/dL rSO2 was not different between groups 
at baseline or post-transfusion. However, rSO2 was sig-
nificantly lower in patients transfused at Hb concentra-
tions <7.5 g/dL compared to patients transfused at Hb 
concentrations >8.5 g/dL prior to transfusion. Two-way 
ANOVA indicated effects of transfusion, Hb concentra-
tions pre-transfusion, and an interaction on rSO2 
(Fig. 3).

Delta rSO2 baseline to pre-transfusion values were 
negative and significantly lower in patients transfused at 
Hb concentrations <7.5 g/dL compared to other groups. 
rSO2 reduction from baseline values prior to transfusion 
was 12% in <7.5 g/dL, while 3% in 7.5–8.5 g/dL and >8.5 
g/dL groups. Furthermore, delta pre- to post-transfusion 
rSO2 was greater in patients transfused at Hb concentra-
tions <7.5 g/dL compared to other groups (p < 0.001). 
However, neither baseline to pre- nor pre- to post-trans-
fusion rSO2 values were different between patients trans-
fused at 7.5–8.5 g/dL and >8.5 g/dL (Fig. 4).

Oxygenation parameters including arterial pO2 and 
pCO2 were not different between subgroups at any time-
point. Blood pressures were not different between groups 
but were higher after transfusion in patients transfused at 
Hb concentrations >8.5 g/dL (Fig.  5). Norepinephrine 
dosages were not different between groups pre- and post-
transfusion (Table 2).

Discussion

The findings of the present study indicate a correlation 
between cerebral tissue oxygenation and blood loss-in-
duced anemia and the subsequent effects of transfusion-
induced changes of Hb concentrations in elderly patients 
undergoing intermediate- or high-risk noncardiac sur-
gery. Substantial hemorrhage can occur during spine and 
hip surgeries.

Blood loss needs to be closely monitored through ob-
servation of the surgical field and calculations based on 
used sponges and collected volumes, but assessments are 
highly variable and affected by individual estimation [9]. 
Our study provides evidence that blood loss during hip 
and spine surgery and subsequent volume resuscitation 

<7.5 g/dL 7.5–8.5 g/dL >8.5 g/dL p value

Age, years 79±1 79±1 78±1 ns
Height, cm 170±2 167±2 171±2 ns
Weight, kg 78±4 72±3 81±4 ns
BMI, kg/m2 27±1 26±1 27±1 ns

Table 1. Patients characteristics were 
analyzed using one-way ANOVA with 
Bonferroni post hoc analyses and are 
expressed as mean ± SEM (p < 0.01)

Fig. 1. Correlation between Hb concentration and NIRS-derived 
rSO2 measured after anesthesia induction, pre-transfusion, and 
posttransfusion. Data were analyzed using Spearman r test (n = 
129, r = 0.3479, p < 0.0001).
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using the corresponding volume led to a reduction of Hb, 
resulting in moderate to severe anemia that correlated 
with a reduction of NIRS-evaluated cerebral oxygen satu-
ration.

TDM is based on the occurrence of transfusion trig-
gers such as hemodynamic instability, lactemia, reduced 
mixed venous oxygenation, and reduced perfusion or de-
oxygenation of vital organs. However, anemia monitor-

Fig. 2. Pre- and post-transfusion Hb con-
centrations in patients; RBC transfusion 
starting at Hb <7.5 g/dL, n = 21; 7.5–8.5 g/
dL, n = 21; or >8 g/dL, n = 25. Data were 
analyzed using two-way ANOVA with 
Bonferroni post hoc analyses and expressed 
as mean ± SD. Lines indicate significant 
post-transfusion differences between 
groups (p < 0.01).

Fig. 3. rSO2 values at baseline, pre-, and 
post-transfusion in patients; RBC transfu-
sion starting at pre-transfusion Hb <7.5 g/
dL, 7.5–8.5 g/dL, or >8.5 g/dL. Data were 
analyzed using two-way ANOVA with 
Bonferroni post hoc analyses and expressed 
as mean ± SD (<7.5 g/dL, n = 21; 7.5–8.5 g/
dL, n = 21; >8.5 g/dL, n = 25; p < 0.01; *com-
pared to >8.5 g/dL pre-transfusion; lines 
indicate significant post-transfusion differ-
ences between groups).

Fig. 4. rSO2 changes from baseline to pre-
transfusion (left panel) and pre- to post-
transfusion (right panel) in patients receiv-
ing RBC transfusion starting at Hb <7.5 g/
dL, 7.5–8.5 g/dL, or >8.5 g/dL. Data were 
analyzed using one-way ANOVA and ex-
pressed as mean ± SD (<7.5, n = 21; 7.5–8.5, 
n = 21; >8.5, n = 25; lines indicate signifi-
cant post-transfusion differences between 
groups; p < 0.01).



Delis et al.Transfus Med Hemother 2023;50:270–276274
DOI: 10.1159/000528888

ing includes hemoglobin/hematocrit measurements pri-
or to transfusion that is performed in a point-of-care 
fashion using BGAs that provide stable Hb and Hct values 
using 1-2 mL blood volume [4, 10]. Although Hb can be 
frequently determined during major surgery with high 
amounts of blood loss, BGA are still irregularly performed 
upon clinical assessment. In contrast, NIRS-based perfu-
sion and oxygenation monitoring provides a continuous 
and high granular evaluation of cerebral tissue oxygen-
ation in the absence of any blood utilization. Most nota-
bly, information regarding the oxygenation status of this 
crucial tissue may help TDM and in the absence of cere-
bral desaturation and subsequent transfusion triggers po-
tentially prevent unnecessary transfusion. High expenses 
of the NIRS optodes compared to BGAs need to be ad-
dressed. However, tissue oxygenation monitoring may be 
a great adjunct to Hb concentration in making a clinical 
decision for RBC transfusion, or most importantly against 
a transfusion within currently recommended limits. Pre-
vention of RBC transfusion reduces the risk for postsurgi-
cal complications, and improves outcomes, all according 
to current WHO recommendations on PBM [11]. Subse-
quent studies are required to evaluate the impact of tissue 
oxygenation monitoring on the reduction of periopera-
tive RBC transfusion.

While baseline NIRS values were not different between 
groups, cerebral oxygenation was significantly declined in 

patients with pre-transfusion Hb <7.5 g/dL compared to 
7.5–8.5 and >8.5 g/dL. After transfusion, rSO2 increased 
and no differences were observed between subgroups. 
These data suggest that a restrictive transfusion strategy in 
elderly patients may result in minor cerebral deoxygen-
ation episodes prior to RBC transfusion while patients re-
ceiving RBC transfusion at higher pre-transfusion Hb lev-
els did not show rSO2 decrease. These findings are in ac-
cordance with previous studies performed in neonatal 
critical care and perioperative pediatric patients that re-
port a RBC transfusion-induced increase in cerebral oxy-
genation and correlation between Hb concentration and 
tissue oxygenation [12, 13]. Alternatively, Aktas and col-
leagues did not observe a transfusion-induced increase in 
cerebral oxygenation in neonatal intensive care patients, 
while abdominal and renal rSO2 values increased after 
transfusion [14]. However, according to their study pro-
tocol NIRS values were assessed 24 h after transfusion and 
compared to pre-transfusion values, and cerebral changes 
could be more pronounced in the acute setting. Also, com-
pensatory mechanisms may initiate within hours that 
maintain cerebral oxygenation at lower level. Our sub-
analysis focused on acute anemia due to acute surgery-
related blood loss and transfusion in the perioperative set-
ting where observed differences in cerebral oxygenation 
are likely to occur before compensatory mechanism is ef-
fective. Similar to the studies in neonatal intensive care 

Fig. 5. Systolic, mean, and diastolic blood pressures assessed pre- and post-transfusion in patients receiving RBC 
transfusion starting at Hb <7.5 g/dL, 7.5–8.5 g/dL, or >8.5 g/dL. Data were analyzed using two-way ANOVA with 
Bonferroni post hoc analyses and expressed as mean ± SD (<7.5 g/dL, n = 21; 7.5–8.5 g/dL, n = 21; >8.5 g/dL,  
n = 25; lines indicate significant differences between pre- and post-transfusion; p < 0.01).

Table 2. Phenylephrine dosages in microgram per kilogram body weight pre- and post-transfusion were analyzed 
using one-way ANOVA with Bonferroni post hoc analyses and expressed as mean ± SEM (p < 0.01)

<7.5 g/dL 7.5–8.5 g/dL >8.5 g/dL p value

Pre-transfusion norepinephrine dosage, μg/kg BW 0.08±0.02 0.10±0.03 0.08±0.02 ns
Post-transfusion norepinephrine dosage, μg/kg BW 0.06±0.01 0.07±0.02 0.08±0.02 ns
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patients [14, 15], the most pronounced transfusion-in-
duced increases in cerebral oxygenation were observed in 
patients with lower pre-transfusion Hb level <7.5 g/dL, 
potentially indicating physiologic severe anemia levels.

The observation that reduction in blood pressure was 
accompanied by a reduction in cerebral oxygenation has 
been reported in previous studies and the autoregulatory 
mechanisms of cerebral perfusion may be involved in this 
observation [16]. Furthermore, vasopressor treatment af-
fects hemodynamics and tissue oxygenation in anesthe-
tized patients [17]. However, the herein used norepi-
nephrine dosages were not different between groups pre- 
and post-transfusion and are therefore unlikely to be 
responsible for rScO2 differences, but the assessment of 
physiological mechanisms of cerebral autoregulation is 
beyond the scope of our investigation.

NIRS evaluation of rScO2 provides an individual trend 
of tissue oxygen availability. Although the individual trend 
is precise, interindividual measurements are markedly vari-
able; thus, this method has its limitations in the ratio of 
oxygen supply to oxygen consumption that need to be ad-
dressed. However, NIRS-evaluated tissue oxygenation has 
been proposed as an alternative method for TDM in pedi-
atric intensive care patients [18]. However, the impact of 
NIRS on tissue oxygenation in the elderly patients has not 
yet been evaluated. Although noninvasive methods for Hb 
measurement tend to be inferior to invasive BGA, our data 
indicate that NIRS provides continuous information of ce-
rebral oxygenation and has the potential to detect rapid 
changes during major surgery potentially being related to a 
critical Hb concentration without frequent utilization of 
patients’ blood. TDM is an individual assessment that is 
based on the occurrence of distinct transfusion triggers and 
should not be made based on Hb values only [19, 20]. 
Therefore, a continuous monitoring that is not only provid-
ing changes in Hb concentration but also postulating infor-
mation concerning the oxygen saturation and more impor-
tant critical desaturation of a vulnerable tissue such as the 
brain seems reasonable as an individualized perioperative 
RBC transfusion strategy.

While acute severe normovolemic anemia at hemoglo-
bin level between 6 and 5 g/dL is associated with cognitive 
dysfunction [21], intraoperative decreases in NIRS have 
also been shown to correlate with postoperative cognitive 
dysfunction, and a patient-specific algorithm that incor-
porates cerebral NIRS monitoring and a restrictive RBC 
transfusion threshold improve clinical outcomes while 
reducing costs [22, 23]. Further studies are required to 
investigate the potential of perioperative NIRS evaluation 
and prevention of cerebral deoxygenation through RBC 
transfusion on postoperative cognitive dysfunction in el-
derly patients undergoing major noncardiac surgery.

There are some limitations that need to be addressed. 
First of all, this is a sub-study to the ongoing multicenter 

LIBERAL-Trial. Therefore, the sample size was not calcu-
lated for the primary outcome and our results are explor-
atory. Second, the data are just from one single center and 
the number of patients is limited. However, our results 
show a stable and significant effect and to the best of our 
knowledge this is the first study reporting a correlation 
between perioperative anemia and NIRS in elderly pa-
tients undergoing noncardiac surgery. Further studies are 
required to investigate the potential prevention of post-
operative cognitive dysfunction through the prevention 
of perioperative cerebral desaturation.

Conclusions

In conclusion, cerebral oxygenation monitoring by 
NIRS indicates cerebral desaturation, but also provides 
valuable information regarding perioperative alterations 
in Hb concentration, implying blood loss-induced ane-
mia, potentially providing the clinician information when 
anemia-related impaired oxygenation is still compensat-
ed or transfusion may be indicated, in the context of in-
dividualized medicine. Transfusion-induced increases in 
cerebral oxygenation are more pronounced at lower pre-
transfusion Hb level. Further studies are required to in-
vestigate the impact of cerebral oxygenation measure-
ment on individual TDM in the perioperative setting, po-
tentially preventing postoperative cognitive dysfunction.
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Abstract
Introduction: An increasing shortage of donor blood is ex-
pected, considering the demographic change in Germany. 
Due to the short shelf life and varying daily fluctuations in 
consumption, the storage of platelet concentrates (PCs) be-
comes challenging. This emphasizes the need for reliable 
prediction of needed PCs for the blood bank inventories. 
Therefore, the objective of this study was to evaluate multi-
modal data from multiple source systems within a hospital 
to predict the number of platelet transfusions in 3 days on a 
per-patient level. Methods: Data were collected from 25,190 
(42% female and 58% male) patients between 2017 and 
2021. For each patient, the number of received PCs, platelet 
count blood tests, drugs causing thrombocytopenia, acute 
platelet diseases, procedures, age, gender, and the period of 
a patient’s hospital stay were collected. Two models were 
trained on samples using a sliding window of 7 days as input 
and a day 3 target. The model predicts whether a patient will 
be transfused 3 days in the future. The model was trained 
with an excessive hyperparameter search using patient-level 
repeated 5-fold cross-validation to optimize the average 
macro F2-score. Results: The trained models were tested on 
5,022 unique patients. The best-performing model has a 

specificity of 0.99, a sensitivity of 0.37, an area under the pre-
cision-recall curve score of 0.45, an MCC score of 0.43, and an 
F1-score of 0.43. However, the model does not generalize 
well for cases when the need for a platelet transfusion is rec-
ognized. Conclusion: A patient AI-based platelet forecast 
could improve logistics management and reduce blood 
product waste. In this study, we build the first model to pre-
dict patient individual platelet demand. To the best of our 
knowledge, we are the first to introduce this approach. Our 
model predicts the need for platelet units for 3 days in the 
future. While sensitivity underperforms, specificity performs 
reliably. The model may be of clinical use as a pretest for po-
tential patients needing a platelet transfusion within the 
next 3 days. As sensitivity needs to be improved, further 
studies should introduce deep learning and wider patient 
characterization to the methodological multimodal, multi-
source data approach. Furthermore, a hospital-wide con-
sumption of PCs could be derived from individual predic-
tions. © 2023 The Author(s).

Published by S. Karger AG, Basel

Introduction

It is an ever-increasing worldwide challenge to supply 
blood products to patients. In Germany, around 15,000 
blood cell units are required every day, and about 45,000 
blood products are transfused annually at our clinic, of 
which approximately 30,000 are red blood cell concen-
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trates, 10,000 are platelet concentrates (PCs), and 5,000 
are fresh frozen plasmas [1]. Furthermore, the ongoing 
demographic change is expected to increase the relative 
shortage of blood donors and thus increase the shortage 
of stored blood products [2–4]. Therefore, optimal use of 
this valuable resource is becoming increasingly impor-
tant from a medical, ethical, and economic point of view. 
To solve these problems, improving logistics manage-
ment in transfusion medicine is crucial.

Thus, coordinating the inventory, expiry, and con-
sumption of PCs plays a vital role. A PC typically has a 
shelf life of 4 days after testing and screening procedures 
on the production day [5]. The transfusion of different 
patient collectives treated in a university hospital for he-
matology and oncology, transplantation, cardiac, and 
thoracic surgery leads to dramatic fluctuations in the con-
sumption of PCs [6–8]. Therefore, storing PCs in line 
with requirements is challenging: on the one hand, a PC 
shortage is unacceptable, while on the other hand, it is 
necessary to minimize the wasteful disposal of blood do-
nations.

According to the Paul Ehrlich Institute, 575,608 PCs 
were produced in Germany in 2020 [1]. From a total of 
255,722 pool PCs, 48,467 PCs (19%) expired at the pro-
ducer. From a total of 319,886 apheresis PCs, 22,411 (7%) 
expired at the producer [1]. Taking their market value 
into account, the disposal of unused PCs results in an eco-
nomic loss of more than 30 million Euros per year. Thus, 
reducing the forfeiture rate by just two percent would 
save more than 5.5 million Euros annually [9].

The high expiration rates indicate that a patient-spe-
cific prediction of PC consumption is required to opti-
mize logistics management. At present, however, the pa-
tient- and hospital-specific data already available in most 
hospitals in Germany are not sufficiently utilized for this 
purpose.

This retrospective study aimed to develop a novel AI-
based approach to improve the prediction of individual 
PC demand. Because donation appointments must be 
scheduled and the donation products tested and screened, 
predictions for patient transfusion needs at the end of 3 
days are critical. The objective of this study was, therefore, 
to create a machine learning-based model which predicts 
whether a patient requires a platelet transfusion 3 days 
into the future. This is achieved by extracting, transform-
ing, and loading multimodal data from multiple source 
systems within the hospital.

Materials and Methods

Data Sources
The retrospective data were obtained from a hospital’s internal 

Health Level Seven International (HL7) Fast Healthcare Interoper-
ability Resources (FHIR) (https://www.hl7.org/fhir) server. The 
server is a data repository that stores information generated during 
the clinical routine at all hospital departments. It was queried for 
clinical and demographic information such as patient stay, labora-
tory testing, conditions, transfusions, medications, procedures, 
gender, and age. In addition, manual spot checks were performed 
to ensure data validity and quality between source systems and the 
extracted data set. At first, the completeness of extracted data be-

Fig. 1. Data source to patient data pipeline (taking multiple hospital systems into account) followed by the HL7 
FHIR server, which extracts and stores the data, then the extraction process, and, finally, the per-patient storing 
of all relevant patients.
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tween the FHIR server and training data was ensured by compar-
ing the total number of extracted elements for each resource. Sec-
ond, each FHIR resource’s data importers were checked for data 
completeness. Finally, to ensure end-to-end completeness, data 
mappings, as seen in Figure 3, were generated on a set of patients. 
Figure 1 exemplifies the data pipeline applied to extract the patient 
cohort. The following two subsections explain the data source in 
detail.

Subjects Identification and Preprocessing
The need for a PC donation is determined by the platelet count 

in the patient’s blood and specified in the hemotherapeutic guide-
lines [10, 11]. Our study included all patients, independent of the 
main or first diagnosis, who had platelet count observation be-
tween January 2017 and June 2022 and are in total 282,225 pa-
tients. A flow diagram visualizing the patient selection process in 
a schematic overview is represented in Figure 2.

First, a time scope filter was applied as only patients with ob-
servations between 2017 and 2021 were considered. While the nor-
mal laboratory range for PCs may vary slightly, the usual reference 
range is between 150 platelet/nL and 400 platelet/nL [12]. There-
fore, patients with thrombocyte counts exclusively above the max-
imum reference range of 400 platelet/nL were excluded. Because 
each hospitalization had to pass another set of requirements to be 
included in the analysis, this stage of the identification process re-
duced the cohort size to 254,887 patients.

First, the hospital stay had to last at least 10 days. Patients with 
a shorter stay were considered out of scope as these patients had a 
very low upfront probability of needing a PC and typically had only 
very few data points. We found the probability for a patient to re-
ceive a PC during a stay between 0 and 9 days to be 0.34%. Second, 
patients with a single observation were considered out of scope 
because, according to transfusion guidelines, the platelet count 
should be measured before and after a patient receives a donation 
[11]. Finally, the minimum platelet count for one observation dur-
ing a stationary stay had to be less than or equal to 150 platelet/nL, 
in accordance with the reference range for PC transfusions [12]. 
This filtering step yielded a final cohort size of 25,190 patients with 
valid hospitalizations to include in this study. For patients in the 
final cohort, we collected additional features such as procedures 
that may impact platelet function (e.g., extracorporeal circulation, 
hemodialysis), medications that frequently cause thrombocytope-
nia (e.g., chemotherapeutics such as cytarabine and gemcitabine), 
conditions that are known to cause thrombocytopenia either di-
rectly or through drug-based interference (e.g., leukemic and lym-
phoid malignancies), the number of received PC transfusions, and 
time scope of hospital stays. Figure 3 exemplifies the data map for 
one of the 25,190 patients, with all the occurring features from dif-
ferent resources. A detailed overview of the selected features from 
medications, procedures, and conditions can be found in Appen-
dix A, available at www.karger.com/doi/10.1159/000528428.

Fig. 2. Cohort identification process, which 
can be interpreted as a top-down flow dia-
gram within the patient identification pro-
cess. The entire cohort began with a total of 
282,225 patients based on in-house platelet 
count observations between January 2017 
and June 2022. The patient identification 
process can be divided into three filtering 
steps. The first filters the time scope of 
2017–2022. The second filter excludes pa-
tients with platelet counts exclusively above 
400 platelet/nL. The final filter ensures that 
a patient’s hospital stay is greater than 9 
days, the number of blood observations is 
greater than one, and at least one platelet 
count observation needs to be below 150 
platelet/nL. After the above-described fil-
ter, 25,190 patients are left for the scope of 
this study.
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 Sliding Window Sampling 
 The data needed to be transformed into equally dimensional 

samples to attain equally shaped data for machine learning models. 
 Figure 4  shows a schematic overview of how each training sample’s 
sliding window was generated. The following criteria define a val-
id training sample: One platelet count observation needs to be 
present, and the minimum platelet count needs to be below 150 
platelets/nL within the 7-day window. 

 Each input vector had a time scope of 7 days and a frequency 
of 12 h, thus 14 time slots. The window sampling was based on time 
logs of the patient encounters. Consequently, features for the re-
spective time scope were collected using an aggregation function 
for each valid patient stay at the hospital. 

 The aggregation function mapped each feature data event with-
in each valid patient stay to one of the 14 time slots. Medications, 
conditions, and procedures were saved in a list per time slot. The 
most recent platelet count observation within a 12-h window was 
preserved, and subsequent empty spaces were linearly interpolated 
to the next platelet count observation. Additionally, it was record-
ed whether a platelet count value was interpolated if needed. Fi-
nally, each PC unit within a time slot was transformed into the sum 
of units within a day. 

 Time slot-independent metadata, such as age and gender, were 
stored for each patient. Finally, each target vector had a time scope 
of 1 day and a frequency of 24 h, which contained a list of con-
sumed PC units 3 days into the future. Once preprocessing steps 
for one input and target vector were calculated, the sliding win-
dow algorithm stepped 1 day ahead, and the preprocessing re-
started. 

 Platelet Binary Classification 
 Classification algorithms were used as the decision of whether 

a patient should receive a PC can be translated into a binary prob-
lem. The first class (0) represented the case of no transfusion, and 
the second class (1) represented one or more transfusions. The 
data set was split on the patient level into training and test data us-
ing an 80/20 ratio. The data were highly zero-inflated as most sam-
ples did not receive any PC transfusion. To address the class imbal-
ance (3.42%), all models were also trained using Gaussian noise 
up-sampling   [13]  and the kmeans_SMOTE (synthetic minority 
over-sampling technique)   [14]  using default parameters. As the 
objective was to predict the third day, a single-output classifier was 
sufficient. For the model training and optimization, scikit-learn 
[15]  [ https://scikit-learn.org ], eXtreme Gradient Boosting (XG-
Boost)   [16]  [ https://xgboost.readthedocs.io ], Random Forest  [17] , 
Dummy Classifier  [18] , and Optuna  [19]  [ https://optuna.org ] 
were used. Optuna was configured to run 1,000 trials for each 
model using a tree-structured Parzen estimator sampler  [20]  for 
hyperparameter sampling. Random sampling was used on the first 
50 trials of each model as warm-up iterations for the tree-struc-
tured Parzen estimator algorithm. Samplers decrease the search 
time, and calculation cost of finding the best-performing hyperpa-
rameters for the chosen algorithm compared to a full grid search. 

 A median pruner (24) was used on top of the iterative process 
to stop the training process once the improvement plateaued. 
Pruning was disabled for the first 100 trials of each model run. All 
models were trained using fivefold stratified-group cross-valida-
tion, to ensure that cohorts within a split are not overlapping and 
the percentage of samples for each class is almost equal. An F2-
score was used as an optimization metric to weigh sensitivity/recall 

Fig. 3.  Exemplary data map of a cohort patient suffering from mantle cell lymphoma, which is represented on 
multiple occasions as a “diagnosed condition” with the ICD code “C83.1.” The patient was therefore subjected 
to a chemotherapeutic treatment plan with cytarabine (represented in four instances both as “received medica-
tion” and “received procedure” with the respective OPS codes “8-542-21” and “8-544”). This led to two occur-
rences of secondary thrombocytopenia (“D69.58”) with a minimal platelet count of 6/nL (November 1, 2017) and 
24/nL (November 28, 2017) that were each treated with a PC transfusion (“received platelets”). 
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higher than precision. Figure 5 depicts the training process for the 
machine learning models in a schematic overview.

A dummy classifier with a stratified strategy was used as a base-
line model to compare against the above-described classifiers. 
Dummy classifiers disregard the input features and solely depend 
on the output values. The stratified method considered the a prio-
ri probability and was, therefore, a valid baseline classifier. Subse-
quently, an XGBoost and a Random Forest model were trained 
excessively with the hyperparameter search spaces seen in Table 1 
using the ML workflow described in Figure 5.

Results

Patient Characteristics
After the processing steps seen in Figures 2 and 4, the 

cohort consisted of 25,190 patients with a hospital stay of 
at least 10 days between 2017 and 2021. The cohort data 
were randomly split on the patient level into 80/20 subsets 
for training and test data sets. In the training set, the pa-
tient’s ages ranged from 0 to 101 years, and the mean pa-

Fig. 4. Generation of the sliding window from raw data for training and labeling schematically. The sliding win-
dow frequency of x is one (day) with a frequency of 12 h and 7 days for each training sample and a frequency of 
24 h and 3 days for each labeled sample.

Fig. 5. ML workflow using Optuna. First, 
the patient data samples were split into 
training and test data (1). The Optuna run 
was then initialized (2), which initialized 
the first algorithm and prepared the data 
for a cross-validated run (3). In cross-vali-
dation, the data were further split into the 
desired amount of data sets (which consist 
of training and validation data sets) to fur-
ther prevent overfitting and selection bias. 
Each set was then trained, and overall folds 
were averaged to calculate the model’s pre-
dictive performance on the validation set 
(4). The model was then logged with its 
performance scores and hyperparameter 
(5). If the pruner decided to train another 
model, the process would start again at the 
hyperparameter tuning within the given 
search space (6). Once the evaluation was 
finished, the parameters of the best-per-
forming model could be loaded and evalu-
ated on the test data (7–9).
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tient age was 56.5 ± 21.8 years. 42% of the patients were 
female, and 58% were male. In the test set, the patient age 
ranged from 0 to 99 years, and the mean patient age was 
56.9 ± 22 years. The gender distribution was the same as 
in the training set. Figure 6 illustrates the data set distri-
bution from different perspectives.

Model Performance
During the observed period of 5 years, 25,190 patients 

were transfused, with a total of 54,473 PC units. Optuna 
was configured to run for 1,000 trials for the XGBoost and 
Random Forest models. The performance of the best-per-
forming classification models on the training data is 
shown in Table 2. All metrics (area under the precision-
recall curve [AUCPR] score, F1 score, MCC score, preci-
sion, specificity, and sensitivity) could be improved com-
pared to the dummy classifier. However, all models lack 
sensitivity.

Figure 7 shows the AUCPR curve across all trained 
models. The Dummy Classifier is displayed as an almost 
horizontal line with a score of 0.03, suggesting that the 
model has no discriminative ability to diagnose patients 
with and without needing a PC transfusion. The slope of 
the AUCPR curve on the Random Forest and XGBoost 
models indicates that the model performs better than the 
Dummy Classifier.

Table 1. Hyperparameter spaces for XGBoost and Random Forest

Parameter Search space

XGBoost with gbtree booster
Objective Binary: logistic
Eval_metric AUCPRa

Lambda 10−8–1.0
Alpha 10−8–1.0
Max_depth 10–30
Eta 10−8–1.0
Gamma 10−8–1.0
Grow_policy Depthwise, lossguide

XGBoost with gbtree dart
Objective Binary: logistic
Eval_metric AUCPRa

Lambda 10−8–1.0
Alpha 10−8–1.0
Max_depth 10–30
Eta 10−8–1.0
Gamma 10−8–1.0
Grow_policy Depthwise, lossguide
Sample_type Uniform, weighted
Normalize_type Tree, forest
Rate_drop 10−8–1.0
Skip_drop 10−8–1.0
Criterion Gini, entropy

Random Forest
N_estimators 100–1,000
Splitter Best, random
Max_depth 10–30
Max_depth 10–30

a AUCPR, area under the precision-recall curve.

Fig. 6. Patient characteristics by training and test sets. The figure on the left-hand side shows the distribution of 
platelets by data class. The left-hand figure indicates that patients in the first label class have, in most cases, a 
platelet count below 50/nL. The center figure shows the age distribution by gender. At the lower end of the dis-
tribution, the boxplot has an outlier cutoff for the male cohort below 19 years. However, this does not mean that 
there are no male patients younger than 19 years. The figure on the right-hand side illustrates the relative received 
platelets by weekday. It can be observed that most patients receive transfusions between Monday and Friday.



 Predicting Individual Patient Platelet 
Demand Using Machine Learning 

283Transfus Med Hemother 2023;50:277–285
DOI: 10.1159/000528428

 Discussion/Conclusion 

 In the present study, we evaluated multimodal data 
from multiple source systems in a hospital to form a pre-
diction of PC transfusions in 3 days on a per-patient lev-
el. To the best of our knowledge, this is the first study to 
extract individual patient data to decide whether a patient 
needs a PC transfusion in 3 days for a cohort of more than 
25,000 patients on a per-patient level. 

 XGBoost was the best-performing model with the 
highest score. However, the recall was too low to inte-
grate the model into a live system as many true positives 
were misclassified. Yet, specific detection of true nega-
tives was achieved. Therefore, clinical implementation of 
the trained models could be considered a pretest. The 
model could run in the background of the clinical routine 
and filter out all patients who do not need a PC transfu-
sion. 

Table 2. Models performance on cross-validation and test data for the Dummy Classifier, XGBoost, and Random Forest

 Model

AUCPR MCC F1-score Precision Specificity Sensitivity

Cross-validation
Dummy Classifier 0.0339 0.0006 0.0352 0.0354 0.9671 0.0351
XGBoost 0.4100 0.3939 0.4044 0.4906 0.9875 0.3441
XGBoost with GNUS 0.2618 0.3507 0.3688 0.4083 0.9830 0.3364
XGBoost with SMOTE 0.4435 0.4036 0.4067 0.5348 0.99 0.3284
Random Forest 0.5131 0.3968 0.3596 0.6809 0.9960 0.2445
Random Forest with GNUS 0.51 0.3947 0.3558 0.6843 0.9961 0.241
Random Forest with SMOTE 0.5166 0.3966 0.3565 0.6908 0.9963 0.2407

Test set
Dummy Classifier 0.0344 0.0018 0.0422 0.0433 0.9662 0.0413
XGBoost 0.4497 0.4247 0.4335 0.5342 0.9882 0.3648
XGBoost with GNUS 0.2916 0.3762 0.3939 0.4407 0.9833 0.3563
XGBoost with SMOTE 0.4786 0.4252 0.4261 0.5715 0.9905 0.3397
Random Forest 0.5467 0.4281 0.3890 0.7267 0.9963 0.2656
Random Forest with GNUS 0.5499 0.4223 0.3824 0.7228 0.9963 0.2600
Random Forest with SMOTE 0.5497 0.4232 0.3824 0.7270 0.9964 0.2594

GNUS, Gaussian noise up-sampling; SMOTE, synthetic minority over-sampling technique.

Fig. 7.  Area under the precision-recall curve (AUCPR) with cross-validation for each of the five folds. The steep-
ness and roundness toward the right upper corner represent good performance as it is the ideal maximum true-
positive-to-false-negative ratio. Furthermore, it clearly shows that the AUCPR scores are almost equal as the data 
are evenly distributed across every data set created from K-fold cross-validation. 
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Other studies have investigated the prediction of the 
blood product requirements for clinic-wide consump-
tion. These studies have already examined the impact of 
machine learning models on hospital-wide platelet de-
mand [21–24] and have found that it can be predicted 
with high accuracy [21, 23, 24]. Schilling et al. [21] found 
that their models could reduce both the shortage and 
waste of PCs within their institution at RWTH Aachen 
University Hospital. One limitation of previous studies in 
this field was the insufficient sensitivity to outliers. Outli-
ers are days of extremely high or low demand for PCs. A 
patient-specific model, on the other hand, could identify 
days with outliers of PC demand and react prospectively 
toward days with a PC shortage.

The current high expiration rates of platelets are the 
driving factor behind the potential use in clinical routine. 
Usually, PCs are bought from a third party, supplied by 
an in-house institution, or both. However, PC demand is 
determined by the transfusing physicians and often – as 
is the case at our institution – not reported back to the 
provider. Digitalization of hospital infrastructure is a po-
tential resource investment in patient care. Concerning 
PC demand, a system for predicting patient PC transfu-
sion needs could lead to reduced PC expiry, and a doctor-
independent decision process could consequently result 
in widespread economic benefits.

Furthermore, a model that predicts demand at the in-
dividual patient level would be an essential step toward 
improving patient blood management. Patient blood 
management is a central hemotherapeutic concept for 
improving patient safety that aims at reducing the need 
for blood transfusions and takes hospital-wide blood 
product management into account [25]. By improving 
the prediction of individual PC supply through our mod-
el, potential PC shortages could be prevented.

The most significant limitation of our model is its low 
sensitivity, which might partly be the result of missing 
data, particularly regarding future events such as crucial 
planned medical interventions (e.g., stem cell transplan-
tation). Furthermore, data on medical appliances booked 
for surgery, especially heart and lung support devices, are 
currently not stored digitally in our institution. Thus, a 
new framework for integrating these data into our system 
will have to be constructed. In addition, the machine 
learning models used in our study could be considered 
relatively trivial from a technical perspective. However, a 
deep learning-based model may improve the model’s per-
formance and should be tested in further studies. A recur-
rent neural network or transformer network with a multi-
input, multi-output architecture will be designed. Fur-
thermore, diagnoses and procedures are not permanently 
recorded for each patient in a timely manner and also 
only for accounting purposes, so the integration in a live 
scenario of the data extraction process has to be adapted 

to using an identifier that merely extracts data of future 
events in FHIR.

In this study, we built the first model to predict patient 
individual PC demand. We have shown that an individu-
al patient prediction of patients’ PC transfusion needs can 
be ascertained using various data sources within the FHIR 
ecosystem and by applying traditional classification algo-
rithms. However, further studies should apply this meth-
odological data approach and adapt the machine learning 
models to more sophisticated methods, like deep neural 
networks, to improve sensitivity scores. In particular, 
however, the validity of a machine learning model de-
pends on the scope and quality of the available data used 
as input.

In the future, great improvements in the predictive va-
lidity of corresponding models can be expected through 
a consistent, timely, and structured collection of all rele-
vant healthcare data in the clinical routine. Once imple-
mented, predictions for clinic-wide consumption may be 
derived, laying the groundwork for more efficient, ethi-
cal, and economical PC management.
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Abstract
Introduction: Regular whole blood donors often suffer from 
iron deficiency (ID) or iron deficiency anemia due to the loss 
of 200–300 mg of iron with each donation. Hemoglobin (Hb) 
as donor eligibility criterion reflects iron stores only poorly. 
ID in blood donors is typically prevented or treated with oral-
ly administered ferrous salts, which frequently cause gastro-
intestinal side effects. A high daily oral iron dose is counter-
productive due to hepcidin upregulation. Oral sucrosomial 
iron (sucriron) is encapsulated ferric pyrophosphate that may 
be an option for blood donors due to its supposed high bio-
availability and good tolerability. Methods: This monocen-
tric single-cohort pilot study included fifty whole blood do-
nors (divided into premenopausal women, postmenopausal 
women, and men) who did not meet Hb donation criteria. 
Participants aged 18–65 years with ferritin <30 ng/mL and 
venous Hb <12.5 g/dL in women and Hb <13.5 g/dL in men 
received oral sucriron (30 mg iron) for 90–120 days. Primary 
endpoints were the increase of Hb and ferritin. Results: For-
ty-seven participants completed the study. With the limita-
tion that no control group was included, there was a sub-
stantial overall median increase of 0.94 g/dL Hb and 4.97 ng/
mL ferritin (standardized on 90 days of iron intake). These 
value improvements were likewise observed in each of the 

subgroups. sucriron was very well tolerated, with almost no 
gastrointestinal side effects identified. Conclusion: A clear 
increase of Hb and ferritin was observed after the intake of 

sucriron, so it may be a reasonable and useful alternative to 
traditional oral iron therapy. The ease of administration, 
pleasant taste, dietary supplement status, and, most impor-
tantly, good tolerability highlight the value of sucriron sup-
plementation. © 2022 The Author(s).

Published by S. Karger AG, Basel

Introduction

Human blood is a crucial element of public health. A 
sufficient supply of blood products is intrinsically con-
nected to the viability of numerous progressively com-
plex medical and surgical procedures. Therefore, blood 
and its derivates are included in the World Health Orga-
nization’s model list of essential medicines [1]. Donation 
centers have a bidirectional responsibility to maintain ad-
equate blood supply for patients while also caring for the 
health of donors. As a result of this responsibility, there is 
a continuous requirement to safeguard blood donors’ 
long-term health. A whole blood donation of 450–500 mL 
results in a loss of 200–300 mg iron whereas daily average 
iron resorption is 1–2 mg [2, 3]. Therefore, iron deficien-
cy (ID) and iron deficiency anemia (IDA) are commonly 
reported in regular blood donors, with a rate of up to 50% 
in male and up to 75% in female donors [4]. Kiss et al. [5] 
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showed that within 168 days after a whole blood dona-
tion, 67% of untreated iron-deficient donors were unable 
to recover iron. Female gender, low body weight, and a 
high donation frequency are aggravating factors in the 
failure to restore iron balance [6, 7]. In Styria, donor eli-
gibility criteria include a point-of-care test (POCT) for 
hemoglobin (Hb) using capillary blood from a finger-
stick sample. Lower Hb donation thresholds are 12.5 g/
dL for women and 13.5 g/dL for men. However, Hb levels 
do not accurately reflect body iron stores because IDA is 
a late consequence of ID [8]. As a result, even if their Hb 
levels meet donation guidelines, donors may be iron de-
ficient and are at danger of further decreasing their iron 
stores. ID occurs when any loss of iron cannot be com-
pensated for by diet [9] and is associated with symptoms 
such as chronic fatigue syndrome, decreased cognitive 
and physical performance, sleeping disorders, and rest-
less legs syndrome (RLS) [10, 11]. Iron has been substi-
tuted orally for decades as ferrous sulfates, citrates, and 
fumarates. When ferrous salts are used, daily doses are 
limited due to the upregulation of hepcidin and associ-
ated inhibition of iron absorption [12, 13]. Consequently, 
conventional iron substitution has recently been recom-
mended in either low doses or every other day [13]. Pa-
tients’ adherence is low due to the long duration of ther-
apy and intake modalities, as well as often-reported gas-
trointestinal side effects, resulting in therapy cessation 
and insufficient iron recovery. A promising new oral su-
crosomial iron (sucriron), consisting of ferric pyrophos-
phate encapsulated in sucrosomes through a phospho-
lipid bilayer membrane, is stated to be highly bioavailable, 
well tolerated, and easy to use. Preclinical data have 
shown that sucriron preparations pass through the stom-
ach unmodified, avoiding direct irritation of the gastric 
mucosa, which is frequent with other oral iron formula-
tions. Iron is subsequently released directly in duode-
num, allowing iron ions to be transported across the in-
testinal epithelium without the assistance of divalent-
metal transporter 1 [14, 15]. Microfold cells of Peyer’s 
patches in the small intestine allow absorption where 
macrophages transport iron into the lymphatic system 
[15]. sucriron supplementation has successfully been test-
ed on patients with chronic renal failure [16], pregnant 
women without anemia [17], anemic cancer patients [18], 
patients who are intolerant and/or refractory to iron sul-
fate [19], and celiac patients [20]. In Austria, sucriron has 
the status of a food supplement. In this descriptive explor-
ative pilot study, we aimed to obtain first data on the ef-
fects of sucriron on Hb and ferritin concentrations in iron-
deficient whole blood donors. Additionally, we investi-
gated the acceptability and tolerability of a 
three-monthly oral intake of the study product and gath-
ered data on symptoms that may be related with ID.

Materials and Methods

Study Design
This monocentric single cohort study in an interventional set-

ting is classified as food study. Recruitment began in November 
2019 and ended in June 2020. The study included 50 whole blood 
donors who had been rejected from blood donation due to low 
capillary POCT Hb levels (Hb <12.5 g/dL in women and Hb <13.5 
g/dL in men). At the blood drive, these donors are routinely of-
fered the opportunity to have their Hb and ferritin levels analyzed 
at the Department of Blood Group Serology and Transfusion Med-
icine. These results were taken as the study’s baseline values. Fur-
ther requirements were ferritin levels less than 30 ng/mL and a 
time period of more than 2 months between the previous whole 
blood donation and current Hb values. For both men and women, 
the minimum inter-donation interval for two whole blood dona-
tions is 8 weeks. Except for the Hb value, donors had to meet Aus-
trian blood donation requirements and range in age from 18 to 65 
years. Donors who met the inclusion criteria for Hb and ferritin 
were queried for exclusion criteria and invited to participate by 
phone. Exclusion criteria included pregnancy and lactation, 
chronic diarrhea, fructose intolerance or any other incompatibili-
ties with the product’s contents, as well as iron supplementation 
during the previous 3 months. The first visit (V1) on day 0 was 
scheduled within 21 days following blood collection and included 
the recording of relevant pre-existing medical conditions and/or 
therapies, as well as the initial completion of the prepared ques-
tionnaires. At V1, the participants were given four boxes sucriron, 
each containing 30 sachets. The last assessment (V2) and conclu-
sion of the participation was scheduled 90 days after V1, on day 90, 
with a tolerance of 30 days, resulting in an observational period of 
90–120 days. Participants had to be subjectively healthy for V2 to 
avoid infection-associated falsely high ferritin readings; therefore, 
at V1, they were instructed to postpone V2 if they became ill. At 
V2, they were queried regarding clinical symptoms of illness. Ad-
verse events (AEs) associated with or unrelated to the test product, 
accompanying diseases, relevant medication, and potential drop-
out criteria, were investigated. Dropout would occur if the follow-
ing conditions were met during the study period: taking fewer than 
75% of the prescribed sachets, improper consumption on more 
than 25% of the days, administration of medication or other di-
etary supplements that might affect the iron balance, noncompli-
ance with the 30 days tolerance for V2 or omission of V2, trauma 
or medical interventions involving blood loss or blood donation, 
diarrhea on more than 25% of the days, pregnancy or withdrawal 
of consent to study participation. Finally, blood was drawn for Hb 
and ferritin testing. Included primary endpoints are the increase 
of Hb and ferritin levels after oral intake of sucriron. Secondary end-
points include assessing the treatment’s feasibility, as poor compli-
ance is a major issue with conventional oral iron, as well as the 
tolerability and safety of the study product by assessing the occur-
rence of any symptoms related or possibly related to the study 
product’s intake (AEs and serious adverse events). Following V2, 
a written report with the results and any recommendations was 
sent to each participant.

Questionnaires
At V1, participants were asked to fill out a questionnaire in-

cluding any relevant preexisting medical conditions, information 
on previous iron intake and related AEs, as well as dietary habits. 
At V2, AEs associated with or unrelated to the test product, ac-
companying diseases, relevant medication, and potential dropout 
criteria, were investigated. They were also asked to offer details and 
score their experience with the sucriron. At each visit, possible clin-
ical symptoms of ID were assessed using validated questionnaires 
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for RLS [21], fatigue [22, 23], sleep [24], and quality of life [25]. For 
more detailed information, see online supplementary 1 (for all on-
line suppl. material, see www.karger.com/doi/10.1159/000527577).

Laboratory Tests
Laboratory tests were performed at the time of blood donation 

deferral and at V2. Venous Hb was measured from EDTA blood 
by cyan methemoglobin method (Advia® 2120/120, Siemens 
Healthcare Diagnostics, Siemens AG Vienna, Austria), and ferritin 
was measured from serum using a chemiluminescence immunoas-
say (Laison® Ferritin, Liaison® XL; DiaSorin S.p.A., Saluggia, Ita-
ly), both according to manufacturers’ instructions.

Treatment
At V1, donors were given oral sucriron (OLEOvital® EISEN 

FORTE; PharmaNutra S.p.A., Pisa, Italy, licensed by Fresenius 
Kabi Austria GmbH, Graz, Austria), containing 30 mg of iron and 
70 mg vitamin C. The study product had to be taken daily, regard-
less of daytime or concurrent use of medication, food, or bever-
ages, for 90–120 days equating to 2,700–3,600 mg iron. The dosage 
prescribed was in accordance with the manufacturer’s recommen-
dations for use.

Statistical Analysis
Before comparing premenopausal women (PrW) versus post-

menopausal women (PoW) versus men, all data of continuous 
variables were checked for normal distribution (test of normality: 
Kolmogorov-Smirnov with Lilliefors significance correction, type 
I error = 10%) and for heteroscedasticity (Levene test, type I error 
= 5%). As none of the variables presented in this paper showed data 
sets with both normal distribution and homoscedasticity, all com-
parisons were performed by a nonparametric analysis of variance 
(Kruskal-Wallis test, followed by Nemenyi’s multiple compari-
sons). Data from the single presented categorical variable (vegetar-
ian + vegan) were compared by the exact χ2 test.

Pre-post-comparisons of continuous variables with normally 
distributed data were performed by the paired t test; otherwise, the 
exact Wilcoxon test was used. Dichotomous variables were com-
pared by the exact McNemar test. Multiple regression analyses 
were used to investigate the influence of the following variables on 
delta hemoglobinV2-V2/90d and on delta ferritinV2-V2/90d: sub-
group membership (PrW vs. PoW vs. men); Hb or ferritin, weight, 
age, BMI (all at baseline); RLS at baseline and at the end of iron 
supplementation; ratio iron prescription/iron intake; history of 
anemia or ID; diarrhea during iron supplementation.

Since the type I error was not adjusted for multiple testing, the 
results of inferential statistics are descriptive only and the use of 
the term “significant” in the description of the study results always 
reflects only a local p < 0.05 but no error probability below 5%. 
Statistical analysis was performed using the open-source R statisti-
cal software package, version 4.0.5 (the R Foundation for Statistical 
Computing, Vienna, Austria).

Results

Between November 2019 and June 2020, 92 eligible 
whole blood donors were invited to take part in the study 
of which 50 were enrolled. After the target number of par-
ticipants was reached, recruitment was discontinued. 
Three study candidates had to be excluded from the sta-
tistical analysis due to protocol violations. One partici-
pant donated whole blood (PrW), one took less than 75% 
of the prescribed sachets (PrW) due to forgetfulness, and 
one man did not complete the final examination due to 
an active SARS-CoV-2 infection during the study inter-
val. The remaining participants were as follows: 23 PrW, 

Table 1. Characteristics of participants consuming at least 3 months of iron supplementation (per protocol) at V1

Characteristic PrW PoW Men Overall p value

n (%), total 47 23 (48.9) 10 (21.3) 14 (29.8) –
Age, mean (SD), years 36.99 (11.21) 48.95 (11.38) 47.98 (12.91) 0.006a

Height, mean (SD), cm 167.13 (5.93) 163.20 (7.27) 178.50 (8.54) <0.001b

Weight, mean (SD), kg 64.57 (8.91) 65.1 (13.82) 80.57 (17.9) 0.003c

BMI, mean (SD), kg/m2 23.16 (3.37) 24.42 (4.52) 25.12 (4.28) 0.202
Vegetarian/vegan, yes/no 3/20 0/10 0/14 0.242
Dietary habits, n (%) Sum

Meat 5-6x per week 4 (20) 1 (10) 6 (42.9) 11
Meat 3-4x per week 9 (45) 2 (20) 6 (42.9) 17
Meat 1-2x per week 7 (35) 7 (70) 2 (14.3) 16
Preference in meat type

None, n (%) 14 (70) 6 (60) 10 (71.4) 30
White meat, n (%) 3 (15) 2 (20) 2 (14.3) 7
Red meat, n (%)t 3 (15) 1 (10) 2 (14.3) 6

History of anemia 15 (65.2) 5 (50) 11 (78.6) 31
History of oral iron intake 12 (52.2) 3 (30) 5 (35.7) 20

The table contains information on dietary habits, including the frequency of meat consumption per week and 
meat type preferences, as well as on historical data on anemia and previous conventional oral iron intake. BMI, body 
mass index; SD, standard deviation. a p < 0.05 for PrW versus PoW and PrW versus men. b p < 0.05 for PrW versus 
men and PoW versus men and c p < 0.05 for PrW versus men and PoW versus men.
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10 PoW, and 14 men. Overall, the median iron sachet 
consumption was 97 (interquartile range: 92, 102), equiv-
alent to 2.910 mg sucriron, and the 90-day ratio of pre-
scribed sachets to sachets taken was 1.01 (interquartile 
range: 1.0, 1.04).

For practical reasons, the period between the first and 
the second examination and thus the duration of iron in-
take varied from 90 to 120 days. Therefore, as a result, all 
outcomes were standardized to 90 days by interpolation.

Characteristics of Participants
Participants’ characteristics at baseline and history of 

ID are summarized in Table 1. A significant difference 
was found in age, height, and weight. This is due to the 
participation of both women and men, as well as the dis-
tinction between PrW and PoW. The significant differ-
ence in baseline Hb between the subgroups at V1 (p = 
0.023; for values, see Table 2) is due to the inclusion of 
men and women, as well as the different cutoff values for 
admittance to blood donation.

There were only three vegetarians among the partici-
pants. Nobody reported daily meat consummation. Elev-
en participants eat meat 5-6 times per week, 17 3-4 times, 
and 16 once or twice per week. The majority of partici-
pants (30; 68.%) have no preference in meat type, while 
six prefer red meat and seven prefer white meat (see also 
Table 1).

History of anemia (for subgroups, see Table 1): thirty-
one participants reported that they had previously been 
diagnosed with anemia. Of these, 20 had already taken 
conventional iron supplements in the past, of which nine 
had suffered from side effects (45%). The most common 
gastrointestinal side effects reported were constipation 
(3), diarrhea (2), flatulence (2), nausea (2), and gastric 
distention/cramps (3). The following other side effects 
were each named once: fatigue, headache, skin rash, itch-
ing.

Adverse Events
There were three recorded AEs. One participant had 

trouble falling asleep at first, another had loose stools on 

occasion, and one had pain in his fingers and both wrists 
2 weeks after starting the iron supplements. There were 
no further documented side effects or AEs. The latter two 
incidents were reported to the manufacturer, who did not 
classify them as possibly caused by sucriron. Overall, the 
participants rated the sucriron very highly. All of them 
would also take it again, with the easy handling during 
intake, the nice flavor, and the perceived favorable effect 
as key reasons.

Hb and Ferritin Levels
When compared to the initial results, there is a marked 

increase in Hb and ferritin values, with an overall median 
increase of 0.94 g/dL for Hb and 4.97 ng/mL for ferritin. 
Men and women have similar median Hb increases (0.84, 
0.99, and 0.87 g/dL for PrW, PoW, and men, respective-
ly). The median ferritin increase within the subgroups is 
5.08, 7.42, and 2.7 ng/mL for PrW, PoW, and men. De-
spite the fact that men had the smallest increase in ferri-
tin, the improvement in Hb and ferritin levels was statis-
tically conspicuous in all subgroups (Table 2; Fig. 1).

Multiple regression analyses showed that none of the 
examined variables had a significant effect on the increase 
of Hb (ΔHb (V2-V2/90d)). However, the increase of ferritin 
(Δferritin (V2-V2/90d)) was favored by iron intake compliance 
(ratio iron prescription/iron intake; p = 0.022) and by RLS 
at baseline (p = 0.036).

ID-Associated Symptoms at V1 and V2
Table 3 shows the overall results for symptoms associ-

ated with ID. PrW experienced the most symptoms in-
cluding brittle nails (V1, V2: 9 [39.1%], 6 [26.1%]), in-
creased hair loss (V1, V2: 9 [39.1%], 5 [21.7%]), shortness 
of breath/palpitations (V1, V2: 8 [34.8%], 7 [30.4%]), and 
dizziness (V1, V2: 7 [30.4%], 6 [26.1%]). There were no 
reports of men experiencing increased hair loss, load-de-
pendent headaches, or dizziness. A noticeable improve-
ment in brittle fingernails was reported by 54.5% (95% 
confidence intervals [CI], 23.4–83.3) of participants, in 
hair loss 75.0% (95% CI, 34.9–96.8), and in shortness of 
breath/palpitations during exercise 55.6% (95% CI, 21.2–

Table 2. Results for laboratory parameters at V1 and V2 including 47 participants

Parameter Reference range Visit PrW PoW Men PoW and men

Hb, median (IQR), g/dL ≥12.5/≥13.5a V1 12.0 (11.7, 12.2) 12.0 (11.5, 12.1) 12.5 (12.1, 13.0) 12.1 (11.6, 12.6)
V2 12.6 (12.3, 13.5) 13.1 (12.7, 13.2) 13.6 (12.7, 14.6) 13.1 (12.7, 14.2)

p value <0.001 0.002 0.001 <0.001
Ferritin, median (IQR), ng/mL 30–150 V1 8.3 (6.8, 10.3) 10.3 (6.3, 16.2) 10.1 (8.2, 13.8) 10.3 (7.3, 15.0)

V2 14.5 (11.1, 17.1) 18.4 (12.5, 24.5) 16.0 (8.2, 18.8) 16.9 (12.3, 22.6)
p value <0.001 0.005 0.035 <0.001

Hb, hemoglobin; IQR, interquartile range (25th, 75th percentile). a Hb values refer to eligibility criteria for donation for women and men.
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86.3). However, the improvements were not statistically 
significant. Online supplementary 1 contains the findings 
on RLS, fatigue, sleep, and quality of life.

Discussion

In this pilot study, we found that after oral intake of 
sucriron over 90 days there was a marked increase in both, 
Hb and ferritin. Overall, the median increases of Hb and 

a

b

Fig. 1. Increase of Hb and ferritin in subgroups over 90 days. a Hb. 
Boxplot with black line, box, whiskers, and circles (median, inter-
quartile range [IQR], “minimum”/“maximum,” and outliers); blue 
line in boxes, mean; red whiskers in boxes, lower and upper limit 
of 95% confidence intervals (CI) for mean; red dotted line at y = 0 

indicates no change. b Ferritin. Boxplot with black line, box, whis-
kers, and circles (median, IQR, “minimum”/“maximum,” and out-
liers), blue line in boxes, mean; whiskers in boxes, lower and upper 
limit of 95% CI for mean; dotted line at y = 0 indicates no change.
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ferritin are 0.94 g/dL and 4.97 ng/mL, respectively. In a 
comparable study, oral administration of 30 mg of con-
ventional iron for 3 months resulted in a mean increase 
in ferritin of 5.9 ng/mL in PrW with no change in mean 
Hb [26]. Men benefit less than women do from sucriron 
intake in terms of ferritin levels (median increase of 2.7 
vs. 5.08 and 7.42 ng/mL, men, PrW, and PoW, respec-
tively) despite comparable consumption of sachets and 
having approximately the same baseline values as PoW. 
This could be due to men having a higher erythrocyte 
mass (men 2,087.5 mL vs. 1,405.9 mL in women [27]), or/
and skeletal muscle mass (30.6 vs. 38.4% relative to body 
mass of men [28]), where missing iron could have been 
utilized to a greater extent, leaving less storage iron. PoW 
appear to benefit more from iron supplementation than 
PrW, which seems plausible because PrW lose blood (and 
thus iron) through menstruation. Nevertheless, a desired 
ferritin threshold (30 ng/mL) was not reached, which 
could be resolved by increasing the dose (e.g., 60 mg) or 
extending the duration of sucriron intake.

Encouragingly, participants experienced remarkably 
few AEs and/or side effects associated with sucriron intake, 
although some reported complaints associated with con-
ventional oral iron therapy in the past. It seems reason-
able to attribute this to the product’s favorable biochemi-
cal properties and to the low daily iron intake of only 30 
mg in this trial, which is well below the commonly pre-
scribed dosage of 100 mg of elemental iron per day. How-
ever, even at substantially lower doses of traditional iron 
preparations, more side effects are reported [29]. Except 
from one case of occasionally loose stools in the study pe-
riod, no gastrointestinal AEs were documented, implying 
that gastrointestinal tolerance of sucriron appears to be ex-
cellent. This reflects the fact that all participants would be 
willing to take this food supplement again if ever needed. 
Concerning the presumed AE of pain in the joints and 
fingers, there is no direct or obvious link between the 
product’s consumption and the complaints. According to 
manufacturer’s comments, similar problems about  
sucriron supplementation had not been documented in It-
aly or other countries. Furthermore, only remarkably few 
participants had to be excluded from the study (n = 3), 
none of them due to AEs.

Further questions were addressed using validated 
questionnaires on ID symptoms: RLS, fatigue, sleep, and 
perception of quality of life. They are discussed in online 
supplementary 1.

The administration of supplements to otherwise 
healthy blood donors raises the question, whether such 
an approach is ethically justifiable. One argument against 
supplementation might be that treating healthy people 
with ID is solely masking laboratory values with unneces-
sary medication and possible side effects. However, we 
are convinced that iron administration as a preventive 
measure for donors with ID as a result of a voluntary 
medical intervention provides both immediate and long-
term health benefits and may delay or avoid IDA in future 
blood donations. In a study with 2-year follow-up, regular 
blood donors with ID not receiving iron substitution 
(placebo group and group without any information on 
iron status) had a mean ferritin increase of 0.8 and 0.3 ng/
mL and a mean change in venous Hb of −0.07 and −0.13 
g/dL at the final visit, respectively [30]. This underscores 
the fact, that without additional iron consumption, re-
covery of iron stores in regular blood donors is poor [5]. 
If a greater proportion of repeat donors remain healthy, 
the necessary blood demand can be fulfilled by a greater 
number of donors, and the donation frequency per donor 
decreases. This in turn helps to maintain individual iron 
stores in this population. At this point, sucriron as a food 
supplement would be a good alternative for blood donors 
with practically no side effects and flexible modalities for 
intake (with or without meals, other medications, and at 
any time of day) making this supplement ideal for donors 
who are not accustomed to taking medication. A disad-
vantage is the comparatively high cost of sucriron, which 
is about ten times higher than conventional oral iron 
preparations and, due to its classification as a food sup-
plement it is, at least in Austria, not generally covered by 
health insurances. In addition to oral iron therapy, intra-
venous iron substitution may also be an effective strategy 
to replenish iron stores. However, it is substantially more 
expensive, requiring a venous access as well as monitor-
ing during infusion due to rare hypersensitivity reactions.

With our research, we would like to address the iron 
stores in blood donors in particular. It was interesting to 

Symptoms of ID V1, n (%) V2, n (%) p value

Brittle nails 17 (36.2) 11 (23.4) 0.109
Increased hair loss 13 (27.7) 8 (17) 0.063
Load-dependant headache 5 (10.6) 6 (12.8) >0.999
Shortness of breath/palpitations during exercise 13 (27.7) 9 (19.1) 0.219
Dizziness 7 (14.9) 6 (12.8) >0.999
Painful or “slippery” tongue 1 (2.1) 0 >0.999
Unexplained food/nonfood cravings (Pica) 0 1 (2.1) >0.999

Table 3. Comparison of symptoms of all 
participants to ID-associated symptoms at 
V1 and V2
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see that almost two-thirds of our participants had previ-
ously been diagnosed with IDA, and almost 65% of them 
had also taken iron in the past. The remaining, however, 
had not. The latter could imply that donors underesti-
mate or are even unaware of the iron loss during blood 
donation and that they rarely feel the need to take medi-
cation without a certain level of suffering. In addition, the 
symptoms of ID can be ambiguous and elusive, owing in 
part to the gradual onset of symptoms, which is why do-
nors believe they are healthy enough to donate despite ID. 
There are numerous approaches to dealing with iron stor-
age in whole blood donors. They include Hb- or ferritin-
targeted donation intervals as well as iron supplementa-
tion [31]. Nevertheless, current Austrian blood donor 
regulations do not explicitly address this issue [32] al-
though an adaptation of the regulation is planned. It 
would be preferable to implement safeguards, such as al-
gorithms that consider Hb, ferritin, and an individual do-
nation frequency, to ensure that blood donors to not de-
velop ID in the first place.

Limitations
Here, we describe the results of a single-arm pilot 

study. Lacking a control group, spontaneous increase of 
Hb levels due to naturally occurring auto-regeneration 
over time could have influenced the results of the study. 
Mujica-Coopman et al. [26] found a mean increase of 0.6 
ng/mL for ferritin and even a slight decrease of −0.3 g/dL 
for Hb in PrW (one-third with ID of varying severity) af-
ter 3 months of placebo intake. In another study, placebo 
use for 3 months showed a mean change for Hb of −0.05 
g/dL and for ferritin of 0.2 ng/mL in PrW with ID [33]. 
We therefore assume that the improvement in Hb and 
ferritin levels in our participants may well be attributable 
to the sucriron consumption, although at least 2,700 mg of 
sucriron were insufficient to compensate for the iron loss 
of a whole blood donation. In addition, the small sample 
size may limit the significance of our findings. Sucriron, 
like other standard oral iron treatments, contains ascor-
bic acid. It is unclear whether it enhanced iron bioavail-
ability during the study interval. Although ascorbic acid 
is acknowledged as an iron uptake enhancer, there are 
also investigations that have found little effect [34]. The 
total benefit of vitamin C may be less pronounced because 
our study participants were not instructed to avoid in-
hibitors of iron absorption, such as tea, coffee, and dairy 
items; on the contrary, they were encouraged to take the 
sachets along with their meals. In terms of clinical symp-
toms, a placebo effect caused by awareness of an effective 
supplement could have influenced the study’s results.

Overall, the observed increases in outcomes can be un-
derstand as trends and indicators of therapeutic success. 
However, we believe that these findings, along with those 
from other studies on the use of sucriron administration 

that included participants with diseases or other physical 
circumstances, are compelling enough to merit follow-up 
research. A confirmatory study would have to be con-
ducted with a reasonable number of participants based on 
sample size estimation, and would have to be double 
blinded and placebo controlled, using an iron dose of at 
least 60 mg per day or a comparison of 30 mg per day with 
60 mg per day. A comparison group could also receive 
ascorbic acid. Other iron characteristics that should be 
examined include transferrin saturation, soluble transfer-
rin receptor, and hepcidin as a critical regulator of iron 
homeostasis [35].

Strengths of the Study
To our knowledge, this is the first study of sucriron ad-

ministration in healthy blood donors with ID or IDA who 
do not have any other major health concerns.

Conclusion

ID and IDA can result in the loss of blood donors who 
cannot be readmitted to blood donation unless iron sup-
plements are taken. sucriron might be a good alternative to 
conventional iron therapy, especially for a population 
that takes little medicine, such as blood donors. The ease 
of use, the pleasant taste, the status of a food supplement 
in Austria, and, most importantly, the low occurrence of 
side effect are all facts in its favor. Overall, it appears to be 
effective; however, this would need to be confirmed in a 
detailed follow-up study with higher dosage or an expan-
sion of the administration time.
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Abstract
Introduction: The coronavirus disease (COVID-19) pandemic 
gave rise to studies investigating the association of ABO 
blood group with COVID-19 susceptibility. It is hypothesized 
that ABO antibodies might play a role in neutralizing SARS-
CoV-2. However, ABO antibodies were exclusively analyzed 
in blood samples. Investigation of ABO antibodies in saliva, 
an easy-to-obtain surrogate for respiratory secretions, may 
provide novel insights into mucosal immunity crucial in ear-
ly defense against respiratory pathogens. Methods: In this 
study, saliva and serum samples from healthy individuals 
with known blood groups were investigated using a flow cy-
tometric method for separate anti-A/anti-B IgA, IgM, and IgG 
class antibody detection. Saliva samples were additionally 
tested using hemagglutination-based neutral and indirect 
anti-human globulin test gel cards. This method comparison 
was complemented by dilution experiments with a high-ti-
ter anti-A/anti-B WHO standard. Results: In saliva, IgA was 
the most abundant ABO antibody class, followed by IgM; IgG 
was detected only in low levels in all non-AB blood types. In 
serum, IgM was the predominant ABO antibody class in all 
non-AB blood types, followed by IgA and IgG, the latter 
mainly detected in group O individuals. Saliva and serum 
samples of group O individuals yielded the highest variabil-
ity of ABO-specific antibody levels. Regardless of sample ma-
terial and blood type, major interindividual differences in 

ABO antibody reactivities were recorded. Antibody levels 
correlated moderately between these two body fluids. There 
were no significant sex and age-group differences in ABO 
antibody levels in both serum and saliva. WHO standard dilu-
tion experiments yielded technique-specific limits of detec-
tion, illustrating the inherent differences of immunofluores-
cence versus agglutination. Conclusion: For the first time, 
salivary ABO antibodies were investigated by separate de-
tection of the three most relevant antibody classes IgA, IgM, 
and IgG in a healthy cohort. This study opens new perspec-
tives regarding mucosal ABO antibody class profiles and 
their potential influence on respiratory infections.

© 2022 The Author(s).
Published by S. Karger AG, Basel

Introduction

The coronavirus disease (COVID-19) pandemic gave 
rise to studies investigating the association between CO-
VID-19 susceptibility and ABO blood groups [1–3]. Spe-
cifically, among infected individuals, blood group O was 
underrepresented compared to non-group O-types. It 
was hypothesized that natural ABO antibodies may be a 
main factor of protection, particularly anti-A of the IgG 
class, as this was detected preferably in samples of group 
O individuals [4, 5].

So far, ABO antibodies were exclusively analyzed in 
blood samples. However, mucosal immunity, particularly 
secretory IgA, is reported to play a more important role 
in early defense against respiratory pathogens [6]. Saliva 

This is an Open Access article licensed under the Creative Commons 
Attribution-NonCommercial-4.0 International License (CC BY-NC) 
(http://www.karger.com/Services/OpenAccessLicense), applicable to 
the online version of the article only. Usage and distribution for com-
mercial purposes requires written permission.
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may represent an easy-to-obtain surrogate for respiratory 
secretions and was insufficiently studied regarding ABO 
antibodies [7–9]. No data are available on salivary ABO 
antibodies regarding their immunoglobulin (Ig) classes 
and corresponding serum levels. Reasons might be chal-
lenges in saliva processing caused by high proteolytic ac-
tivity, viscosity, and composition [10].

In this study, a flow cytometric method was estab-
lished to differentially detect IgA, IgM, and IgG ABO an-
tibodies in saliva. ABO antibody reactivities in the saliva 
of healthy individuals were put in relation to serum levels. 
Aside from providing novel insights into ABO-depen-
dent physiological human salivary composition, this 
method can be applied to investigate the dynamics of sal-
ivary ABO antibody levels in pathological conditions 
such as COVID-19 [11].

Materials and Methods

Whole blood and saliva samples were collected from appar-
ently healthy Austrian donors with known ABO blood group. Sa-
liva was donated spontaneously after abstaining from food, liquid, 
or chewing gum for at least 1 h. Saliva specimens were immedi-
ately centrifuged (10 min with 15,000 g at 4°C) to remove cells and 
debris. Sera and salivary supernatants were frozen at −20°C until 
analysis.

Flow cytometric analysis of ABO antibodies in saliva was pre-
pared by incubating 50 µL of saliva containing 0.5 µL protease in-
hibitor cocktail (Sigma Aldrich, St. Louis, MO, USA) with 50 µL of 
0.05% of red blood cells (RBCs; A1, B, and O, diluted in PBS buffer, 

all serologically typed C-D-E−, K-). After incubation at 20°C for 
30 min and washing, 25 µL of saturating secondary antibodies (Al-
exa FluorTM 488 F(ab’)2 goat anti-human IgA α chain-specific 
1:100, R-PE fab fragment goat anti-human IgM Fc5µ-specific 1:50, 
Alexa FluorTM 647 fab fragment goat anti-human IgG Fcɣ-specific 
1:50; Jackson Immuno Research, West Grove, PA, USA) were add-
ed. After incubation (30 min at 4°C), washing, and resuspension, 
RBCs were aspirated twice through a 25-gauge needle to disaggre-
gate potential RBC agglutinates. Detection of ABO antibodies in 
serum was prepared by the incubation of 25 µL of serum and 25 µL 
of 0.1% RBCs (previously treated with Karnovsky’s Fixative) [12] 
under otherwise the same conditions as saliva samples. Flow cy-
tometry was performed on a FACS Canto II using FACS Diva soft-
ware (BD Biosciences, Heidelberg, Germany). Single RBCs were 
gated by FSC-A versus FSC-H. Median fluorescence intensities 
(MFIs) were measured in the FITC, PE, and APC channels. Per 
batch, one group O and one group AB sample served as positive 
and negative controls, respectively. MFI ratios (MFIR) were calcu-
lated by MFI sample of interest/MFI of an AB-sample. Based on 
the MFIR of all samples, the cut-off for positive results was set at 
the highest MFIR for each antibody class obtained with O RBCs 
(online Suppl. Table 1; for all online suppl. material, see www. 
karger.com/doi/10.1159/000527233).

Serum and saliva samples (the latter equally pretreated with 
protease inhibitor cocktail, as mentioned above) were additionally 
tested using hemagglutination-based neutral (NaCl) and indirect 
anti-human globulin test (IAT) gel cards (MicroTyping system, 
Bio-Rad, Vienna, Austria) at 20°C and 37°C, respectively, accord-
ing to manufacturer instructions for serum testing. Results were 
expressed as agglutination scores (negative, borderline +/−, 1+ to 
4+).

Performance of flow cytometry was assessed using a high-titer 
anti-A/anti-B WHO reference reagent (National Institute for Bio-
logical Standards and Control, Hertfordshire, England, UK) in a 
1-in-2 dilution series (diluted with AB-serum and AB-saliva pools 

Fig. 1. Boxplots representing MFIR of flow 
cytometric ABO antibody detection in sa-
liva and serum. Values on the y-axis are 
displayed on a log(10) scale.
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as well as PBS; 5 replicates each). For these experiments, only sa-
liva from non-secretors was employed to ensure the absence of 
soluble blood group substances; non-secretor status was ascer-
tained using the Wiener agglutination inhibition test [13]. Preci-
sion, dynamic range, and limit of detection were defined as de-
scribed elsewhere [14, 15]. Data management and statistical analy-
ses were performed using R Version 4.1.0.

Results

Samples were obtained from 88 participants (44 fe-
males and 44 males; group O, n = 21; A, n = 25; B, n = 19; 
AB, n = 23). The median age was 46 years, ranging be-
tween 19 and 69 years. Blood for serum testing was not 
available from one A and two B participants. Of 23 AB 
participants, 7 donated both saliva and serum; further, 7 
and 9 donated only saliva and serum, respectively.

Results of flow cytometry are presented in Figure 1; 
Table 1, as well as online Supplementary Figure 1. All 65 
non-AB-saliva samples had detectable ABO antibodies of 
any Ig class. The predominant ABO antibody class was 
IgA, detected in all O-, A-, and 18/19 (95%) B-saliva sam-
ples, followed by IgM, which was consistently detectable 

in O-, A-, and in a lower proportion in B-saliva samples. 
In comparison, the variability of IgG in saliva was very 
limited in all blood types (see online Suppl. Table 2). Of 
62 non-AB sera, 61 (98%) showed positive reactions in 
any Ig class. All antibody classes were clearly detected in 
the sera of group O participants. IgA and IgM were con-
sistently detected in A and B sera, with a higher propor-
tion of positive IgM versus IgA (group A/anti-B: 22/24, 
92% positive IgM vs. 17/24, 71% positive IgA; group B/
anti-A: 17/17, 100% positive IgM vs. 10/17, 59% positive 
IgA). The proportions of positive IgM versus IgA differed 
significantly in group B (anti-A, p = 0.007) but not in 
group A (anti-B, p = 0.137). IgG was rarely observed in A 
and B sera. All AB-serum and 13/14 AB-saliva samples 
showed no anti-ABO reactivity. Samples of group O in-
dividuals yielded the highest variability of ABO-specific 
antibody levels.

The Spearman correlation revealed an association be-
tween IgA ABO antibodies in the saliva and serum of A 
and B donors (ρ = 0.76, p < 0.001 for anti-B in group A; ρ 
= 0.56, p = 0.02 for anti-A in group B, respectively, see 
online Suppl. Table 3). There was a significant association 
between IgM anti-B (ρ = 0.51, p = 0.019) and IgG anti-A 

Table 1. Number of saliva and serum samples according to their ABO-specific reactivities by flow cytometry

Sample 
material

Participant’s 
blood group

Samples with ABO 
type-congruent reactivity 
in any Ig class (%)

Samples with ABO 
type-incongruent 
reactivity in any Ig 
class (%)a

Ig 
class

anti-A anti-B Total

neg (%) pos (%) neg (%) pos (%)

Saliva 0 21 (100) anti-A or -B 0 (0) IgA 1 (5) 20 (95) 0 (0) 21 (100) 21
IgM 5 (24) 16 (76) 6 (29) 15 (71)
IgG 10 (48) 11 (52) 8 (38) 13 (62)

A 25 (100) anti-B 1 (4) anti-A IgA 25 (100) 0 (0) 0 (0) 25 (100) 25
IgM 25 (100) 0 (0) 4 (16) 21 (84)
IgG 24 (96) 1 (4) 22 (88) 3 (12)

B 19 (100) anti-A 2 (10) anti-B IgA 1 (5) 18 (95) 18 (95) 1 (5) 19
IgM 8 (42) 11 (58) 19 (100) 0 (0)
IgG 14 (74) 5 (26) 18 (95) 1 (5)

AB 13 (93) negative 1 (7) anti-A/-B IgA 13 (93) 1 (7) 13 (93) 1 (7) 14
IgM 14 (100) 0 (0) 14 (100) 0 (0)
IgG 14 (100) 0 (0) 14 (100) 0 (0)

Serum 0 21 (100) anti-A or -B 0 (0) IgA 2 (10) 19 (90) 0 (0) 21 (100) 21
IgM 3 (14) 18 (86) 3 (14) 18 (86)
IgG 0 (0) 21 (100) 6 (29) 15 (71)

A 24 (100) anti-B 0 (0) anti-A IgA 24 (100) 0 (0) 7 (29) 17 (71) 24
IgM 24 (100) 0 (0) 2 (8) 22 (92)
IgG 24 (100) 0 (0) 23 (96) 1 (4)

B 17 (100) anti-A 0 (0) anti-B IgA 7 (41) 10 (59) 17 (100) 0 (0) 17
IgM 0 (0) 17 (100) 17 (100) 0 (0)
IgG 14 (82) 3 (18) 17 (100) 0 (0)

AB 16 (0) negative 0 (0) IgA 16 (100) 0 (0) 16 (100) 0 (0) 16
IgM 16 (100) 0 (0) 16 (100) 0 (0)
IgG 16 (100) 0 (0) 16 (100) 0 (0)

a All four saliva samples with incongruent results were negative in the respective routine gel card assays.
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(ρ = 0.62, p = 0.003) in the saliva and serum of O donors. 
There were no significant sex and age-group differences 
in anti-A/anti-B MFIRs in both serum and saliva.

Saliva and serum test results in gel cards (NaCl and 
IAT) are shown in Figure 2a, b and online Supplemen-
tary Table 4. In brief, all group O-saliva samples were re-

active with A and/or B RBCs, whereas only 6/19 (32%; 
NaCl) and 11/19 (58%; IAT) group B-saliva samples had 
detectable anti-A. Positivity rates for group A were even 
lower (anti-B in NaCl: 3/25, 12%; IAT: 6/25, 24%). No 
saliva sample reacted with O RBCs, whereas one A and 
one AB saliva appeared borderline reactive with A RBCs, 

a

b

Fig. 2. a ABO-specific reactivities of saliva 
samples determined by gel cards. One A- 
and one AB-saliva sample showed border-
line reactivities with A1 RBCs, most prob-
ably due to mucin clots. Both were negative 
in flow cytometry. b ABO-specific reactivi-
ties of serum samples determined by gel 
cards.



Schönbacher/Banfi/Berghold/Matzhold/
Wagner/Mayr/Körmöczi

Transfus Med Hemother 2023;50:294–302298
DOI: 10.1159/000527233

most probably due to mucin clots. All sera (100%) reacted 
according to their blood group in both NaCl and IAT, 
with the majority of non-AB sera being 4+ or 3+ reactive. 
The agglutination scores were not consistently associated 
with MFIR of flow cytometry, reflecting the fact that ag-

glutination was based on combined ABO reactivity of dif-
ferent Ig classes (see Fig. 3, 4a, b).

The high-titer anti-A/anti-B WHO reference reagent 
showed strong IgM (MFIR anti-A = 95.4, anti-B = 92.1) 
and moderate IgG levels (MFIR anti-A = 20.3, anti-B = 

a

b

Fig. 3. a Relation between results of NaCl 
gel cards (y-axis) and anti-A and anti-B 
MFIR in IgA, IgM, and IgG (x-axis) in sa-
liva. Plots are displayed separately by rele-
vant blood types. b Relation between re-
sults of NaCl gel cards (y-axis) and anti-A 
and anti-B MFIR in IgA, IgM, and IgG (x-
axis) in serum. Plots are displayed sepa-
rately by relevant blood types.
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8.4) in flow cytometry. In addition, considerable 
amounts of IgA (MFIR anti-A = 15.4, anti-B = 41.7) 
were also detected. Titration experiments using three 
different diluents (AB-serum and -saliva pools, as well 
as PBS) revealed that the AB-serum pool had an inhibi-

tory effect on anti-A and -B reactivities in both flow cy-
tometry and hemagglutination as compared to the AB-
saliva pool and PBS. Precision defined as relative stan-
dard deviation (% RSD) over the 5 replicates and 
averaged across dilution steps varied between 1.6 and 

a

b

Fig. 4. a Relation between results of IAT gel 
cards (y-axis) and anti-A and anti-B MFIR 
in IgA, IgM, and IgG (x-axis) in saliva. 
Plots are displayed separately by relevant 
blood types. b Relation between results of 
IAT gel cards (y-axis) and anti-A and anti-
B MFIR in IgA, IgM, and IgG (x-axis) in 
serum. Plots are displayed separately by 
relevant blood types.
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8.9%. The broadest and narrowest dynamic ranges were 
obtained by dilution with PBS (up to ratio 144.8 for A1-
specific IgM) and AB-serum pool, respectively (Ta-
ble 2). Regression analyses (online Suppl. Fig. 2AB) re-
vealed a better linear fit (R2 = 0.89–1.0) for A1 RBCs 
than for B RBCs (R2 = 0.66–1.0).

Using gel cards, the WHO reference reagent showed 
anti-A/anti-B reactivity according to the manufacturer’s 
instructions when diluted with PBS (1:128 in NaCl, 1:256 
in IAT). Diluted with the AB-serum pool, anti-A/anti-B 
titers were 1:16 and 1:128 in NaCl and IAT, respectively. 
Dilution in AB-saliva pool revealed an anti-A titer of 1:64 
and 1:256 and an anti-B titer of 1:32 and 1:128 in NaCl 
and IAT (Table 2).

Discussion

In this study, a flow cytometric method for separate 
IgA, IgM, and IgG class-specific ABO antibody detection 
in saliva was devised. Investigation of a cohort of healthy 
individuals revealed that IgA was the most abundant 
ABO antibody class in saliva, followed by IgM and IgG. 
Total IgA serves as major immunological defense on mu-
cous membranes and is produced locally, similar to IgM. 
In contrast, as total salivary IgG is mostly serum-derived, 
it should mirror serum levels, which, however, was not 
the case for ABO antibodies [6]. All group O and only few 
A and B individuals had ABO-specific IgG antibodies in 
serum. In saliva, comparatively fewer group O samples 

than group B and A samples demonstrated IgG (76%, 
26%, and 12%, respectively).

In serum, IgM was the most abundant ABO antibody 
class, followed by IgA and IgG, the latter mainly detected 
in group O individuals. Surprisingly, IgA was detected in 
similar levels to IgG in group O and predominantly to 
IgG in group A and B individuals. Hence, the traditional 
division of ABO antibodies into IgM and IgG should be 
reconsidered in light of the significant presence of IgA. 
Regardless of sample material, major interindividual dif-
ferences in ABO antibody reactivities were recorded. 
With the applied cut-off level strategy, serum testing 
yielded no unspecific/false-positive reactions at all, and 
only few unexpected reactivities in saliva. Using O RBCs 
for the cut-off definition seemed adequate as they do not 
carry ABO antigens and the respective antibodies were 
not expected to bind. This cut-off definition leads to a 
low-level threshold of positivity and should therefore be 
interpreted with caution.

Saliva represents a poorly studied sample material for 
ABO antibody detection, as all previous studies were 
hemagglutination-based [7–9, 16]. Compared to serum, 
saliva is a heterogenic and unsterile body fluid influenced 
by several factors like viscosity, composition (water, en-
zymes, mucins, and antibodies), and microbiome [10]. 
Standardized sampling circumstances are essential to 
maintain the integrity of potential biomarkers [17]. A 
major challenge in saliva processing is its high proteo-
lytic activity that has been overcome by use the of prote-
ase inhibitors [10]. Previous experiments had shown that 

Table 2. Flow cytometric performance assessment determined by dilution of high titer anti-A/anti-B WHO standard with three different 
diluents in 5 replicates

Diluent Ig class A1 RBC B RBC

flow cytometry gel card titer 
NaCl/IAT

flow cytometry gel card titer 
NaCl/IAT

precision 
(mean 
% RSD)

DR LOB LOD (titer) precision 
(mean 
% RSD)

DR LOB LOD (titer)

AB-Serum 
Pool

IgA 2.8 15.4 94.9 111.5 (16) 16/128 2.2 41.7 111.1 114.3 (64) 16/128
IgM 7.4 95.4 93.6 128.7 (64) 4.6 92.1 89.8 92.0 (128)
IgG 8.9 20.3 56.4 66.9 (64) 5.2 8.4 103.3 106.9 (2)

PBS IgA 2.8 23.4 71.8 74.0 (256) 128/256 2.1 59.0 86.6 90.4 (512) 128/256
IgM 7.9 144.8 63.8 70.5 (512) 5.5 133.8 63.0 69.5 (512)
IgG 6.5 100.9 22.2 24.0 (512) 4.1 44.0 27.3 29.6 (512)

AB-Saliva 
Pool

IgA 1.6 15.4 93.3 94.7 (256) 64/256 1.9 41.6 112.3 114.3 (128) 32/128
IgM 3.8 113.8 60.6 62.5 (1,024) 3.6 108.0 63.3 64.8 

(1,024)
IgG 6.1 69.0 18.5 20.0 (1,024) 5.4 29.4 28.1 29.0 (512)

Parameters were defined according to Armbruster 2008 [13] and Wood 2013 [14]. RSD, relative standard deviation; DR, dynamic range 
(ratio between largest (non-diluted)/smallest (blank) fluorescent signal); LOB, limit of blank (Mean blank + 1.645*SD); LOD, limit of detection 
(=LOB + 1.645*SD highest dilution).
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protease inhibitors exerted only minimal reductions of 
MFIR (<10%) and no effect on hemagglutination scores 
in gel cards. Moreover, varying mucin concentrations in 
saliva specimens may increase the possibility of evalua-
tion errors. ABO antibody levels in saliva might be prone 
to volatility dependent on fluid balance. Serum levels of 
ABO antibodies remain stable over time in individuals 
but demonstrate a large heterogeneity within donor pop-
ulations [18–20].

Comparison of flow cytometry with the standard hem-
agglutination technique reflected by gel card testing was 
additionally performed by dilution experiments using a 
high-titer anti-A/anti-B WHO reference reagent that has 
been previously used by Sprogøe et al. [21] to benchmark 
flow cytometric anti-A IgM and IgG measurements. In 
that study, flow cytometric results were reported as abso-
lute entities (molecules of equivalent fluorochrome) by 
relating sample MFI to a standard curve obtained by cal-
ibration beads. This methodological setup is quite differ-
ent from ours, making direct comparison difficult. Our 
method enables calculating MFIR based on AB-samples 
serving as negative controls, allowing for evaluating the 
relative antibody content. This approach has proven ef-
ficient for judging different clinical conditions, such as 
the influence of infections on ABO antibodies or ABO-
incompatible transfusion and transplantation [11, 12, 19, 
20].

WHO reference reagent titration experiments using 
three different diluents (AB-serum and -saliva pools as 
well as PBS) revealed that AB sera had an inhibitory effect 
on anti-A and anti-B reactivities in both flow cytometry 
and hemagglutination. We assume that this inhibition 
was caused by soluble A and B substances in AB sera, 
which competitively bind anti-A and anti-B of the WHO 
standard. These blood group substances are common in 
the serum of both secretors and non-secretors and in oth-
er body fluids of secretors [22, 23]. Therefore, care was 
taken to select exclusively AB-saliva samples of non-se-
cretors for pooling.

Standard serological techniques are based on RBC ag-
glutination and fail to clearly discriminate between Ig 
classes. It is a common misconception that direct agglu-
tination in neutral gel cards is solely brought about by 
IgM. In fact, the combined action of different Ig classes 
(not only IgM but also IgG as well as IgA) will, in concert, 
lead to direct agglutination. The same holds true for IAT 
(Coombs card milieu) where not only anti-human glob-
ulin-driven agglutination (IgG) but also direct agglutina-
tion via IgM and IgA can be observed. For these reasons, 
a direct comparison of Ig class-specific flow cytometric 
MFIR and mixed Ig class hemagglutination titers may be 
misleading (see Fig. 3, 4a, b).

Regarding test performance, flow cytometry super-
sedes standard semiquantitative hemagglutination tech-

niques by measuring all cell-bound ABO antibodies re-
gardless of their agglutination potential. Preferably, IgM-
induced RBC agglutination is prevented by the use of 
fixed RBCs for serum testing and needle aspiration prior 
to analysis, both commonly used to obtain single RBCs 
for flow cytometry without affecting antibody binding 
[12, 19, 24–26]. Moreover, the use of Ig class-specific sec-
ondary antibodies allows for differentiation of ABO anti-
bodies into IgA, IgM, and IgG, including IgG subclasses 
[19, 20]. Numerical values enable objective and quantita-
tive results. Despite its high-throughput ability, flow cy-
tometry needs more processing time (due to several incu-
bation and washing steps, instrument setting, analysis, 
and evaluation) compared to standard hemagglutination 
techniques, which additionally can also be performed and 
evaluated manually. Both techniques feature comparable 
costs for reagents and consumables.

Another possibility to quantitatively measure ABO 
antibodies is by ELISA, which works with the use of syn-
thetic or animal ABO glycans coated onto a microplate 
surface [27–29]. Anti-A/anti-B antibodies in sera bind 
these glycans and are detected by enzyme-labeled anti-
human IgM or IgG. ELISA techniques are less elaborate 
than flow cytometry but exhibit an incomplete antigenic 
structure due to the non-human origin of ABO glycans 
and the potential conformation loss during the coating 
procedure. As complete human ABO on intact RBCs 
could not ideally be reflected by this assay, test sensitivity 
and specificity has shown to be decreased in comparison 
to flow cytometry and standard hemagglutination tech-
niques [19].

Detection of salivary ABO antibodies provides previ-
ously unknown aspects of mucosal immunity that are 
possibly important in the current COVID-19 pandemic 
[11]. So far, no data were available on salivary ABO anti-
body classes or the association of these antibodies be-
tween saliva and serum. Further studies are required to 
determine the potential mutual influence of infections 
and mucosal ABO antibody class profiles.
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Abstract
Background: Frequent blood donors are at high risk of de-
veloping iron deficiency. Currently, there is no potent screen-
ing during blood donation to detect iron deficient erythro-
poiesis (IDE) before anemia develops and deferral from do-
nation is inevitable. Study Design and Methods: In addition 
to capillary and venous hemoglobin, the iron status of 99 
frequent blood donors was assessed by various venous 
blood parameters and zinc protoporphyrin IX (ZnPP). ZnPP 
was determined by high-performance liquid chromatogra-
phy (HPLC) and a new prototype fiber-optic device was em-
ployed for non-invasive measurements of ZnPP through the 
blood collection tubing (NI-tubing) and on lip tissue (NI-lip). 
We aimed to evaluate the feasibility and diagnostic value of 
the NI-tubing measurement for early detection of severe 
iron deficiency in blood donors. Results: NI-tubing and HPLC 
reference measurements of ZnPP showed narrow limits of 
agreement of 12.2 μmol ZnPP/mol heme and very high cor-
relation (Spearman’s Rho = 0.938). Using a cutoff of 65 μmol 
ZnPP/mol heme, NI-tubing measurements (n = 93) identified 
100% of donors with iron deficiency anemia (IDA) and an ad-
ditional 38% of donors with IDE. Accordingly, NI-tubing mea-
surements would allow detection and selective protection 

of particularly vulnerable donors. Conclusion: NI-tubing 
measurements are an accurate and simple method to imple-
ment ZnPP determination into the routine blood donation 
process. ZnPP was able to identify the majority of subjects 
with IDE and IDA and might therefore be a valuable tool to 
provide qualified information to donors about dietary mea-
sures and adjustments of the donation interval and thereby 
help to prevent IDA and hemoglobin deferral in the future.

© 2023 The Author(s).
Published by S. Karger AG, Basel

Introduction

Blood donation is mostly organized by nonprofit 
health or social welfare organizations, such as the Red 
Cross. Worldwide, over one hundred million units of 
blood are donated each year [1]. Among all blood donors, 
the vast majority donates blood regularly. For example, 
the Bavarian Red Cross (BRK) recruits 88% of blood do-
nations from repeat donors. In Germany, male donors 
are allowed to donate up to 6 times a year, female donors 
up to 4 times [2]. Each donation draws 500 mL of whole 
blood, including 200–250 mg of iron. Taking into ac-
count that iron stores in men are 500–1,000 mg and 200–
400 mg in premenopausal women, each blood donation 
depletes the iron stores considerably [3], also in compar-
ison to the usual daily loss of about 1 mg [4]. As only a 
maximum of 7 mg of iron – if ferritin levels are already 

This is an Open Access article licensed under the Creative Commons 
Attribution-NonCommercial-4.0 International License (CC BY-NC) 
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very low – can be absorbed per day from the diet, frequent 
donors are at a considerable risk of gradually depleting 
their iron stores [5]. When laboratory tests were made in 
research studies among regular blood donors, iron defi-
ciency was found in 59% of cases in a US study (log [sol-
uble transferrin receptor/ferritin] >2.07) [6] and in up to 
27.4% (men with hepcidin <0.5 nmol/L) in a Danish 
study [7]. Advanced iron deficiency can lead to symp-
toms such as headaches, difficulty concentrating, depres-
sive symptoms, and shortness of breath. Persistent iron 
deficiency eventually leads to iron deficiency anemia 
(IDA). Only in this case, the hemoglobin (Hb) value 
drops below predefined eligibility thresholds and donors 
are deferred from donation on the basis of a pre-donation 
Hb measurement. The corresponding deferral rates are in 
the order of a few percent [8]. Rejection from blood dona-
tion has been shown to reduce the likelihood of donating 
again [9, 10]. Thus, early detection and mitigation of iron 
deficiency is not only relevant for the personal health of 
the blood donor but could also help prevent on-site donor 
deferral and the subsequent loss of valuable blood donors. 
Unfortunately, there is so far no practical, quick and low-
cost test, which could indicate the gradual development 
of iron deficiency at an early stage. All attempts made so 
far are restricted to study scenarios, and none of the in-
vestigated parameters and related devices have found 
their way into routine use. Blood tests, which indicate 
iron depletion or – probably more relevant – iron defi-
cient erythropoiesis (IDE) comprise numerous parame-
ters, such as ferritin, transferrin saturation (TSAT), solu-
ble transferrin receptor (sTfR), and erythrocyte indices, 
which are usually measured and interpreted jointly as an 
appropriate criterion to conclude about the availability of 
iron for erythropoiesis. Ferritin is the most frequently 
studied parameter [11–15] and well accepted as an indi-
cator of iron stores among otherwise healthy people, such 
as blood donors. However, there is still a lack of consen-
sus with respect to the relevant threshold values used to 
indicate iron deficiency and to guide iron supplementa-
tion recommendations [12, 14]. In addition, possible 
symptoms induced by low iron stores alone, such as fa-
tigue, restless legs syndrome, or impaired cognitive func-
tion, have to be balanced with possible side effects of reg-
ular iron supplementation: stomach cramps, constipa-
tion, or nausea may occur and may lead to a 
discontinuation of the iron treatment or – more severe 
– prolonged iron supplementation may even increase the 
risk for colon cancer [14, 16]. Hence, iron depletion as 
defined by low ferritin alone may not be the most relevant 
condition to look for when aiming to improve blood do-
nor health and availability. It seems reasonable that only 
individuals with prolonged iron depletion that already 
impairs heme production during erythropoiesis – as is 
the case in IDE – will develop significant morbidity and 

be at risk for future anemia development. These donors 
should be the target for proactive mitigation measures 
such as iron supplementation or extension of the deferral 
period, even when anemia is not yet apparent.

Probably the best-accepted single parameter to indi-
cate IDE is sTfR. The German Society for Hematology 
and Medical Oncology (DGHO) recommends the use of 
sTfR for the differential diagnosis of IDE as part of an al-
gorithm for iron deficiency assessment [3]. The diagnos-
tic potential of zinc protoporphyrin IX (ZnPP) for IDE 
diagnostics is also recognized by this society, with the lack 
of a leading standard for ZnPP determination cited as an 
obstacle to routine use [3]. In addition, the most com-
monly used method for determining ZnPP with a hema-
tofluorometer only yields reliable results when using 
washed erythrocytes and needs skilled personnel to oper-
ate the device reproducibly [17, 18]. It is therefore diffi-
cult to integrate ZnPP determination into the blood do-
nation workflow. These reasons may explain why ZnPP 
is currently not used in blood donor management, de-
spite promising results demonstrating the capability of 
ZnPP to identify iron-deficient donors in earlier studies 
[8, 19–23]. The herein proposed approach to measure 
ZnPP overcomes the limitations of standard hematofluo-
rometer measurements and may be easily integrated into 
the routine blood donation process.

In earlier work, we have demonstrated that with the 
use of a high dynamic range spectrometer and two-wave-
length excitation, ZnPP fluorescence can be reliably ex-
tracted from very large background signals [24, 25]. In 
this way, ZnPP can be detected directly from whole blood 
without any prior blood processing. Moreover, the devel-
oped innovative device allows for completely non-inva-
sive (NI) measurements of ZnPP through the red vermil-
lion of the lower lip (NI-lip measurement) with a fiber-
based applicator, delivers an immediate result and can be 
used at the point of care [25, 26]. Therefore, it might pro-
vide a standard of measurement in the future.

Given the versatility of the device, it appears well suit-
ed for integration into the blood donation logistics. To 
this end, a specific applicator was developed to be clipped 
onto the transparent hose of the blood collection tubing 
for ZnPP measurement (NI-tubing measurement). This 
applicator fixes the optical fiber perpendicularly onto the 
transparent hose so that light emitted from the fiber can 
probe the blood flowing through the tubing. The person-
nel just has to fix the applicator on the tubing (see Fig. 1) 
and start the measurement at the beginning of blood 
drawing. The result is available within a few seconds.

Based on the abovementioned medical needs the aims 
of the study were to:
• validate the NI-tubing measurement against high-per-

formance liquid chromatography (HPLC) reference 
measurements of ZnPP.
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• confirm the accuracy of NI-lip measurements of ZnPP 
as found in previous studies.

• evaluate the diagnostic value of ZnPP compared to the 
routine capillary Hb measurement and whether it 
might offer valuable benefit for blood donors and 
blood donation services.

Materials and Methods

Study Design
This single-armed, multicenter study was conducted at a series 

of mobile blood donation events run by the blood donation service 
of the BRK. Between August and December 2017, 100 frequent 
blood donors (age ≥18 years) with more than three (women) and 
four (men) donations in the past 12 months were included at elev-
en mobile blood donation events organized by the BRK district 
associations of Munich and Augsburg. Exclusion criteria were 
blood transfusions in the preceding year (<12 months prior to ex-
amination), recent iron replacement therapy (<3 months prior to 
examination), diagnosis of hemochromatosis and refusal from 
blood donation due to reasons other than low Hb levels. Written 
informed consent was obtained from each participant. The study 
is registered at the German clinical trials register as DRKS00013102 
and was approved by the Ethics Committee at the Ludwig Maxi-
milian University of Munich, approval number 17-021.

Blood Sample Collection and Laboratory Analysis
At the mobile blood donation events, each blood donor was 

routinely screened for low capillary Hb levels. This was done by 
lancet-puncture of the earlobe (n = 90) or fingertip (n = 10) at the 
point of care using a Hb reader (CompoLab TM, Fresenius Kabi 
AG, Bad Homburg, Germany). In addition, venous blood was 
drawn to assess the iron status. If admitted to blood donation, ve-
nous blood samples were collected from the predonation sampling 
bag of the blood collection system in addition to routine blood 
sampling by the blood donation service. In case of rejection from 
blood donation, venous puncture and blood drawing were per-
formed explicitly for the purpose of the study. The venous param-
eters Hb, serum ferritin, TSAT, sTfR, mean corpuscular Hb, and 
mean corpuscular volume were determined by the Institute of Lab-
oratory Medicine at the Ludwig Maximilian University of Munich 
using clinical chemistry analyzers for venous Hb, mean corpuscu-
lar Hb and mean corpuscular volume (XN 9000, Sysmex Corpora-
tion, Kobe, Japan) and for ferritin and TSAT (AU 5800, Beckman 
Coulter Corporation, Brea, USA). The sTfR values were deter-
mined by BN ProSpec with Dade Behring Assay (Siemens Health-
ineers AG, Erlangen, Germany). An aliquot of EDTA blood al-
lowed measuring the ZnPP/heme ratio by HPLC as a reference to 
the executed NI ZnPP measurements. The HPLC measurements 
were performed by an independent laboratory (MVZ Labor PD 
Dr. Volkmann und Kollegen GbR, Karlsruhe, Germany) as de-
scribed in Hennig et al. [25].

NI Measurement of the ZnPP/Heme Ratio
The NI ZnPP measurements were conducted by a team of five 

authorized examiners with two prototype devices (FIDscreen, Fer-
roSens GmbH, Munich, Germany). The detailed working princi-
ple of the prototypes is described elsewhere [25].

In the present study, this measurement method was adapted to 
application through the tubing of the blood collection system dur-
ing blood donation. During the study, blood collection systems 
from Haemonetics (Leukotrap WB, CPD/SAG-M, product code 

WBT438DCG, Boston, USA) with 70 mL CPD stabilizer for 500 
mL blood collection were utilized. The measurement was carried 
out as follows. After venipuncture, the blood flow through the 
blood collection tubing enabled the filling of the blood collection 
bag. To attach the tubing applicator of the measuring device 
(Fig. 1), the section of the tubing between the puncture site and the 
blood collection bag was used. To exclude potential interference 
from environmental contaminants, the measuring site of the tub-
ing was cleaned with alcohol-based disinfectant before insertion 
into the applicator. The applicator was designed to fix the tubing 
in a defined depression, so that the blood collection tubing made 
direct and reliable contact with the glass fiber inside. In order to 
avoid incorrect measurements due to ambient light, the applicator 
was magnetically sealed by an opaque plastic lid. The measurement 
was started after a continuous blood flow into the blood donation 
bag was ensured and repeated at two further tubing sections for 
each study participant. The final result was calculated from the 
mean value of the three measurements. Additionally, a scaling fac-
tor was calculated from the comparison of tubing measurements 
and HPLC results, allowing an offset to correct for disturbances 
from spectral signatures of the blood collection tubing.

Study Procedure
If the inclusion and exclusion criteria were satisfied, the imple-

mentation of the study started with the NI-lip measurement. This 
was followed by capillary Hb determination. In case of confirmed 
eligibility for blood donation based on capillary Hb values of ≥13.5 
g/dL (males) and ≥12.5 g/dL (females), the NI-tubing measure-
ment was performed. In addition, venous blood samples were tak-
en from the pre-donation sampling bag of the blood collection 
system. If the capillary Hb value was too low and the study par-
ticipant was deferred from blood donation, a venipuncture was 
performed to obtain venous blood samples. The active study par-
ticipation ended after the blood donation or after the collection of 
the venous blood sample.

Clinical Definitions
To enable a statement about the diagnostic performance of the 

NI measurements, the study population was categorized according 

Fig. 1. Applicator for measurement of ZnPP fluorescence through 
the blood collection tubing. The inserted picture shows how the 
tubing is clicked into a groove in one part of the applicator, where 
the measurement fiber then is in contact with the tubing. The two 
halves of the applicator are fixed to each other by small magnets 
and shield the tubing from ambient light during measurement.
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to iron deficiency stages. The applied classification is commonly 
used in literature on iron deficiency diagnosis [27, 28] and is rec-
ommended by the DGHO [3]. For the purpose of this study, the 
iron deficiency stages are defined as follows:
• Iron depletion: reduction of ferritin levels (males <30 μg/L, fe-

males <15 μg/L).
• IDE: reduction of ferritin levels and increase of sTfR (>1.760 

mg/L).
• IDA: reduction of ferritin levels, increase of sTfR, and drop of 

venous Hb (males <13 g/dL, females <12 g/dL).
As an alternative to ferritin and sTfR, the measurement of 

ZnPP also provides a means to detect IDE. According to the refer-
ence values of the MVZ Laboratories Volkmann, impairment of 
erythropoiesis can be ruled out below 40 μmol ZnPP/mol heme. In 
a previous study, we have identified a “grey zone” between 40 and 
65 μmol ZnPP/mol heme with ZnPP levels >65 μmol ZnPP/mol 
heme being indicative of IDE with a high probability [29]. In the 
present study, a ZnPP cutoff of 65 μmol ZnPP/mol heme was pri-
marily applied for IDE/IDA detection, but the cutoff of 40 μmol 
ZnPP/mol heme was tested likewise.

Statistical Analysis
For quantitative comparison of NI-tubing, NI-lip, and HPLC 

measurements of ZnPP, limits of agreement (LoA) were calculated 
using the robust τ-estimate of the differences between the results 
of each two methods according to Bland-Altman analysis [30]. The 
95% confidence intervals were calculated by bootstrapping (soft-
ware R, version 3.2.2, functions scaleTau2, boot, boot.ci). Since 
none of the data sets was normally distributed, Spearman’s Rho 
correlation coefficient was calculated to assess the quality of the 
correlation (software IBM SPSS Statistics, version 24).

Results

Study Population
Initially, 100 study participants, who met the inclusion 

and exclusion criteria, were included in the study. One 
subject discontinued participation before blood sampling 
voluntarily. Of the remaining 99 participants, 40 were fe-
males and 59 males. The mean age was 46 years for female 
subjects (range: 18–70 years, median: 51 years) and 51 
years for male subjects (range: 20–72 years, median: 52 
years).

Prevalence of Iron Deficiency in the Study Population
The enrolled 99 subjects (100%) were classified into 

the iron deficiency stages mentioned above according to 
their venous blood values. 11 subjects did not meet the 
predefined criteria for assignment to one of the iron de-
ficiency stages and were therefore classified under “unde-
fined iron status”. Under these conditions, the prevalence 
of iron deficiency in the study population was 44% of 
which 23% had only depleted iron stores, 13% had IDE 
and 8% IDA (see Fig. 2).

Agreement between Fiber-Optic ZnPP Measurements 
and HPLC Reference
A Spearman Rho correlation coefficient of 0.938 (p < 

0.001) showed significant correlation between the results 
of the NI-tubing and the HPLC measurement (Fig. 3a). 

Fig. 2. Flowchart of study. From 100 recruited subjects, 1 dropped out prior to venous blood collection volun-
tarily. Venous blood parameters as well as capillary Hb and ZnPP measurements on the lip and by HPLC were 
determined from the remaining 99 subjects. 6 of the remaining 99 subjects were deferred from blood donation 
due to low capillary Hb and no NI-tubing measurement of ZnPP could be performed. The right side of the chart 
shows the assignment of the subjects to the applied iron deficiency stages.
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The LoA were 12.2 μmol ZnPP/mol heme, with a 95% 
confidence interval of 9.6–14.5 μmol ZnPP/mol heme 
(Fig. 3b). Thus, the LoA clearly lie below the ZnPP-differ-
ence of 25 μmol ZnPP/mol heme between manifest (>65 
μmol ZnPP/mol heme) and excluded IDE (≤40 μmol 
ZnPP/mol heme). Table 1 additionally shows the results 
of the Bland-Altman Analysis performed for the compar-
ison between the NI-lip and HPLC measurement as well 
as the fiber-optic measurements among each other. The 
best agreement was found between NI-tubing and HPLC 
measurement.

Diagnostic Value of NI ZnPP Measurements for the 
Detection of Iron Deficiency Compared to Capillary 
Hb Measurements 
By capillary Hb determination, 3 of 8 subjects with 

IDA, none of 13 subjects with IDE, 1 of 23 subjects with 
depleted iron stores, none of 44 iron-replete subjects, and 
2 of 11 subjects with undefined iron status were rejected 
from donation (Fig. 4a). In the cases with low capillary 
Hb, the NI-tubing measurements could not be conduct-
ed, due to the deferral of these subjects.

Of the remaining subjects that were accepted for dona-
tion (n = 93), the following number of subjects exceeded 
a cutoff of 65 μmol ZnPP/mol heme in the respective 
groups: 5 of 5 donors with IDA, 5 of 13 donors with IDE, 
1 of 22 donors with depleted iron stores, 2 of 44 iron-re-

plete donors, and 2 of 9 donors with undefined iron status 
(Fig. 4b). Using a cutoff of >65 μmol ZnPP/mol heme as 
indicative of IDE and IDA, 10 of 18 donors with IDE and 
IDA were correctly identified by this method, while only 
3 of 66 donors with either only depleted or replete iron 
stores also exceeded this threshold.

A cutoff of 40 μmol ZnPP/mol heme was exceeded for 
the following number of subjects in the respective groups: 
All 5 of 5 donors with IDA, 12 of 13 donors with IDE, 14 
of 22 donors with depleted iron stores, 14 of 44 iron-re-
plete donors and 6 of 9 donors with undefined iron status 
(Fig. 4c). Using a cutoff of >40 μmol ZnPP/mol heme thus 
identified 17 of 18 donors with IDE and IDA, while iden-
tifying 64% of subjects with only depleted iron stores. 
However, 32% of iron-replete donors are then classified 
as iron deficient. Due to the high agreement of the NI-
tubing and NI-lip measurement, NI-lip measurement 
showed similar detection rates when applied in addition 
to capillary Hb measurement, as shown in Table 2.

Discussion

The primary aim of the present study was to test the 
feasibility of a new NI approach to measure ZnPP from 
whole blood as it flows through the transparent blood col-
lection tubing during blood donation. We have previous-
ly described a novel spectroscopic method for measuring 
ZnPP levels, which overcomes most of the limitations of 
hematofluorometers [24] and is sensitive enough to mea-
sure ZnPP non-invasively from the lower lip [25]. With a 
modification of the light application and sensor probe, 
the approach proved similar agreement with reference 
HPLC determination of ZnPP levels as in our previous 
studies and may offer unique utility in the blood donation 
setting. These earlier studies demonstrated a good corre-
spondence between NI-lip and reference measurements 

a b

Fig. 3. Comparison of ZnPP measured in 
venous blood samples by high-perfor-
mance liquid chromatography (HPLC 
measurement) and non-invasively through 
the blood collection tubing during blood 
donation (NI-tubing measurement). a 
Correlation between the two measure-
ments. The red diagonal line represents the 
balance line. b Bland-Altman plot. The 
blue horizontal lines indicate the robust 
limits of agreement of 12.2 μmol ZnPP/mol 
heme.

Table 1. Comparison between ZnPP measurement methods using 
Bland-Altman analysis

Compared ZnPP measurement methods n LoA CI

HPLC – NI-tubing 93 12.2 9.6–14.5
HPLC – NI-lip 99 20.9 17.6–24.1
NI-tubing – NI-lip 93 17.8 14.4–20.8
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in blood with narrow LoAs between 14 μmol ZnPP/mol 
heme [31] and 19.7 μmol ZnPP/mol heme [25, 29].

In the current study, LoA between NI-lip measure-
ment and HPLC reference were 20.9 μmol ZnPP/mol 
heme, comparing well to the previous results and con-
firming its validity as a method for NI ZnPP determina-
tion. Between NI-tubing and HPLC measurements LoA 

of 12.2 μmol ZnPP/mol heme were found, which demon-
strates an excellent accuracy of the NI-tubing measure-
ment. The continuous flow of blood through the tubing 
alleviates interfering effects of fluorescence photobleach-
ing or sedimentation of erythrocytes, contributing to the 
high accuracy.

a

b

c

Fig. 4. Bar charts showing the assignment 
of potential donors to the applied iron de-
ficiency stages. a Number of subjects ac-
cepted for donation (blue) and number of 
deferred subjects due to low capillary Hb 
(red) in each group. b Number of accepted 
donors (without deferred subjects) with 
NI-tubing measurement of ZnPP below 
(blue) and above (orange) the cutoff value 
of 65 μmol ZnPP/mol heme. c Number of 
accepted donors (without deferred sub-
jects) with NI-tubing measurement of 
ZnPP below (blue) and above (green) the 
cutoff value of 40 μmol ZnPP/mol heme.
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The second important aim of this study was to inves-
tigate whether NI measurement of ZnPP can contribute 
to secondary prevention of IDA in frequent blood donors 
by recognizing advanced iron deficiency at an earlier 
stage than routine capillary Hb. To evaluate this, all sub-
jects were classified according to iron status based on fer-
ritin, sTfR, and Hb obtained from venous sample labora-
tory measurements.

Using a cutoff of 65 μmol ZnPP/mol heme, ZnPP 
screening by NI-tubing measurements was able to iden-
tify all subjects with IDA and additionally 5 of 13 subjects 
with IDE. In contrast, capillary Hb determination did not 
identify any of the 13 donors with IDE. More surpris-
ingly, capillary Hb identified only 3 of 8 donors with IDA 
as defined by venous blood parameters. Of note, NI-tub-
ing measurements were not available for these 3 cases 
with IDA because of deferral from blood donation. How-
ever, both NI-lip and HPLC measurements yielded ZnPP 
values above 65 μmol ZnPP/mol heme for these subjects 
(online suppl. Table 2; for all online suppl. material, see 
www.karger.com/doi/10.1159/000528545). In summary, 
in the present study, NI measurements of ZnPP clearly 
outperformed capillary Hb determination with respect to 
identifying advanced iron deficiency in frequent blood 
donors.

Different scenarios for improved donor protection 
through ZnPP screening can be envisioned. A promising 
approach might be to combine capillary Hb and NI-tub-
ing measurement of ZnPP to decide on future donor 
management strategy. Assuming donor eligibility contin-
ues to be based on capillary Hb, ZnPP measurement on 
the blood collection tubing could be used to identify do-
nors at risk for future IDA and allow blood centers to 
propose mitigation measures such as iron supplementa-
tion or extension of donation intervals. That strategies 
involving iron supplementation can improve recovery of 
donor iron stores and lead to lower deferral rates has al-
ready been shown [13, 32].

Another option for blood centers could be to modify 
their screening strategy for regular donors. For example, 
if capillary Hb exceeded the threshold for IDA, including 

a safety margin, AND NI-tubing measurement of ZnPP 
excluded IDE, one might decide to omit capillary Hb 
measurements in subsequent donation visits depending 
on the present capillary Hb and the risk for iron deficien-
cy reflected by the ZnPP value. Some blood establish-
ments have already implemented similar scenarios, for 
example, by omitting capillary Hb determination before 
blood donation if the venous Hb from the previous dona-
tion exceeded 12.9 g/dL for females or 13.9 g/dL for males 
[33]. Used in this manner, the proposed ZnPP screening 
would result in fewer invasive pre-donation screening 
tests for regular blood donors and would automatically 
lead to a longitudinal record of ZnPP levels enabling even 
more precise and appropriate recommendations than 
based on single ZnPP measurements.

Other approaches to protect donors with respect to 
iron deficiency are based on ferritin screening. In recent 
years, a number of blood establishments in Europe and 
USA have started using routine ferritin testing as an ad-
ditional measure to better identify and manage donors at 
risk of developing severe iron deficiency. In the present 
cohort, ferritin levels were below cutoff for 50% of donors 
(including 6 donors that were classified with “undefined 
iron status”). This confirms the findings of other studies 
[6, 7], but imposing an extended deferral period on all 
these donors may not be desirable and is likely also not 
adequate. Therefore, it might make sense to identify only 
donors with IDE, who are at higher risk of developing 
anemia than donors with just depleted iron stores. In the 
present study, by using a ZnPP cutoff of 65 μmol ZnPP/
mol, only 19% of the donors would have been considered 
as needing mitigation. In addition, ferritin testing is not 
yet available as a point-of-care test and thus requires lab-
oratory assessment. This does not allow for immediate 
feedback to the donors but instead necessitates post-do-
nation follow-up, which may be logistically complex and 
not always effective. From a cost perspective, ZnPP mea-
surements also likely offer an advantage over ferritin 
measurements as the presented approach is purely optical 
without the need for disposables. Thus, use of ZnPP rath-
er than ferritin to guide targeted interventions allows for 

Iron deficiency stage Detected/total subjects (cutoff 
at 40 μmol ZnPP/mol heme)

Detected/total subjects (cutoff 
at 65 μmol ZnPP/mol heme)

IDA 5/5 (100%) 3/5 (60%)
IDE 12/13 (92%) 3/13 (23%)
Depleted iron stores 13/22 (59%) 1/22 (5%)
Iron-replete 23/44 (52%) 2/44 (5%)
Undefined iron status 6/9 (66%) 2/9 (22%)

IDA, iron deficiency anemia; IDE, iron deficient erythropoiesis.

Table 2. Iron deficiency detection through 
NI-lip measurement
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a less restrictive approach, which may be easier to manage 
by blood centers.

The above considerations are valid for adult donors. 
For adolescents, the situation is presumably different. 
Due to their higher demand for iron, iron stores run short 
more quickly and whole blood donations require longer 
intervals. In order to determine the appropriate recom-
mended length of intervals between donations, a large 
study among 30,806 teenagers in the USA has measured 
ferritin and found that recovery of iron stores took much 
longer than in adults [34]. In order to protect teenagers 
from severe iron depletion, ferritin may therefore be the 
appropriate measure.

The true benefits of a ZnPP-based donor management 
approach in terms of impact on the donors’ iron balance, 
eligibility, and willingness to donate remain to be fully es-
tablished in future longitudinal studies. Previous studies 
found added value of ZnPP measurement in the prediction 
of iron deficiency in blood donors and suggested that ZnPP 
might be a helpful parameter in improving donor manage-
ment but did not yet suggest specific strategies [8, 19–22].

Results from a recent placebo-controlled intervention-
al study [35] involving iron-deficient donors showed that 
iron repletion following donation dramatically reduced 
the risk for Hb deferral at the next donation visit, from 
58% to 16% in women and from 16% to 0% in men. A re-
cent large-scale study (n = 55,644) in the Netherlands on 
the consequences of a new policy involving a 6–12 month 
temporary deferral in case of low ferritin also found that 
donors managed this way were less likely to unsubscribe 
permanently from donation than those deferred on site 
due to low Hb [10]. It seems reasonable that this might 
also translate to iron deficiency screening based on ZnPP.

The present study has a number of limitations. One 
relates to the low number of individuals included. In ad-
dition, 11 of 99 donors could not be assigned to one of the 
predefined iron status groups (for an assessment based on 
additional blood parameters see online Suppl. Table 1, 
online Suppl. Fig. 1, 2). Furthermore, four assignable do-
nors were deferred due to low capillary Hb, and therefore, 
no NI-tubing measurement of ZnPP could be performed. 
Another limitation relates to the ZnPP cutoff values used. 
The current study focused on very frequent donors as we 
intended to assess donors with a high-risk profile who 
could particularly benefit from innovative diagnostics for 
reliable iron deficiency screening. However, since chron-
ic blood loss can lead to adaptation of erythropoiesis [36], 
the cutoffs should also be investigated for first-time do-
nors and irregular donors in the future. Similarly, ques-
tions may be raised about sTfR thresholds used to define 
IDE. Although the sTfR limits applied in the study are 
recommended for diagnosis of suspected IDE, the thresh-
old values may not be adequate for regular blood donors 
as increased erythropoiesis leads to increased sTfR levels 

[3, 37]. A careful reconsideration of all threshold values 
and assignments into iron status groups is therefore indi-
cated for larger studies in the future.

In conclusion, the present study clearly demonstrated 
the technical and practical feasibility of NI ZnPP measure-
ments both on the lower lip as well as on the blood collec-
tion tubing. It also showed that ZnPP screening in addi-
tion to capillary Hb screening detects a high percentage of 
donors with iron deficiency before anemia occurs. Conse-
quently, the NI ZnPP measurement methods may enable 
selective implementation of secondary preventive mea-
sures to protect donors against advanced iron deficiency 
and IDA. Its routine deployment thus offers an opportu-
nity to improve donor protection and to support blood 
donation services in retaining their regular blood donors 
by avoiding future iron deficiency-related Hb deferrals.
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Abstract
Background: Lua and Lub are inherited as codominant allelic 
characters resulting from a single nucleotide variant (SNV) of 
the basal cell adhesion molecule (BCAM) gene. Red cells of 
the dominantly inherited suppressor of the Lutheran anti-
gens In(Lu) phenotypically appear as Lu(a−b–) by the hae-
magglutination test. In(Lu) resulted from heterozygosity for 
mutations within the erythroid-specific Krüppel-like factor 1 
(KLF1) gene. This study aimed to determine the frequency of 
the Lu(a) and Lu(b) phenotypes and genotypes and genetic 
variants of the distinct In(Lu) among Thai blood donors. Ma-
terial and Methods: Samples from 334 Thai donors were 
phenotyped with anti-Lua and anti-Lub. These DNA samples 
and an additional 1,370 donor DNA samples with unknown 
Lu(a)/Lu(b) phenotypes were genotyped using an in-house 
PCR-SSP. In the case of the three Lu(a–b–) donors, the BCAM 
and KLF1 genes were analysed by PCR and sequencing. Re-
sults: A total of 331 of the 334 donors were Lu(a–b+), while 
the other observed phenotype, appearing as Lu(a–b–), was 
found among three donors. Of those three Lu(a–b–) donors 
with the LU*02/02 genotype, we identified KLF1 variant al-
leles, consisting of two variants: c.[304T>C, 1001C>G] and 
c.[304T>C, 519_525dupCGGCGCC], leading to the In(Lu) 
phenotype, and one homozygous variant (c.304T>C) muta-
tion. Also, only one Thai donor was genotyped as LU*01/02, 
confirmed by serology test and DNA sequencing. Conclu-

sion: In this study, we identified KLF1 variants to be included 
in Lutheran typing analysis in Thai populations. Therefore, 
the application of genotyping and phenotyping methods 
has simultaneously been in use to screen and confirm the 
rare Lu(a+) and In(Lu) phenotypes.

© 2023 The Author(s).
Published by S. Karger AG, Basel

Introduction

The Lutheran (LU) blood group system (International 
Society of Blood Transfusion, ISBT No. 005) currently 
consists of 26 antigens [1], which are located on two iso-
forms of red cell membrane glycoproteins (basal cell ad-
hesion molecule, B-CAM, CD239) belonging to the im-
munoglobulin superfamily (IgSF) of adhesion/receptor 
molecules [2, 3]. These antigens are numbered LU1 to 
LU29: four antithetical pairs – LU1(Lua)/LU2(Lub), LU6/
LU9, LU8/LU14, and LU18(Aua)/LU19(Aub) – and three 
antigens (LU10, LU11, and LU15) are declared obsolete 
[1]. The Lunull or Lu(a−b−) phenotype is inherited as a 
recessive allelic character in which no Lutheran antigens 
can be detected in red cells. Thus, individuals possessing 
this phenotype may generate an antibody against Lu gly-
coproteins, anti-Lu3, which reacts equally strongly with 
all red cells except those of the Lunull phenotype [3]. Lu-
theran antibodies, anti-Lua and anti-Lub, are either natu-
rally occurring or immune and are IgM, IgG, or IgA. Clin-
ically significant findings for both antibodies have shown 
them to be involved in the formation of mild delayed hae-

This is an Open Access article licensed under the Creative Commons 
Attribution-NonCommercial-4.0 International License (CC BY-NC) 
(http://www.karger.com/Services/OpenAccessLicense), applicable to 
the online version of the article only. Usage and distribution for com-
mercial purposes requires written permission.
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molytic transfusion reactions (HTRs) [4–6]. There were 
some cases of haemolytic disease of the fetus and new-
born (HDFN) recorded, and they were not severe enough 
to require any treatment beyond phototherapy, despite 
detecting either raised bilirubin or a positive direct anti-
globulin test (DAT) [5].

The LU (now BCAM) gene is located on chromosome 
19 at 19q13.32 and is organised into 15 exons distributed 
over approximately 12.5 kb. The Lua and Lub antigens 
have codominant allelic relationships and represent a sin-
gle nucleotide variant (SNV), rs28399653, c.230A>G (p.
His77Arg) in exon 3 of the BCAM gene [7, 8]. The true 
Lu(a−b−) phenotype is the recessive type and results from 
either homozygous or double heterozygous mutations re-
sponsible for inactivating the BCAM gene [9].

In addition to the recessive Lunull phenotype, the rare 
X-linked suppressor (XS2) and In(Lu) phenotypes usu-
ally manifest as the Lu(a−b−) phenotype detected by hae-
magglutination tests due to the very low levels of Luther-
an antigens presented in their red cells. Hence, individu-
als with the types of XS2 and In(Lu) do not produce 
anti-Lu3. The X-linked type found in a large Australian 
family was shown to be caused by a hemizygous mutation 
in the erythroid transcription factor GATA1 [10, 11]. In 
another type governed by the erythroid transcription fac-
tor KLF1 (erythroid-specific Krüppel-like factor 1), the 
In(Lu) phenotype results from heterozygous inheritance 
of loss-of-function mutations in the dominant suppres-
sor gene, KLF1 [12], and In(Lu) is also characterized by 
the diminished expression of the high-prevalence anti-
gen, AnWj, and the antigens for the Indian, P1PK, Land-
steiner-Wiener, Knops, OK, RAPH, and I blood group 
systems [3, 12, 13]. The human KLF1 gene is located on 
chromosome 19, encompassing three exons and two in-
trons [14]. KLF1 contains two transactivation domains at 
the N-terminal end of the protein and three highly con-
served zinc fingers at the C-terminal, which regulates the 
activity of several erythroid genes [14, 15].

Lub is a high-prevalence antigen that is present in more 
than 99.9% of Southeast Asians. Its antithetical antigen, 
Lua, typically occurs very rarely or is absent from Asians 
[3, 16, 17], although it is widely distributed in certain pop-
ulations (e.g., it is found in approximately 6% of Europe-
ans (non-Finnish), 5% of Africans/African Americans, 
and 3% of Latino/admixed Americans) [3, 17]. The reces-
sive Lu(a−b−) phenotype is extremely rare and is ob-
served in all populations [3]. In three Thai reports, in 
which donor red cells were tested with anti-Lua and anti-
Lub, the following results were revealed: in 1967, 455 were 
tested, 452 were Lu(a−b+), one was Lu(a+b+), and two 
were Lu(a−b−) [18]; in 2001, 200 were tested and all were 
Lu(a−b+) [19]; in 2002, 500 were tested, 498 were Lu(a−
b+) and two were Lu(a−b−) [20]. Two predominant Thai 
studies found two samples of blood that were apparently 

Lu(a−b−), but it is currently unproven whether these 
samples are either inherited Lunull or XS2/In(Lu) pheno-
types, as identified by the suppressor gene mutations [18, 
20]. In addition to considering the inheritance of these 
antigens, no study among Thai blood donors has ever 
been genetically investigated. This study aimed to deter-
mine the frequency of the Lu(a) and Lu(b) phenotypes 
and their genotypes and genetic variants of the In(Lu) 
phenotype among the Thai blood donors.

Materials and Methods

Sample Collection and Preparation
Ethylenediaminetetraacetic acid-anticoagulated samples were 

collected from the whole blood of 334 healthy Thai blood donors 
at the Blood Bank at Thammasat University Hospital (TUH) in 
Pathumtani, Central Thailand, between January and April 2022. 
Genomic DNA from these samples was extracted using the DNeasy 
Blood & Tissue Kit according to the manufacturer’s instructions 
(QIAGEN, Valencia, CA, USA), then stored at −20°C until geno-
typing. An additional 1,370 DNA samples from unrelated healthy 
Thai blood donors obtained from our inventory of DNA banks 
(TUH) were used for LU*01/LU*02 genotype screening by testing 
with in-house polymerase chain reaction sequence-specific prim-
ers (PCR-SSP).

Lua and Lub Phenotyping
A total of 334 blood samples were typed using the convention-

al tube technique (CTT). The reaction was tested by adding one 
drop of human anti-Lua and anti-Lub (CE-Immundiagnostika 
GmbH, Eschelbronn, Germany), one drop of 22% bovine albumin 
(National Blood Centre, Thai Red Cross Society, Bangkok, Thai-
land), and one drop of 2–3% red cell suspension in 0.9% normal 
saline to each tube before incubation at 37°C for 30 min. The mix-
tures were washed three times with normal saline, and two drops 
of the anti-human globulin (CE-Immundiagnostika GmbH) were 
added. After centrifugation, the reactions were read macroscopi-
cally, and the agglutination reactions were graded as 4+, 3+, 2+, 
1+, and w+. After reading the negative reaction under a micro-
scope, IgG-coated RBCs were added to check the validity of the 
antiglobulin test. Also, a DAT was performed for all samples that 
gave positive results to rule out false positive results, if any. In the 
case of apparent Lu(a−b−), column agglutination technology 
(CAT) – ID card antigen profile-I (P1, Lea, Leb, Lua, Lub) – was ad-
ditionally used for phenotyping as per the manufacturer’s instruc-
tions (Bio-Rad, Hercules, CA, USA).

DNA Analysis
The KLF1 exons 1–3 and BCAM exons 3–4 were PCR-ampli-

fied using the oligonucleotide primers shown in Table 1. For each 
PCR reaction, 3 μL of genomic DNA (50 ng/μL) was amplified in 
a total volume of 40 μL using 0.75 μM forward primer and 0.75 μM 
reverse primer for each reaction. The PCR was performed with 20 
μL of 2× PCR reaction mixture (Phusion High-Fidelity PCR Mas-
ter Mix, New England BioLabs, MA, USA) and 11 μL of sterile 
distiled water in a T100 Thermal Cycler (Bio-Rad). PCR condi-
tions were as follows: for BCAM, 98°C for 30 s, (98°C for 30 s, 63°C 
for 40 s, 72°C for 30 s) × 35 cycles, 72°C for 5 min, producing a 
1,039-bp amplicon; for KLF1, 98°C for 30 s, (98°C for 10 s, 69°C 
for 60 s) × 10 cycles, (98°C for 10 s, 65°C for 50 s, 72°C for 90 s) × 
25 cycles, 72°C for 5 min, producing a 2,692-bp amplicon. PCR 
products were separated on a 1.5% agarose gel containing SYBR 
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Safe DNA Gel Stain (Invitrogen, Paisley, UK), electrophoresed in 
1× TBE buffer at 100 V, and visualised under a blue light transil-
luminator. Thereafter, amplicons were purified using a gel extrac-
tion kit (GeneJET Gel Extraction Kit; Thermo Scientific, Waltham, 
MA, USA), and eluted fragments were then sequenced by next-
generation sequencing-based technology on the Illumina Platform 
(BTSeqTM Services; Celemics Inc., Seoul, Korea). Regarding P1/P2 
genotype determination, a noncoding region of A4GALT targeting 
SNPs rs5751348 was analysed according to the method described 
by Thinley and colleagues [21].

LU*01 and LU*02 Genotyping
Additional donor DNA samples were analysed using the in-

house PCR-SSP method to screen the LU*01/LU*02 genotypes. 
The primer pair sequences for each amplicon are shown in Table 1. 
Two tube reactions were performed, one for the LU*01 allele 
(c.230A) and the other for the LU*02 allele (c.230G). The constitu-
ents of the PCR mixtures (10 μL volume per reaction) were as fol-
lows: 1 μL (50 ng/μL) of genomic DNA, 1 μM common forward 
primer (LU-F), 1 μM reverse primer (LU-A-R or LU-B-R), 0.3 
μMHGH primers (HGH-F and HGH-R), and 5 μL of the 2× PCR 
reaction mixture (GoTaq® Hot Start Colorless Master Mix; Pro-
mega, Madison, WI, USA). The genomic regions of interest were 
PCR-amplified from DNA template 95°C for 5 min, (95°C for 30 
s, 69°C for 60 s) × 10 cycles, (95°C for 10 s, 62°C for 50 s, 72°C for 
30 s) × 25 cycles, 72°C for 5 min, producing a 214-bp amplicon 
(LU*01 or LU*02 allele) and a 434-bp amplicon (HGH-internal 
control). The amplicon separation and visualisation were per-
formed as described above. To validate our in-house PCR-SSP 
technique for LU*01/LU*02 genotyping, random DNA samples 
from 170 genotyped blood donors were independently sequenced.

Statistical Analysis
The prevalence of the observed phenotypes was described us-

ing descriptive statistics and expressed in percentages and 95% 
confidence intervals (CI). The genotype and allele frequencies 
were obtained by direct counting. The Hardy-Weinberg equilib-
rium (HWE) was calculated by comparing expected and observed 
genotype frequencies using the Chi-square (χ2) statistic. All statis-
tical analyses were conducted using SPSS, Version 16.0 (SPSS Inc., 
Chicago, IL, USA), and p values ≤0.05 were considered statisti-
cally significant.

Results

Red Cell Phenotyping by CTT and CAT
A total of 334 blood donor samples were typed for Lua 

and Lub antigens. The Lu(a−b+) phenotype was com-
monly observed in 99.10% of donors (n = 331/334, 95% 
CI, 0.9740–0.9981), while the other phenotype, Lu(a−
b−), was found in 0.90% of donors (n = 3/334, 95% CI, 
0.0019–0.0260). Among the three Lu(a−b−) donors, P1, 
Lea, Leb, Lua, and Lub were additionally tested by CAT, 
and the prevalence of those phenotypes detected is shown 
in Table 2. All three donors were Lu(a−b−) and Le(a−b+) 
phenotypes, whereas only one donor showed a weak reac-
tion for P1 antigen.

Mutation Analysis by DNA Sequencing
A total of three Lu(a−b−) donor samples were selected 

by the partial A4GALT and BCAM and the whole KLF1 
gene analysis. Table 2 shows the genomic DNA sequenc-
ing results of these donors. The molecular basis for a se-
rologically weakened P1(+) phenotype of BZL286 donor 
was determined to be the heterozygous genotype at 
rs5751348 (G/T), representing the P1/P2 genotype, while 
the others (BZL008 and BZL116) had the P2/P2 genotype. 
Moreover, all donors had the LU*02/02 genotype 
(c.230G/G). DNA sequencing revealed that one donor 
(BZL286) was found to have a single mutation (homozy-
gous) for the mutant KLF1 allele, with a missense 
c.304T>C (p.Ser102Pro) mutation. The remaining two 
donors were found to carry additional mutations in KLF1. 
One donor (BZL008) had a homozygous missense 
c.304T>C (p.Ser102Pro) and a heterozygous missense 
c.1001C>G (p.Thr334Arg) mutation, while the other do-
nor (BZL116) had a heterozygous missense c.304T>C 
(p.Ser102Pro) and a homozygous duplication of 
c.519_525dupCGGCGCC (p.Gly176ArgfsX179). The 
variant alleles defined by these polymorphisms are c.
[304T>C, 1001C>G] and c.[304T>C, 519_525dupCG-

Table 1. Oligonucleotide primers used for PCR procedures and sequencing

Name of primer Sequence of primer (5′ to 3′) Gene target PCR product size, bp

SEQ-BCAM-F TCAAGAACTGATAGGGAATGGGG Exons 3–4, BCAM 1,039
SEQ-BCAM-R TCCTAGGACACAGGAGTCTTCCC
SEQ-KLF1-F CCTTCTTTGGAGACCCAATGTC Exons 1–3, KLF1 2,692
SEQ-KLF1-R AGAGGGTCCATTCGTGGGA
LU-F AACTGATAGGGAATGGGGGC Exon 3, rs28399653, c.230A 214
LU-A-R CTCAGCCGAGGCTAGGT
LU-F AACTGATAGGGAATGGGGGC Exon 3, rs28399653, c.230 G 214
LU-B-R CTCAGCCGAGGCTAGGC
HGH-F TGCCTTCCCAACCATTCCCTTA HGH gene (internal control) 434
HGH-R CCACTCACGGATTTCTGTTGTGTTTC

Bp, base pair; HGH, human growth hormone.
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GCGCC], respectively. The occurrence of electrophero-
gram peaks and the positions of these mutations are 
shown in Figure 1.

LU*01 and LU*02 Genotyping by PCR-SSP
An in-house PCR-SSP method was designed, and the 

genotype LU*01/LU*02 alleles displayed by agarose gel 
electrophoresis are shown in Figure 2. A total of 1,704 
DNA samples, containing 334 known and 1,370 un-
known Lu(a) and Lu(b) phenotypes, were genotyped for 
the BCAM c.230A>G. The allele and genotype frequen-
cies of these samples are shown in Table 3. The observed 
genotype frequencies in the overall population studied 
were found to be conformed to the HWE test (p > 0.05) 
and have a very low minor allele frequency (MAF), LU*01 
as < 1%. Overall, there were only two genotypes, with fre-
quencies of 0.0006 and 0.9994 for LU*01/02 and LU*02/02, 
respectively. The count of the LU*01 allele was 1 and the 
LU*02 allele was 1,703. A rare genotype of LU*01/01 was 
not observed in this study. In the 334 known Lu(a) and 
Lu(b) population, all DNA samples were LU*02/02 geno-
type. One hundred and seventy such random samples 
were subjected to and confirmed by independent DNA 

sequencing. These verifications of the PCR-SSP results 
remained constant across the genotyping results obtained 
by DNA sequencing. In addition to one donor possessing 
the LU*01/02 genotype, the donor’s red cells were select-
ed for Lua/Lub phenotyping, and the results were con-
firmed as Lu(a+b+), corresponding with the genotype.

Discussion

Blood group phenotype distribution varies globally 
across different populations and ethnic groups, but lim-
ited data exist for ethnic distributions of Lu(a) and Lu(b) 
phenotype, allele, and genotype frequencies in Thailand. 
Here, we investigated the frequency of Lu(a) and Lu(b) 
phenotypes among blood donors in the Central region of 
Thailand using CTT. The study demonstrated that the 
frequencies of these phenotypes were related to their pub-
lished frequencies in Thai cohorts [18–20], supporting a 
very rare or absent Lua antigen frequency in Thais. In ac-
cordance with Asian ancestry, this frequency is similar to 
those in Saudi Arabian, Indian, and Chinese populations 
[22–24]. The In(Lu) phenotype was found in three of 334 

Table 2. Phenotypes, alleles, and genotypes for three In(Lu) donors

Donor Phenotypes Genotypes KLF1 mutations

Lutheran Lewis P1PK A4GALT BCAM Nt change Aa change exon rs number

BZL008 Lu(a−b−) Le(a−b+) P1(−) P2/P2 LU*02/02 c.304T>C
c.1001C>G

p.Ser102Pro
p.Thr334Arg

2
3

rs2072597
rs483352841

BZL116 Lu(a−b−) Le(a−b+) P1(−) P2/P2 LU*02/02 c.304T>C
c.519_525dupCGGCGCC

p.Ser102Pro
p.Gly176ArgfsX179

2
2

rs2072597
rs483352838

BZL286 Lu(a−b−) Le(a−b+) P1(+) P1/P2 LU*02/02 c.304T>C p.Ser102Pro 2 rs2072597

Aa, amino acid; Nt, nuclotide.

Table 3. The genotype, allele and MAF, and the HWE for the BCAM SNP rs28399653

Population (N) Allele (N) Frequency Genotype (N) Frequency MAF HWE

χ2 p value

Total (1,704) LU*01 (1)
LU*02 (3,407)

0.0003
0.9997

LU*01/01 (0)
LU*01/02 (1)
LU*02/02 (1,703)

0.0000
0.0006
0.9994

0.0003 0.0006 0.9997

Known Lu(a) and Lu(b) (334) LU*01 (0)
LU*02 (668)

0.0000
1.0000

LU*01/01 (0)
LU*01/02 (0)
LU*02/02 (334)

0.0000
0.0000
1.0000

0.0000 0.0000 1.0000

Unknown Lu(a) and Lu(b) (1,370) LU*01 (1)
LU*02 (2,739)

0.0004
0.9996

LU*01/01 (0)
LU*01/02 (1)
LU*02/02 (1.369)

0.0000
0.0007
0.9993

0.0004 0.0086 0.9957

HWE, Hardy-Weinberg equilibrium; N, number; MAF, minor allele frequency.
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a

b

Fig. 1. The KLF1 gene analysis. a Schematic representation of the KLF1 gene with the location of the mutation 
variants indicated with an arrow. Exons: orange = non-coding regions; green = coding regions; blue = zinc fingers 
(ZF1, ZF2, ZF3). b Comparison of the partial KLF1 sequence between the reference (NG_013087.1) and the three 
apparent Lu(a−b−) phenotypes.



Intharanut/Khumsuk/NathalangTransfus Med Hemother 2023;50:313–320318
DOI: 10.1159/000528654

donors, or about 0.9%, similar to two published Thai 
studies [18, 20]. However, additional genetic relation-
ships have not yet been directly elucidated in Thai do-
nors. The absence of genotype information is probably 
one of the reasons In(Lu) individuals present phenotype-
genotype discrepancy, so the application of molecular 
methods in blood typing can identify KLF1 alleles through 
discrepancy resolution [25].

In the present study, we determined the genotype fre-
quencies for the LU*01 and LU*02 alleles. Three apparent 
Lu(a−b−) donors detected by two serological techniques 
– CTT and CAT – were LU*02/02 genotype; thus, full-
gene KLF1 sequencing has been required for those do-
nors. Subsequently, we identified three known variants 
[12] – c.304C>T (KLF1*BGM12), c.1001C>G 
(KLF1*BGM67) and c.519_525dupCGGCGCC 
(KLF1*BGM34) – which were responsible for an amino 
acid substitution, p.Ser102Pro (rs2072597), p.Thr334Arg 
(rs483352841), and a reading frameshift creating a pre-
mature stop codon, p.Gly176ArgfsX179 (rs483352838), 
respectively. The KLF1*BGM34 allele has been described 
by three separate groups as associated with In(Lu) pheno-
type [26–28]. Vrignaud et al. [29] described the 
KLF1*BGM67 allele, and it is noted that another allele as-
sociated with the In(Lu) phenotype, KLF1*BGM48, in-
volves the same triallelic SNV (rs483352841), but involves 
c.1001C>T (p.Thr334Met) [30]. Interestingly, the KLF1 
variant alleles found in two donors are characterised by 
combinations of the above mentioned polymorphisms in 
cis, as c.[304T>C, 1001C>G] and c.[304T>C, 519_525dup-
CGGCGCC]. Although the effects of missense variant 
c.304T>C have been reported to cause the In(Lu) pheno-
type in the early publication, this variant has been shown 
by three groups to have no impact on Lua and Lub expres-
sion [26, 31, 32]. Helias et al. [26] showed c.304T>C is 
relatively frequent in general population and thus could 
not be responsible for the rare In(Lu) phenotype. The po-
tential bias was tested, and no association was found be-
tween the mutation and In(Lu) phenotype. Moreover, the 
study by Keller et al. [31] has reported that this c.304T>C 

is not, by itself, associated with reduced expression of Lu-
theran antigens or the In(Lu) phenotype. Eernstman et al. 
[32] recorded that the c.304T>C distribution was in con-
cordance with the frequencies observed in European pop-
ulations, showing no correlation with the expression of 
CD44, band 3, Lua, Lub, HbF, and HbA2. In the current 
finding, we identified the c.304T>C variant with missense 
and frameshift variants, as mentioned above, which is in 
consonance with a previously published study of one Thai 
donor, c.[304T>C, 484insC] [25]. In contrast, homozy-
gosity of the c.304T>C variant identified in the remaining 
donor did not seem to be a significant cause for the In(Lu) 
phenotype in this cohort. The haemagglutination test for 
this donor showed weakened expression (w+) of the P1 
antigen by sensitive CAT, despite being the P1/P2 zygos-
ity. Even though KLF1 variants affect the expression of 
the P1 antigen [30], the strength of P1 reactivity could 
vary individually [3]. Currently, the variant c.304T>C is 
marked as obsolete in the table for Transcription Factor 
KLF1 Alleles that caused the In(Lu) phenotype by the 
ISBT working party [12]. However, this study has not 
ruled out the XS2 phenotype in the donor that could be 
caused by mutations in the GATA-1 gene [11]. The addi-
tional testing for the GATA*BGM01 allele resulted in sug-
gesting a further study.

The distribution of LU*01/LU*02 genotype frequen-
cies between known and unknown Lu(a) and Lu(b) phe-
notypes’ populations in this cohort was like those expect-
ed in Asians [3] and those found in other Thai popula-
tions [18–20]. Both populations were in HWE and had a 
low MAF of the observed LU*01 allele (<1%). Based on 
their MAF in this collection, the LU*01 allele was con-
firmed as a rare variant among the Thai population. Even 
though the research on human genetic variation typically 
recommends a common MAF threshold at 5% to detect 
small effects [33], which would require substantially 
greater sample size of more than 1.1 billion Thai donors 
[1/(0.0003 × 0.0003)]. Only one donor was screened with 
the heterozygous LU*01/02 genotype using the in-house 
PCR-SSP, which was confirmed by additional serology 

Fig. 2. Representative gel electrophoresis of 
the PCR-SSP products of the samples 1, 2, 
and 3 known with the LU*01/LU*02 geno-
typing. A 434-bp fragment of HGH was 
present in all lanes. LU*01 and LU*02 were 
deduced from the presence or absence of 
214-bp amplicons. From left to right: lane 
M: 100 bp DNA molecular weight marker. 
Lanes 1A and 1B correspond to LU*01/02 
genotype, 2A and 2B and 3A and 3B cor-
respond to LU*02/02 genotype, and lanes 
4A and 4B are non-template controls.
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test and DNA sequencing. Moreover, robustness showed 
that the PCR-SSP and DNA sequencing displayed 100% 
concordance for LU*01/LU*02 genotyping with rounded 
10% samples of all donors. Therefore, this in-house assay 
was successfully validated based on its robustness, good 
concordance, and genotyping performance compared to 
the gold-standard DNA sequencing method. Concerning 
the unknown Lu(a) and Lu(b) population, it would be 
possible to identify In(Lu) individuals possessing the 
LU*02/02 genotype, Lu(a−b+), predicted using PCR-SSP. 
Therefore, this study recommended that Lua/Lub antigen 
typing and In(Lu) status of Thai donors should be deter-
mined using combined serological and molecular tech-
niques.

In Thailand, the Lu(a)/Lu(b) phenotyping is not rou-
tinely performed, nor have those antigens been included 
in the screening panels. An identification of Lua/Lub an-
tibodies has not been reported in transfusion-dependent 
Thai patients [34], which seems to be in concordance with 
the rarity of the Lua antigen in the Thai population but 
also because of the use of unspecified Lua/Lub antigens in 
panel cells. Less frequently, mild and delayed HTRs can 
be caused by Lua/Lub antibodies [4–6]. Nevertheless, the 
risk of Lua and Lub alloimmunization in Thais could be 
low if it almost never takes place. Severe HTRs caused by 
anti-AnWj, if it occurs, could be transfused with In(Lu) 
red cell units without any clinical signs or symptoms of 
haemolysis [35, 36]. In this case, donors exist in whom the 
In(Lu) is greater in estimated detection probability than 
the AnWj-negative phenotype in Thai populations. 
Hence, our In(Lu) detection approach will possess sev-
eral advantages in terms of reducing the risk of complica-
tions and avoiding transfusion risks to effectively trans-
fuse the most appropriate blood components.

Conclusions

This is the first report of Lua and Lub phenotype, allele, 
and genotype frequencies in Thai populations and con-
firms that a high frequency of the LU*02 allele (Lub). We 
found two distinct characteristics of KLF1 variant alleles, 
consisting of two alleles (c.[304T>C, 1001C>G] and c.
[304T>C, 519_525dupCGGCGCC]) in Thai donors with 
serologically apparent Lu(a−b−) that lead to the In(Lu) 
phenotype, which is important in blood group profiling 
of donors. However, the limitations of this study are a lack 
of GATA-1 investigation and AnWj antigen typing that 
might have been helpful in defining the phenotype of the 
apparent Lu(a−b−) samples studied. With well-estab-
lished blood group genotyping, the application of geno-
typing and phenotyping methods has simultaneously 
been in use, at least to screen and confirm the rare Lu(a+) 
and In(Lu) phenotypes.
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Abstract
Introduction: Neutrophils promote chronic inflammation 
and release neutrophil extracellular traps (NETs) that can 
drive inflammatory responses. Inflammation influences pro-
gression of sickle cell disease (SCD), and a role for NETs has 
been suggested in the onset of vaso-occlusive crisis (VOC). 
We aimed to identify factors in the circulation of these pa-
tients that provoke NET release, with a focus on triggers as-
sociated with hemolysis. Methods: Paired serum and plasma 
samples during VOC and steady state of 18 SCD patients 
(HbSS/HbSβ0-thal and HbSC/HbSβ+-thal) were collected. 
Cell-free heme, hemopexin, and labile plasma iron have 
been measured in the plasma samples of the SCD patients. 
NETs formation by human neutrophils from healthy donors 
induced by serum of SCD patients was studied using confo-
cal microscopy and staining for extracellular DNA using Sy-
tox, followed by quantification of surface coverage using Im-

ageJ. Results: Eighteen patients paired samples obtained 
during VOC and steady state were available (11 HbSS/HbSβ0-
thal and 7 HbSC/HbSβ+-thal). We observed high levels of sys-
temic heme and iron, concomitant with low levels of the 
heme-scavenger hemopexin in sera of patients with SCD, 
both during VOC and in steady state. In our in vitro experi-
ments, neutrophils released NETs when exposed to sera 
from SCD patients. The release of NETs was associated with 
high levels of circulating iron in these sera. Although hemin 
triggered NET formation in vitro, addition of hemopexin to 
scavenge heme did not suppress NET release in SCD sera. By 
contrast, the iron scavengers deferoxamine and apotransfer-
rin attenuated NET formation in a significant proportion of 
SCD sera. Discussion: Our results suggest that redox-active 
iron in the circulation of non-transfusion-dependent SCD 
patients activates neutrophils to release NETs, and hence, 
exerts a direct pro-inflammatory effect. Thus, we propose 
that chelation of iron requires further investigation as a ther-
apeutic strategy in SCD. © 2023 The Author(s).
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Introduction

Sickle cell disease (SCD) is a monogenetic disease 
wherein a single point mutation in β-globin gives rise to 
sickle hemoglobin (HbS), affecting millions of people 
worldwide [1]. Deoxygenation results in intracellular he-
moglobin (Hb) polymerization inducing the characteris-
tic cellular shape of sickle erythrocytes. Vaso-occlusion 
and chronic hemolysis are predominating vascular 
events that contribute to the pathogenesis of SCD [2]. 
Vaso-occlusion is thought to trigger acute systemic pain-
ful vaso-occlusive crises (VOCs), which is the most com-
mon complication of SCD and the leading cause of hos-
pitalization of SCD patients [1, 3]. A role for neutrophils 
in promoting vaso-occlusion in SCD mice was first dem-
onstrated by Turhan et al. [4]. Later, activated neutro-
phils were shown to interact with the inflamed vessel wall 
in vivo, and to adhere to erythrocytes promoting VOC in 
SCD mice [5]. Also, circulating neutrophils were shown 
to be primed or constitutively activated in SCD patient 
[6].

Experimental evidence suggests that hemolysis in SCD 
mice triggers neutrophil activation and the formation of 
neutrophil extracellular traps (NETs) within the pulmo-
nary microcirculation, which led to acute lung injury and 
death of these mice [7]. Earlier, we found levels of neutro-
phil elastase-α-1-antitrypsin complexes and nucleosomes 
to be elevated in plasma of SCD patients during VOC, 
suggesting that neutrophils release NETs in SCD patients 
[8]. More recently, circulating NET fragments have been 
shown to contribute to acute chest syndrome in SCD 
mice [9]. Remarkably, therapeutic neutralization of heme 
attenuated pulmonary NET release, prevented NET-as-
sociated hypothermia and rescued SCD mice from acute 
chest syndrome and death [7, 10]. In turn, SCD mice re-
ceiving heme developed acute chest syndrome, further 
supporting a central role of heme in systemic vaso-occlu-
sion [10]. Altogether, these findings suggest that thera-
peutic administration of the heme-scavenging plasma 
protein hemopexin (Hpx) would protect SCD patients 
from vaso-occlusion. The therapeutic benefit of Hpx ad-
ministration to improve the outcome of VOC has been 
shown in SCD mice [10, 11]. Yet, whether heme instigates 
clinically high-risk VOC, its cellular mediators herein, 
and hence, its full therapeutic value is still not clear. Here, 
we hypothesize a role for iron in SCD patients that had 
not previously been considered. Using therapeutic block-
ade by chelation of iron, we show that depletion of iron, 
and not heme, prevents the release of NETs in SCD pa-
tient’s blood.

Materials and Methods

Patients
A full description of the patients in our study has been pub-

lished previously [12]. In brief, consecutive adult patients with 
SCD admitted for VOC at the Academic Medical Center Amster-
dam or the Slotervaart Hospital, Amsterdam, The Netherlands, 
were approached for inclusion. Patients diagnosed with sickle cell 
anemia or a compound heterozygous state HbSβ0-thalassemia, 
HbSβ+-thalassemia, or HbSC was eligible. Patients were excluded 
when on hydroxyurea therapy. The study protocol was approved 
by the Medical Ethical Committee of the participating centers and 
conducted in agreement with the Helsinki declaration. Written 
consent was obtained from each participant or their legal guardian. 
Serum samples and neutrophils of healthy donors (controls) have 
been obtained from Sanquin. Blood samples were taken by veni-
puncture. Blood serum tubes of SCD patients were centrifuged for 
15 min at 3,000×g at 4°C to obtain serum and stored in aliquots at 
−80°C until further analysis.

Laboratory Analysis
Total serum heme was measured with a colorimetric method 

according to the manufacturer’s instruction (Quantichrom heme 
assay kit, Fischer Scientific). Serum Hpx (purified from human 
plasma with high-performance liquid chromatography) and IgM 
were determined by ELISA (in-house, see online suppl. Data; see 
www.karger.com/doi/10.1159/000526760 for all online suppl. ma-
terial). Purified Hpx was used as standard for the measurement of 
serum Hpx. Labile plasma iron (LPI) was measured by dihy-
drorhodamine (Sigma Aldrich) fluorescence as described previ-
ously (see online suppl. Data). The differences in the rate of dihy-
drorhodamine oxidation with and without the iron-chelator def-
eroxamine (DFO; Sigma Aldrich) represent the fraction of plasma 
non-transferrin-bound-iron that is redox active. Neutrophil isola-
tion, stimulation, and inhibition of NET formation, analysis of 
NET formation by neutrophils, immunostaining of NET compo-
nents, and determination of reactive oxygen species (ROS) pro-
duction are described in detail in the online supplementary data 
[13, 14].

Statistical Analysis
Statistical analysis was performed with GraphPad Prism soft-

ware (version 6.0). Data are presented as mean ± SD of indepen-
dent experiments. Paired student’s t test or Wilcoxon matched-
pairs signed rank test was used to compare two groups. For com-
paring more than two groups, one-way ANOVA with Tukey’s 
multiple comparisons post hoc test or Kruskal-Wallis with Dunn’s 
post hoc testing was used where appropriate. Spearman correla-
tion coefficients were calculated to correlate two variables. A p val-
ue of 0.05 or less was considered statistically significant.

Results

From 18 patients, paired samples obtained during 
VOC and steady state were available (11 sickle cell ane-
mia/HbSβ0-thalassemia and 7 HbSC/HbSβ+-thalassemia). 
Patients with SCD show reduced levels of the plasma 
scavenger for heme, Hpx – both in steady state and VOC 
– compared to healthy donors (shown in Fig. 1a). High 
systemic levels of heme were found in patients with SCD. 
Upon comparison of cell-free heme levels in healthy do-
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nor plasma and in plasma of SCD patients tested, cell-free 
heme levels were significantly increased in steady state 
SCD, though failed to reach significance in VOC as com-
pared to healthy controls (shown in Fig. 1b). In addition, 
levels of LPI were significantly elevated in samples from 
SCD patients in steady state and VOC as compared to 
samples from healthy donors (shown in Fig. 1c), although 

no significant differences have been observed between 
LPI levels in VOC and steady state, respectively. Differ-
ences in levels of Hpx, heme, and LPI that are caused by 
hemodilution due to therapeutic hyperhydration during 
VOC have been excluded by the measurement of IgM lev-
els (shown in Fig. 1d). To determine whether circulating 
plasma factors in samples obtained from patients with 

a

e

f

b c d

Fig. 1. Neutrophils release more NETs when exposed to sera of 
patients obtained during VOC compared to the steady state. a Se-
rum levels of Hpx in healthy control (HD; n = 20) and SCD patients 
in the steady state and VOC (n = 17/group). One-way ANOVA 
with Tukey’s multiple comparisons post hoc test was used. ****p 
< 0.0001. b Levels of serum-free heme in HD (n = 20) versus pa-
tients with SCD in the steady state and VOC (n = 17 in each group). 
A Kruskal-Wallis test with Dunn’s post hoc testing was used. *p < 
0.05. n.s. indicates not significant. c Levels of LPI in HD (n = 19) 
versus patients with SCD in the steady state and VOC (n = 19 for 
each group). We used a Kruskal-Wallis test with Dunn’s post hoc 
testing for statistical analysis. *p < 0.05, **p < 0.01. n.s. indicates 
not significant. d Levels of IgM in serum of HD (n = 20) and SCD 

patients in the steady state and VOC (n = 17/group). e Immuno-
staining for citrullinated histone H3 (CitH3) after exposure to SCD 
serum. Neutrophils from a HD were exposed to serum from a SCD 
patient in VOC for 180 min. Then, extracellular DNA was stained 
with Sytox Green (green). Immunostaining was performed on 
NETs induced by 3 different SCD sera. Representative images are 
shown. Scale bar, 50 μm. Original magnifications ×40. f Quantifi-
cation of extracellular DNA release in response to sera from SCD 
patients. A Wilcoxon matched-pairs signed rank test was used for 
statistical analysis. Incubations of neutrophils with paired SCD 
sera (n = 18) were performed with neutrophils from 3 different HD 
for each subject group (steady state and crisis). **p = 0.0087.
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SCD induce NET release, we exposed healthy donor neu-
trophils to sera samples. After 3 h, NETs were detected 
with a cell-impermeable DNA-binding dye (Sytox Green) 
and imaged with fluorescence microscopy as described 
previously [15]. No extracellular DNA was released upon 
incubation of neutrophils with control serum from 
healthy donor as evidenced by the absence of Sytox Green 
staining (shown in online suppl. Fig. S1). By contrast, 
thread-like NET structures that stained positive for Sytox 
Green became visible upon incubation of neutrophils 
with SCD serum (shown in Fig. 1e, suppl. Fig. S3). Here, 
immunostaining of the NET component citrullinated 
histone H3 confirmed the identity of NETs. NET release 
induced by factors in SCD sera was highly reproducible, 
even when neutrophils from different donors were used 
(shown in online suppl. Fig. S2). In our hands, priming of 
neutrophils with TNF-α, as was used by Chen and co-
workers [7], was not required to trigger NET formation 
with SCD serum. The surface area covered by NETs was 
quantified in paired sera obtained during steady state and 
VOC (shown in Fig. 1f) as previously described [15, 16]. 
While NETs were also released in some SCD sera ob-
tained during steady state, NET formation was signifi-
cantly enhanced in sera obtained during VOC (p = 
0.0087).

It was recently suggested that the release of NETs in 
response to free heme may contribute to vaso-occlusion 
in a mouse model of SCD [7], and the administration of 
Hpx improved the outcome of TNF-α induced VOC. To 
evaluate the effect of Hpx on heme and NET formation in 

human samples, we purified Hpx from human plasma. 
Plasma-purified Hpx was functional as it reversed hemin-
induced cytotoxicity of HEK-293 cells as determined by 
standard lactate dehydrogenase release (see suppl. Data 
and online suppl. Fig. S5a). Similarly, Hpx abolished he-
min-induced generation of ROS in neutrophils as mea-
sured by the conversion of luminol chemiluminescence 
(see online suppl. Data, online suppl. Fig. S5b). Then, 
healthy neutrophils were incubated with hemin, and in-
deed NETs were formed (shown in online suppl. Fig. 
S5c). Again, positive immunostaining of the NET com-
ponents neutrophil elastase and citrullinated histone H3 
was found within these NETs (shown in online suppl. Fig. 
S4). In inhibitor studies, we observed minimal release of 
extracellular DNA from neutrophils stimulated with he-
min when equimolar amounts of plasma-derived Hpx 
were added (shown in online suppl. Fig. S5c). Albumin 
also binds to heme, although it binds heme with lower af-
finity than Hpx [17]. When we added hemin in the pres-
ence of 1% normal human serum or 0.5% human serum 
albumin (HSA), the release of NETs was almost com-
pletely impaired (shown in online suppl. Fig. S5b, d). 
NET release induced by hemin or PMA in the presence 
or absence of either 1% normal human serum or 0.5% 
HSA was quantified, and we observed that each negated 
hemin-induced NET formation, while PMA-induced 
NET formation was unaffected by the presence of albu-
min (shown in online suppl. Fig. S5e). Thus, it appears 
that the presence of albumin is sufficient to prevent the 
interaction of heme with neutrophils and NET forma-

a
b c

Fig. 2. Plasma-purified hemopexin does not prevent the release of 
NETs in sera of patients with SCD. a Quantification of NET release 
in response to sera from SCD patients in the presence of plasma-
derived Hpx. The densities of extracellular NET-DNA over the 
image area (i.e., the number of Sytox Green+ pixels divided by the 
total number of pixels × 100) were determined for paired sera from 
patients with SCD in the presence or absence of 50-μM plasma-
purified Hpx. A Wilcoxon matched-pairs signed rank test was 
used to compare NET release in response to SCD sera in the pres-

ence or absence of Hpx. Incubations of neutrophils with HD (n = 
6) or SCD sera (n = 18) were performed with neutrophils from 3 
different HD for each subject group. n.s. indicates not significant. 
b, c Correlations between levels of circulating heme and NET re-
lease in sera from SCD patients (n = 17) in the steady state (b) and 
crisis (c). A Spearman test was used to calculate correlation coef-
ficients. p = 0.6873 and **p = 0.0011 in the steady state and crisis, 
respectively.
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tion. Strikingly, when SCD serum obtained in VOC was 
preincubated with relatively high levels of Hpx (50 μm) 
before exposure to neutrophils, NET release was not af-
fected (shown in online suppl. Fig. S5f).

The effect of Hpx supplementation on NET formation 
was then quantified for all paired SCD sera in our study. 
Unexpectedly, the addition of high concentrations of 
Hpx (the normal plasma Hpx concentration is ∼ 20 μM) 
did not alter NET release in the SCD patient sera tested 
(shown in Fig. 2a). In line with this, high levels of cell-free 
heme did not positively correlate with the extent of NET 
formation induced by SCD sera in our cohort (shown in 
Fig. 2b, c).

In order to investigate the role of iron in the induction 
of NETs, we compared NET induction of heme to proto-
porphyrin IX (PPIX) – a porphyrin without iron moiety. 
Interestingly, PPIX did not induce NET formation sug-
gesting that the iron moiety is required for this process 
(shown in Fig. 3a, b). We further explored the involve-
ment of iron in NET formation using ferric nitrilotriac-

etate (Fe3+-NTA). Indeed, incubation of neutrophils with 
FeNTA triggered NET formation (shown in Fig. 3c, d). In 
inhibitor studies, FeNTA-induced NET release was pre-
vented with equimolar amounts of iron chelator DFO. 
Concentrations of 300-μM DFO have previously been 
shown to provoke NET release by human neutrophils 
[18]; however, in clinical use, DFO achieves plasma levels 
of 10 μm in transfusion-dependent patients who receive 
chelation therapy [19]. At the concentration of 50-μm 
DFO that we used to supplement sera, we have not ob-
served the formation of NETs. Likewise, DFO had no ef-
fect on hemin-induced NET formation since it is not able 
to remove iron directly from hemin [20, 21] (shown in 
Fig. 3c, d).

To determine whether iron in the SCD samples in our 
study may provoke NET release, we tested whether pre-
incubation with DFO or the specific iron-binding protein 
apotransferrin (apoTf) would affect NET release in SCD 
sera. We supplemented SCD sera with DFO and apoTf at 
a concentration of 50 μM, thus, in large excess over the 

a b

c d

Fig. 3. Iron triggers NET formation, and iron-mediated NET re-
lease is blocked by chelation with deferoxamine. a Neutrophils iso-
lated from HD were incubated with medium alone (ctrl) or chal-
lenged with 50-μM hemin or protoporphyrin IX (PPIX) for 180 
minutes. Release of NETs (green in these images) was detected by 
fluorescence imaging with confocal microscopy using a mixture of 
2 DNA-labeling dyes, one cell impermeable (Sytox Green, green) 
and the other cell permeable (Hoechst 33,342, blue). Depicted are 
merged images of green and blue fluorescence. All images are rep-
resentative of 2 independent experiments using neutrophils from 
different HD. Scale bars, 50 μm. b NET formation was quantified 
after exposure to hemin or PPIX. The densities of extracellular 
NET-DNA over the image area (i.e., the number of Sytox Green+ 

pixels divided by the total number of pixels × 100) were deter-
mined after the challenge with hemin or PPIX and depicted as 
mean NET density ± SD in 2 separate experiments. c In 2 indepen-
dent experiments, neutrophils from a HD were exposed to 50-μM 
FeNTA or hemin in the presence or absence of equimolar amounts 
of deferoxamine (DFO). After 180 minutes, NETs (green in these 
images) were visualized with confocal fluorescence microscopy as 
in panel a. Depicted are representative images in which Sytox 
Green (green) and Hoechst 33,342 (blue) fluorescence are merged. 
Scale bars, 50 μm. d NET release was quantified as in panel b and 
depicted as mean NET density ± SD (n = 2). Original magnifica-
tions ×20 for panels a, c.
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concentrations of LPI. For these experiments, we focused 
on SCD patient sera obtained during VOC that had given 
rise to NETs shown in Figures 1 and 2. The addition of 
DFO largely abolished (ZIP06, 07, 14, 29) or partly inhib-
ited (ZIP09, 27) the release of NETs in more than half of 

the sera of SCD patients tested (shown in online suppl. 
Fig. S5a, b). When DFO was added to the other sera, no 
effect was observed. Thus, it appears that iron provokes 
NET release in a significant proportion of SCD patient 
sera but not all. Indeed, upon ranking the patients accord-
ing to the level of LPI, it became apparent that DFO ad-
dition affected NET release in those sera with high iron 
(shown in Fig.  4a). As DFO may bind both extra- and 
intracellular iron, and intracellular iron may directly in-
fluence ROS generation and potentially NET formation; 
we also tested the effect of apoTf on NET formation in 
SCD sera as it acts on extracellular iron. Unfortunately, 
we did not have sufficient serum left of all patients in our 
study to also screen for the effect of apoTf addition. In-
terestingly, for the samples that have some material left, 
we observed that apoTf addition appeared to match the 
effect of DFO on NET release (shown in Fig. 4b). These 
results indicate that, at least in a subset of patients with 
SCD, NET release may be induced through the presence 
of extracellular iron in the blood.

Conclusion

In this study, we reveal a novel role for iron in the cir-
culation of patients with SCD. Our study highlights that 
the systemic redox-active iron may form an important 
trigger for neutrophil activation and NET formation in 
SCD. In our experiments, supplementation of sera from 
SCD patients with the heme-scavenger Hpx did not pre-
vent the release of NETs from healthy donor neutrophils. 
By contrast, the addition of DFO or apoTf to scavenge-
free iron abolished NET release in a significant propor-
tion of SCD sera tested.

In a number of murine models of hemolytic diseases, 
including SCD and β-thalassemia, heme induced inflam-
mation and tissue damage, an effect that was prevented 
by injection of heme scavengers [7, 10, 11, 22]. As such, 
the administration of Hpx has previously shown great po-
tential as novel therapeutic drug. Vinchi et al. [22] showed 
a beneficial effect of Hpx administration in SCD mice, as 
it reduced endothelial activation induced by heme. More-
over, in another study, it was shown that hemin injection 
in SCD mice induced the development of acute chest syn-
drome and that both TLR4 inhibition and Hpx adminis-
tration prevented acute chest syndrome development 
[10]. Of interest, Vinchi et al. [22] have recently shown 
that hemin-challenged Hpx knockout mice showed signs 
of heme accumulation in macrophages, and phenotype 
switching to a pro-inflammatory M1-like phenotype was 
observed. The latter effect was also found in SCD mice 
and prevented by Hpx administration [11]. Worth not-
ing, in SCD animal models signs of VOC are often in-
duced by injection of exogenous free hemin. However, 

a

b

Fig. 4. Iron chelation abrogates NET release in sera from SCD pa-
tients. a Neutrophils from a HD were exposed to serum from a 
nonautologous HD or patients with SCD during VOC for 180 
minutes in the presence or absence of deferoxamine (DFO, 50 μM) 
or apotransferrin (apoTf, 50 μM). Release of NETs (green in these 
images) was visualized with confocal fluorescence microscopy us-
ing 2 DNA-labeling dyes, one cell impermeable (Sytox Green), and 
the other cell permeable (Hoechst 33342). Depicted are merged 
images of Sytox Green (green) and Hoechst 33342 (blue) fluores-
cence. All images are representative of experiments performed 
with sera from 11 different patients. Scale bars, 50 μm. Original 
magnifications. ×20. b Quantification of NET release in response 
to sera from SCD patients in the presence of iron chelators. The 
densities of extracellular NET-DNA over the image area (i.e., the 
number of Sytox Green+ pixels divided by the total number of pix-
els × 100) were determined for sera from patients with SCD during 
VOC in the presence or absence of 50-μM DFO or apoTf. Incuba-
tions of neutrophils with SCD sera (n = 11) were performed with 
neutrophils from 3 different HD for each subject group. n.d. indi-
cates not determined.
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during in vivo hemolysis it is uncertain whether heme, 
which is a highly hydrophobic molecule, exists as a free 
form in plasma as it is rapidly sequestered by plasma pro-
teins and lipids [23]. It thus seems plausible that Hpx ad-
ministration shows greatest benefit in models with ad-
ministered free hemin where concentrations of free heme 
are a least transiently increased. By contrast, administra-
tion of Hpx to TNF-α-treated SCD mice to lower plasma 
heme levels prevented pulmonary NET release and ame-
liorated-associated hypothermia [7]. However, we and 
others [7] have shown that albumin can efficiently pre-
vent NET formation in response to hemin in vitro, and it 
remains to be elucidated whether treatment of TNF-α-
treated mice with albumin would have similar effects on 
the phenotype of these mice. Indeed, studies on mice 
lacking Hpx reinforce the concept of redundancy, over-
lap, and backup in heme transport provided by Hpx, hap-
toglobin, and albumin. In the presence of normal albu-
min levels, Hpx-null mice exhibit a healthy state and a 
lack of general organ damage [24]. Another important 
consideration is that heme induces various pro-inflam-
matory effects other than neutrophil activation and NET 
formation through interactions with other cells, includ-
ing effects of heme on macrophages and endothelial cells. 
Secondary anti-inflammatory effects of Hpx that go be-
yond the scavenging of heme have also been described 
[25]. Here, we show that increased levels of circulating 
heme in patients with SCD do not directly promote NET 
release but that NET release requires the iron moiety.

The observed role of plasma iron in neutrophil activa-
tion is in line with previous in vitro studies, although 
none of these studies were performed in the context of 
SCD or investigated LPI in the circulation. Interestingly, 
Kono et al. [26] have shown that the addition of defera-
sirox, an iron chelating agent, to neutrophils prevented 
PMA- or fMLP-mediated ROS production and NET for-
mation in vitro [26, 27]. Saha et al. [27] have shown that 
this suppressive effect of deferasirox is through chelation 
of intracellular labile iron that is required for neutrophil 
oxidative responses and NET release, and can be mim-
icked by enterobactin, a siderophore expressed by Esch-
erichia coli [28]. Previous results had indicated that he-
min induces TLR4 signaling to drive pro-inflammatory 
responses [29, 30]. Recently, however, hemin was shown 
to provoke NET release in a manner that depends on 
NADPH oxidase activity and ROS generation but does 
not require TLR4 signaling [31]. Taken together, these 
results suggest that heme does not interact with TLR4 to 
activate neutrophils for NET release but rather that the 
redox activity of the iron moiety in heme underlies heme-
induced NET formation. Indeed, we show that exposure 
of neutrophils to hemin but not PPIX that triggered the 
release of NETs, and that the addition of exogenous iron 
sources, such as FeNTA leads to NET formation.

The recent literature suggests that free, redox-active 
iron is readily available in the circulation of patients with 
SCD. Levels of systemic iron were recently found to be 
elevated in patients with SCD, even in steady state. Con-
sistently, we observed high levels of circulating heme and 
redox-active iron, which is associated with low Hpx in 
patients with SCD in steady state. Iron overload is well 
known to occur in chronically transfused SCD patients 
who receive prophylactic red-cell transfusions [32–35]. 
However, patients who have received a blood transfusion 
in 3 months prior to the development of VOC were ex-
cluded from inclusion in our study cohort. Nevertheless, 
high LPI was found in several SCD patients in our cohort. 
Thus, it appears that increased LPI levels are caused by 
continuous hemolysis and thus may also occur in patients 
who are not on a chronic transfusion scheme [35]. Re-
cently, however, it was shown that chronic hemolysis in 
SCD mice maintained enhanced iron export and higher 
levels of circulating iron compared to normal mice [36]. 
Indeed, excessive release of heme facilitates the export of 
cellular iron by ferroportin [37–39], and intracellular iron 
levels are decreased in peripheral blood mononuclear 
cells from SCD patients [40].

Our results show that the ex vivo addition of the iron 
scavengers DFO and apoTf limited the NET-inducing ef-
fect of labile iron present in a significant proportion of 
SCD sera tested. The concentration of DFO used was 
based on a previous report where levels of up to 10-μm 
DFO were detected in vivo [19]. Clearly, iron chelation 
did not prevent NET release in all samples from SCD pa-
tients, and it is possible that other plasma factors could be 
involved in NET formation in DFO-insensitive patients. 
Complement activation, IL-8, and urate crystals are es-
tablished NET inducers that we hypothesize to play a role 
in these DFO-insensitive SCD patient samples [15, 41–
47].

Our study harbors some limitations that need to be ad-
dressed: first, the observation on iron as a trigger of NET 
formation in SCD is restricted to a small patient group. 
Second, it also remains unclear why specific iron neutral-
ization only prevented NET formation in a part and not 
all of the sickle cell patients investigated. This suggests 
that besides iron other inflammatory mediators (e.g., 
complement activation products, IL-8, or urate crystals) 
present in the serum are responsible for NET induction 
of these patients. Investigating the NET-forming capacity 
of the serum of sickle cell patients before starting thera-
peutic iron chelation compared to serum samples when 
on therapy may give more insights on the clinical rele-
vance of our findings. The effect of iron neutralization on 
NET formation should further be explored in a mouse 
model. Further research is required to determine which 
stimuli induced NET release in patient sera in which tar-
geting iron was less or not effective.
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In summary, we show that labile iron plays a role in 
NET formation in a subset of sera from a cohort of SCD 
patients and that iron chelation prevents NET formation. 
Extrapolation to a larger study requires experimental val-
idation. Future studies aimed at validating the therapeu-
tic efficacy of iron chelation therapy as potential novel 
therapy for VOC in patients with SCD are warranted. As 
DFO is widely used in patients with chronic iron overload 
disorders and transfusional iron overload, its use would 
form a readily available treatment strategy to prevent 
neutrophil activation, dampen formation of NETs, and 
possibly the development of VOC.
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Abstract
Introduction: Babesia is a tick-borne intraerythrocytic para-
site that is globally ubiquitous, yet understudied. Several 
species of Babesia have been shown to be transfusion-trans-
missible. Babesia has been reported in blood donors, ani-
mals, and ticks in the Tyrol (Western Austria), and regional 
cases of human babesiosis have been described. We sought 
to characterize the risk of Babesia to the local blood supply. 
Methods: Prospective molecular testing was performed on 
blood donors who presented to regional, mobile blood col-
lection drives in the Tyrol, Austria (27 May to October 4, 
2021). Testing was conducted using the cobas® Babesia assay 
(Roche Molecular Systems, Inc.), a commercial PCR assay ap-
proved for blood donor screening that is capable of detect-
ing the 4 primary species causing human babesiosis (i.e., B. 
microti, B. divergens, B. duncani, and B. venatorum). A confir-
matory algorithm to manage initial PCR-reactive samples 
was developed, as were procedures for donor and product 
management. Results: A total of 7,972 donors were enrolled 
and screened; 4,311 (54.1%) were male, with a median age 
of 47 years (IQR = 34–55). No positive cases of Babesia were 
detected, corresponding with an overall prevalence of 0.00% 

(95% CI: 0.00%, 0.05%). Discussion: The findings suggest 
that the prevalence of Babesia is low in Austrian blood do-
nors residing in the Tyrol, even during months of peak tick 
exposure. Although one cannot conclude the absence of Ba-
besia in this population given the limited sample size, the 
findings suggest that the regional risk of transfusion-trans-
mitted babesiosis is low. © 2023 The Author(s).

Published by S. Karger AG, Basel

Introduction

Babesiosis is the symptomatic infection with any of the 
members of the Babesia genus, a group of tick-borne, in-
traerythrocytic protozoan parasites [1]. Most cases of hu-
man babesiosis are attributed to Babesia microti, a species 
that is known to be transfusion-transmissible [2]. As-
ymptomatic Babesia infection is well described and can 
persist for months to years in some individuals, thus pos-
ing risk of not being detected at the time of blood dona-
tion, particularly in the absence of laboratory-based do-
nor testing [3]. Although infection may be mild or sub-
clinical in healthy adults, certain patient groups such as 
neonates, individuals aged >50 years, the asplenic, and 
the immunocompromised (HIV, cancer, and immuno-
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suppressant therapy) are at risk of severe or even fatal 
babesiosis [1]. These same populations are over-repre-
sented among transfusion recipients, which likely ac-
counts for the high all-cause mortality (∼19%) associated 
with transfusion-transmitted babesiosis [4].

A 2014 seroprevalence study of Tyrolean blood donors 
(n = 988) [i.e., in Western Austria] found that 2.1% of do-
nors demonstrated IgG antibodies against the B. diver-
gens complex and 0.6% were seropositive against B. mi-
croti [5]. Regional surveillance and case reporting indi-
cate that Babesia is present in humans, ticks, and animal 
populations in Europe [6–11], although rare, transfusion-
transmitted babesiosis has also been described in Europe 
[8]. We conducted a Babesia molecular surveillance study 
of blood donors in Tyrol, Austria, to characterize the risk 
of Babesia to the local blood supply.

Materials and Methods

Overview of Population and Setting
The study was conducted in the Tyrol region of Western Aus-

tria, where both B. divergens and B. microti have been reported [5].

Sampling and Eligibility
Consecutive sampling was conducted of all community whole 

blood (WB) donors who presented during the study period (27 
May to October 4, 2021) and who consented to participate. Direct-, 
autologous-, and apheresis platelet/plasma donors were excluded 
as were individuals with a reported tick bite in the 4 weeks prior to 
donation. Donor demographics (age, sex, area of residence) were 
captured at the blood center in Innsbruck, but no personal identi-
fiers were shared with the research personnel, thus protecting do-
nor confidentiality.

Laboratory Processing and Babesia PCR Testing
At the time of the donor visit, trained nurses or technicians col-

lected approximately 1 mL of WB into a Roche WB collection tube 
specifically for Babesia testing. The proprietary collection tube 
draws up to 1.1 mL of WB into 7.7 mL of a chaotropic reagent that 
lyses red blood cells and preserves nucleic acid [12].

Babesia PCR
The donors’ samples, comprising 850 µL of lysed WB, were 

tested individually (i.e., single donor specimens) using the cobas® 
Babesia test (Roche Molecular Systems Inc., Pleasanton, CA). The 
cobas® Babesia test is a qualitative real-time reverse transcriptase-
polymerase chain reaction test capable of detecting four species of 
Babesia: B. microti, B, duncani, B. divergens, and B. venatorum 
[12]. The cobas® Babesia assay is FDA-licensed and CE-marked 
for blood donor screening. The assay’s performance characteris-
tics have previously been described: the reported analytic sensitiv-
ity for B. microti and B. divergens is 6.1 (95% confidence interval 
[CI]: 5.0, 7.9) and 26.1 (95% CI: 22.3, 31.8), infected red blood 
cells/mL, respectively. The clinical specificity is 99.999% [12]. The 
test was run on the cobas® 6800/8800 Systems at the Bavarian Red 
Cross. The testing was performed in real time, whereby a negative 
test was required before releasing the associated unit of blood (i.e., 
from quarantine). Repeat and confirmatory testing was planned 
using a combination of the cobas® Babesia test, indirect fluores-
cent antibody testing and sequencing.

Statistical Analysis
Descriptive statistics were used to characterize the study sam-

ple of blood donations and blood donors. For donor-level data, 
characteristics were ascertained from the most recent blood dona-
tion for donors that presented more than one time during the 
study period. The prevalence of Babesia and corresponding Clop-
per-Pearson 95% CIs were estimated at the donor level. Data anal-
ysis was conducted in Stata/MP, version 15.1 (StataCorp, College 
Station, TX).

Human Subjects
The study was approved by the Ethics Committee of the Medi-

cal University of Innsbruck (1090/2021) prior to study initiation.

Results

The study sample included 8,028 blood donations col-
lected from 7,972 unique blood donors (56 donors con-
tributed two blood donations) at 71 collection sites (May 
to October 2021). Of the 11,711 available donors, 7,972 
took part in the study, yielding a participation rate of 
68.07%. The characteristics of the sampled donor popula-

Table 1. Characteristics of the study population

No. of donors (%)a 
(n = 7,972)

No. of donations (%) 
(n = 8,028)

Study month
May 1 (0.0) 1 (0.0)
June 686 (8.6) 696 (8.7)
July 2,868 (36.0) 2,912 (36.3)
August 2,128 (26.7) 2,130 (26.5)
September 2,124 (26.6) 2,124 (26.5)
October 165 (2.1) 165 (2.1)

Country
Austria 7,962 (99.9) 8,018 (99.9)
Germany 8 (0.1) 8 (0.1)
Italy 2 (0.0) 2 (0.0)

Median age (IQR), years 47 (34–55) 47 (34–55)
Age group, years

18–24 804 (10.1) 812 (10.1)
25–34 1,286 (16.1) 1,297 (16.2)
35–44 1,446 (18.1) 1,456 (18.1)
45–54 2,197 (27.6) 2,214 (27.6)
55–64 1,880 (23.6) 1,887 (23.5)
≥65 359 (4.5) 362 (4.5)

Sex
Female 3,661 (45.9) 3,688 (45.9)
Male 4,311 (54.1) 4,340 (54.1)

Blood group
A 3,215 (40.3) 3,240 (40.4)
B 770 (9.7) 774 (9.6)
AB 293 (3.7) 298 (3.7)
O 3,694 (46.3) 3,716 (46.3)

a For donor-level data, characteristics were ascertained from the 
most recent blood donation for donors that presented more than 
one time during the study period.
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tion are provided in Table 1. Of the 8,028 blood donations 
examined, there was no reactive sample for Babesia. At 
the blood donor level (n = 7,972), the overall prevalence 
of Babesia was 0.00% (95% CI: 0.00%, 0.05%).

Discussion

Our study, in which over 8,000 blood donations across 
the Tyrol were tested for Babesia by PCR, found none to 
be positive for Babesia. The findings suggest that the cur-
rent risk to the local blood supply, if any, is low.

To date, surveillance for Babesia outside of the USA 
has been very limited [2]. The few studies in blood donors 
that have been conducted outside of the USA have found 
the prevalence of Babesia to be low or even absent in the 
individual populations that were surveyed [13, 14]. Mo-
lecular surveillance has been the exception; one study in 
Canada found 1 of 50,752 donation samples to be positive 
[15].

Despite our study’s negative finding, tick-borne dis-
eases – including babesiosis – appear to be on the rise 
[16–18]. Contributing factors include an increase in pop-
ulations of ticks and associated interaction with their 
hosts [19–22]. Climate change and global warming have 
complex, yet unpredictable effects on vectors and vector-
borne diseases [23, 24]. There may be changes in how lo-
cal habitats support tick populations [25]. The birth rates 
and development of ticks are notably impacted favorably 
by an increase in temperature [26]. Shorter tick develop-
ment times due to increased habitat temperatures and in-
creased feeding opportunities for ticks may increase the 
possibility of human and non-human host infections by 
Babesia [27, 28]. Birds can also carry ticks – including 
those that are infected – thus introducing tick-borne dis-
eases to areas that have not – historically – been consid-
ered to be endemic [29].

This study had limitations. It is still possible that Ba-
besia is present but was missed due to the small sample 
size and/or short observation period. To place the find-
ings in context, in a study of 89,153 blood donations orig-
inating in four states in the USA where B. microti is high-
ly endemic, 67 donors (i.e., 1 in 1,331) were PCR positive 
for Babesia [30]. Second, serology was not performed; 
rather, it was planned in the event that PCR-positive cas-
es were detected. While serology offers a better estimate 
of exposure, molecular methods correlate better with par-
asitemia and the associated risk of transfusion transmis-
sion [30]. Third, testing of Tyrolean Babesia samples has 
not been performed, previously using the cobas® Babesia 
assay. However, the test has been validated to detect B. 
divergens and B. microti, for which evidence of popula-
tion exposure was found in the previous serosurvey [5]. 
Molecular testing has advantages over serological testing, 

thus supporting the rationale for the adoption of molecu-
lar screening of blood donors in high-risk areas of the 
USA. The discordance between our results with those of 
the previous serosurvey [5] is unsurprising [2]. A high 
proportion (almost 90%) of infected individuals resolve 
infection within 1 year of an index positive test (i.e., as 
reflected by negative molecular testing). By contrast, less 
than 10% of individuals will serorevert within the same 
timeframe [30]. There is also the possibility of prior over-
estimation of the prevalence [5] given challenges sur-
rounding the specificity of antibody-based assays for Ba-
besia. Further, donors who reported a tick bite during the 
4 weeks prior to donation would have been excluded, di-
minishing the probability for finding a NAT-positive do-
nation in our study.

In conclusion, no cases of Babesia infection – as deter-
mined by molecular testing – were found in a limited sur-
veillance study of blood donors in Tyrol, Austria. The 
findings support vigilance rather than laboratory-based 
donor screening at this time.
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Abstract
Introduction: The aim of this systematic review was to inves-
tigate whether viscoelastic haemostatic assays (VHAs) offer 
comparative diagnostic ability of acute traumatic coagulop-
athy (ATC) compared to the standard laboratory coagulation 
tests (SLCT). ATC is a complication of major trauma charac-
terized by dysfunctional blood clotting, leading to an in-
creased bleeding risk. Additionally, we aimed to analyse the 
association of VHA with blood product use and health out-
comes. Methods: The search protocol was pre-published 
and completed on December 2, 2020, assessing manuscripts 
from 2000 until the present. We searched MEDLINE, Embase, 
Cochrane Central, BIOSIS, Emcare, CINAHL, and additional 
online resources and referenced lists. Included were manu-
scripts that quantitatively reported the detection of ATC us-
ing VHAs and SLCTs. A meta-analysis was undertaken includ-
ing observational studies that reported on patients with in-
juries to all body regions and results analysed using a 
random-effects model and reported using pooled odds ratio 
with 95% confidence intervals (CI). Results: There were 14 
observational studies and one randomized control trial in-
volving 2,715 participants that satisfied inclusion criteria. We 
observed significant heterogeneity in the definitions of ATC, 
study design, setting, and patient population. Among obser-

vational studies that reported on patients with injuries to all 
body regions, VHAs were associated with higher odds of di-
agnosing ATC compared to SLCT (pooled OR 2.4; 95% CI: 1.4–
4.1). There was inadequate evidence to suggest VHAs were 
associated with reduced blood product usage or lower mor-
tality. Conclusion: VHAs detected more patients with ATC 
compared to SLCTs. However, the clinical significance and 
applicability of this finding remains unknown as translation 
to management was not adequately reported.

© 2022 The Author(s).
Published by S. Karger AG, Basel

Introduction

Trauma is a leading cause of death for young adults 
worldwide. Despite ongoing medical and public health im-
provements, the incidence of trauma is increasing in Victo-
ria, Australia and with it, death due to trauma [1]. Approx-
imately 40% of trauma of deaths results from haemorrhage, 
disproportionately affecting patients within the first 24 h 
after injury [2]. The management of haemorrhagic shock 
requires clinically driven trauma protocols and algorithms 
to address the hypovolaemic status and haemostatic dys-
function. Such damage control resuscitation (DCR) strate-
gies have been developed to help guide clinicians with em-
pirical treatments targeting the conditions that exacerbate 
haemorrhage [3]. These include a number of surgical, non-
invasive and medical interventions.

In the setting of critical bleeding, acute traumatic co-
agulopathy (ATC) is a common complication after injury 
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that leads to significant challenges in management and 
poor patient outcomes [4]. ATC causes a dysfunction in 
blood clotting leading to an increased bleeding risk. It oc-
curs early and independently after injury, driven by hy-
poperfusion and is present in approximately a quarter of 
trauma patients [5, 6]. It is frequently present in the pa-
tients with higher injury severity scores and increasing 
degrees of hemorrhagic shock. The detection of ATC is 
difficult due to the acute, dynamic, and complex mecha-
nisms behind it. Accurate diagnosis is important as inap-
propriate transfusion of blood products has been associ-
ated with harm [7]. Furthermore, timely diagnosis is es-
sential to prevent worsening of coagulopathy and clinical 
deterioration to the point of irreversible physiological de-
rangements.

Traditionally, standard laboratory coagulation tests 
(SLCT) are used for the detection of ATC, but are slow 
and only provide a limited snapshot of the clotting time 
when the sample was taken. Clinical laboratories perform 
SLCTs in approximately 15–30 min, with additional time 
to reporting results taking up to an hour from sampling 
[8]. Point of care devices for the measurement of tradi-
tional times to blood clotting have been reported as un-
reliable in the diagnosis of ATC [9]. By comparison, point 
of care Viscoelastic Haemostatic Assays (VHAs) have of-
fered the potential for a quicker diagnosis of ATC and 
ongoing monitoring of transfusion requirements based 
on coagulation abnormalities [10]. This is a functional, 
dynamic, and repeatable set of parameters designed to as-
sess clot formation, timing, strength, and dissolution. The 
two most commonly used VHA devices are Thrombo-
elastography (TEG) (Haemonetics®, Boston, USA) and 
Rotational Thromboelastometry (ROTEM) (Tem Inno-
vations GmbH, Munich, Germany). The Automated 
Thromboelastometry (TEM-A) (Framar Biomedica, 
Rome, Italy) is not currently used.

The use of VHA has been associated with mortality 
benefit in other areas of medical and surgical care [11, 12]. 
However, the current published literature has been un-
able to demonstrate a clear and definitive benefit estab-
lished for acute trauma resuscitation due to the lack of 
available and comparable studies [13, 14]. The aim of this 
systematic review was to determine whether the use of 
VHA during trauma resuscitation detects a different pop-
ulation of patients with ATC compared to SLCTs. The 
association of any such difference with patient outcomes 
was explored as secondary outcome measures.

Methods

Information Sources and Search Technique
A systematic search of databases was conducted on the Decem-

ber 2, 2020 to identify relevant manuscripts. This included MED-
LINE, Cochrane Central, Embase, Emcare, BIOSIS, and CINAHL. 

As a result of ATC first appearing in literature in 2003 and the 
relatively novel nature of viscoelastic technology being used in 
trauma, we decided to restrict our search to studies published from 
2000 onwards in all databases and secondary searching. Only hu-
man trials and full-text available manuscripts were included in the 
final review.

In addition to the databases listed above, additional searching 
of bibliographies of included texts, grey literature, websites, and 
registries including; clinical trials.gov, WHO trials registry, LI-
LACs, Hemonetics, and the transfusion library was conducted. 
The study protocol was prospectively registered on Prospero [15].

Eligibility Criteria and Study Selection
We aimed to include randomized control trials (RCTs) as well 

as observational studies. The patient population was adult major 
trauma patients, as defined by individual manuscripts, excluding 
children and animal studies. Amongst these manuscripts, those 
that reported on both VHAs and SLCTs during the trauma resus-
citation were selected. Our outcome measures were the proportion 
of patients with ATC detected on either VHA and SLCT and 
whether the difference in detection was associated with variation 
in blood product use in the first 24 h of admission.

Data Abstraction and Analysis
Two reviewers (EF and BM) independently screened the results 

from the search and collected data according to set of predeter-
mined parameters as per guidance from the study team. The data 
extracted from each article included author, year, country, sample 
size, age range, mechanism of injury, injury severity score, VHA 
model, VHA timing, SLCT tests, and the ATC definition as per the 
VHAs and SLCTs used. Our primary outcome was reported as the 
number of patients identified as coagulopathic with VHA and 
SLCT and the number of those identified as not coagulopathic with 
VHA and SLCT. Other outcomes were documented as per the au-
thors’ reported results in the manuscript.

Two authors (EF and BM) independently assessed the risk of 
bias from the included studies as per the Newcastle-Ottawa II Scale 
[16]. Each manuscript was rated to establish the risk of bias from 
the selection processes, measurement acquisition, result reporting 
procedures, and loss to follow-up.

Among the included studies that reported on all major trauma 
patients, we performed a meta-analysis to assess the differential 
diagnosis of ATC between VHA and SLCTs. Manuscripts that re-
ported on selected subgroups of injured patients, e.g., traumatic 
brain injury, were excluded from the meta-analysis. Data were an-
alysed using STATA v 15.1 (College Station, TX, USA). A random-
effects model was used to account for the assumption that the 
study effect estimates would show more variance than when drawn 
from a single population. To accommodate this assumption and 
minimize the imprecision of the effect estimations, the pooled 
odds ratios were analysed using the DerSimonian-Laird methods 
and reported with 95% confidence intervals. Statistical heteroge-
neity was assessed using the χ2 test.

Results

The search yielded 2,579 studies after removal of du-
plicates, of which 47 articles fulfilled criteria for inclusion. 
The results of the search and respective levels of screening 
are outlined in the PRISMA flowchart in Figure 1 [17].
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Of those 47 articles, there were only 15, comprising of 
2,715 patients, which had published data that could be 
used to quantitatively assess our primary outcome [18–
32]. There was one RCT identified and remaining manu-
scripts were either retrospective or prospective observa-
tional studies of moderate methodological quality. De-
scriptions of the 15 included study characteristics are 
presented in Table 1. Therefore, the remaining 32 manu-
scripts were excluded from this analysis as they did not 
numerically report on the detection rates of ATC between 
VHA and SLCT [33–64]. The characteristics of these 
studies are outlined in Table 2.

Five of the studies used VHA-guided resuscitation, in-
corporating the results into their treatment algorithms. 

Baksaas-Aasen et al. [32] compared TEG-, ROTEM-, and 
SLCT-guided resuscitation protocols in the RCT for im-
plementing treatment algorithms for the correction of 
trauma induced coagulopathy (iTACTIC). Gratz et al. 
and Bouzat et al. [27, 31] used ROTEM-guided resuscita-
tion with SLCTs performed in conjunction for clinical 
assessment. Zwinkels et al. [18] applied two different pro-
tocols separately to compare ROTEM-guided treatment 
with SLCT-guided treatment. Tauber et al. [20] used ei-
ther SLCTs, ROTEM or both to guide clinical practice. 
Amongst the other studies, treatment was guided by 
SLCTs and traditional resuscitation protocols, with the 
VHA results obtained only for research purposes and not 
provided to the treating doctors [19, 21, 23, 25, 26, 29, 30]. 

Fig. 1. Selection of studies, PRISMA flow 
diagram.
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Table 1. Description of included studies for systematic review

Article Study design N Population VHA model SLCT test

Baksaas-Aasen et al. 2020 UK 
[32]

Randomized Control Trial 396 Age: 18+ years
ISS: 26 (17–36)
Blunt/Penetrating (%): 
67/33%

ROTEM + TEG (model 
not specified)

INR, fibrinogen, 
platelets

Bouzat et al. 2019 Germany, 
France [31]

Multi-centre Retrospective 
Cohort

149 Age: 18+years
ISS: 28 (20–42)
Blunt/penetrating (%): 
62/38%

ROTEM Delta + ROTEM 
Sigma

INR and/or 
fibrinogen

Cohen et al. 2019 Afghanistan 
[30]

Prospective Cohort study 40 Age: 16+ years
ISS: 22 (14–27)
Combat

ROTEM (model not 
specified)

INR

Doran et al. 2010 UK [29] Prospective cohort study 31 Age: 18+ years
Combat

ROTEM (model not 
specified)

PT, aPTT

Gozal et al. 2017 USA [28] Retrospective cohort 190 Age: 18+ years
TBI only
Anticoagulant use 9%

TEG (model not 
specified)

Not specified

Gratz et al. 2019 [27] Multi-centre Prospective 
Cohort

32 Age: 18+ years
ISS: 43 (26–50)
TBI only

ROTEM Sigma INR, aPTT, 
fibrinogen

Jeger et al. 2009 Switzerland 
[26]

Prospective Cohort study 20 Age: 16+ years
ISS: 29 (16–65)
Blunt/penetrating (%): 
100/0%

TEG 5000 INR, TT, aPTT, 
platelet count

Plotkin et al. 2008 USA [24] Retrospective Cohort 44 Age: unspecified
ISS: 21 +/− 9.4
Blunt/penetrating (%): 
0/100%
Combat

TEG 5000 aPTT, PT, INR

Schochl et al. 2011 Austria [23] Retrospective cohort 88 Age: 15+ years
ISS: 20 (16–26.25)
TBI only

ROTEM (model not 
specified)

PT, aPTT, 
fibrinogen, 
platelet count

Subramanian et al. 2014 India 
[22]

Retrospective cohort 150 Age: 16+ years
ISS: 28.4 +/− 11.3

TEM-A PT and aPTT and/
or INR

Sumislawski et al. 2019 USA 
[21]

Prospective cohort 839 Age: 18+ years
ISS: 10 (2–26)
Blunt/penetrating (%): 
51/49%

TEG 5000 INR, aPTT

Tauber et al. 2011 Austria [20] Prospective cohort 334 Age: 18+ years
ISS: 34 (24–45)
Blunt/penetrating (%): 
100/0%
Polytrauma patients

ROTEM (model not 
specified)

INR, aPTT, 
fibrinogen, 
plaelet count

Tonglet et al. 2018 Belgium
[19]

Prospective cohort 50 Age: 14+ years
ISS: 13 (9–20)

ROTEM (model not 
specified)

INR, fibrinogen

TurMartinez et al. 2018 Spain 
[25]

Retrospective cohort 230 Age: 15+ years
ISS: 10 (1–54)
Blunt/penetrating (%): 
96/4%
Polytrauma patients
Anticoagulant use 15%

TEG (model not 
specified)

INR, aPTT, PT
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The remainder did not report whether the VHA results 
were available to the treating team or not [22, 24, 28].

To undertake a meta-analysis of observational data ex-
ploring the differential diagnosis of ATC, we excluded the 
manuscripts by Gozal, et al., Gratz, et al., and Schochl et 
al. [23, 27, 28] as the populations had been restricted to 
traumatic brain injury (TBI) patients only. Additionally, 
we excluded the manuscript by Plotkin, et al. [24] as the 
population only included patients suffering from pene-
trating injuries [24]. Finally, the RCT by Baksaas-Aasen 
et al. [32] was excluded from a meta-analysis combining 
observational studies.

The risk of bias assessment for the observational arti-
cles included in the meta-analysis is presented in Table 3 
[16]. As per the Newcastle-Ottawa II Scale, the manu-
scripts were rated as good, fair or unclear, with seven 
manuscripts rated good [19–22, 25, 26, 31], and three as 
fair quality [18, 29, 30].

The results of the meta-analysis are shown in Figure 2. 
There was significant statistical heterogeneity detected 
among manuscripts (p < 0.001), which was adjusted for 
using random-effects model. The pooled odds ratio for 
ATC favoured VHA, where viscoelastic testing was asso-
ciated with higher odds of diagnosing ATC (pooled OR 
2.4; 95% CI: 1.4–4.1).

There were four studies included in our analysis that 
reported a significant benefit in using VHAs to detect the 
presence of coagulopathy, demonstrating either signifi-
cant association with the corresponding SLCT parame-
ters or a comparable negative predictive value (NPV) [19, 
20, 23, 26]. Sumislawski et al. [21] reported no significant 
diagnostic benefit and supported the combined use of 
VHAs and SLCTs, as the SLCTs were able to identify 
acutely coagulopathic patients with the highest mortality. 
Subramanian et al. reported that the diagnostic accuracy 
of ROTEM increased from 46.6% to 66% when using a set 
of values predetermined by prior research of the specified 
population, instead of using the manufacturers ranges 

[22]. The manufacturers’ ranges for ROTEM and TEG 
are presented in Table 4.

Additionally, another six articles reported on the rela-
tionship with blood product consumption. Cohen et al. 
reported the use of ROTEM increased the identification 
of patients requiring a massive transfusion by 22%, and 
had a higher sensitivity than using an INR >1.2 [30]. Ton-
glet et al. [19] determined a normal ROTEM was able to 
rule out patients at risk of needing >5 units RBC and >3 
units plasma in 24 h as well as 30-days mortality with a 
NPV of 100% and 95.2%, respectively [19]. Plotkin et al. 
[24] found that the TEG parameters were more accurate-
ly able to indicate blood product requirements than 
SLCTs and the combined use of TEG, platelet count and 
haematocrit could guide transfusion. Tauber et al. [20] 
demonstrated that ROTEM MCF was significantly asso-
ciated with reduced risk for RBC transfusion. Zwinkels et 
al. [18] compared VHA-guided resuscitation with SLCT-
guided resuscitation and discovered that whilst fibrino-
gen, platelets, and calcium were given more frequently, 
the rate of plasma transfusions decreased with VHA-
guided care. The iTACTIC trial found that patients in the 
VHA group were more likely to receive a study interven-
tion of blood or blood product than their SLCT group 
counterparts (VHA 67% vs. SLCT 36%) [32]. It was also 
reported that the VHA group received those study inter-
ventions on average 21 min earlier than the SLCT group. 
The VHA group received more fibrinogen supplementa-
tion. However, at 24 h there was no significant difference 
in the rate of massive transfusion with an odds ratio of 
1.15 and 95% confidence interval of 0.76–1.73. Except in 
a subgroup analysis of TBI patients, there was an im-
provement in 28-day mortality in VHA patients [32].

There were 3 studies using ROTEM that reported on 
early mortality risk or 30-days survival [19, 20, 23]. How-
ever, in a comparison of VHA and SLCT-guided resusci-
tation, Zwinkels et al. [18] demonstrated no significant 
benefit on 30-days mortality, and ICU or hospital length 

Article Study design N Population VHA model SLCT test

Zwinkels et al. 2020 
Netherlands [18]

Retrospective cohort 122 Age: 18+ years
ISS: 34 (27–48)
Blunt/penetrating (%): 
55/45%
Polytrauma + Massive 
transfusion patients

ROTEM Delta INR

VHA, viscoelastic haemostatic assays; SLCT, Standard Laboratory Coagulation Tests; ISS, injury severity score – reported as either median 
(Interquartile range) or mean +/− standard deviation; TBI, traumatic brain injury, TEG, thromboelastography; ROTEM, rotational 
thromboelastometry; TEM-A, automated thromboelastometry; aPTT, activated partial thromboplastin time; PT, prothrombin time; INR, 
international normalized ratio.

Table 1 (continued)
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Table 2. Description of included studies for full-text review but excluded from analysis

Article Study Design N Population VHA model SLCT test

Albert et al. 2019 India [33] Prospective cohort 58 Age: 18+
Isolated severe TBI, GCS <8

TEM-A PT, aPTT, INR

Baksass-Aasen et al. 2019 UK 
[34]

Multi-centre prospective 
cohort

2,287 Age: 18+
ISS: 13 (5–25)
Blunt/Penetrating (%): 85/15%

ROTEM Delta, 
TEG 5000

INR, aPTT, 
fibrinogen, platelets

Coleman et al. 2018 USA [35] Prospective cohort 343 Age: 18+
NISS:18 (6–34)
Blunt/Penetrating (%): 52/48%

TEG 5000 INR, aPTT, 
fibrinogen, platelets

Cotton et al. 2011 USA [36] Prospective cohort study 272 Age: 18+
ISS: 14 (8–25)
Blunt/Penetrating (%): 72/28%

TEG 5000 PT, aPTT, INR, 
platelet

Davenport et al. 2011 UK [37] Prospective cohort study 300 Age: 15+
ISS: 12 (4–25)
Blunt/Penetrating (%): 79/21%

ROTEM 
(model not 
specified)

PT, platelets, 
fibrinogen

David et al. 2016 France [38] Retrospective cohort study 358 Age: 18+
ISS: 26 (17–34)
Blunt/Penetrating (%): 94/6%

ROTEM 
(model not 
specified)

INR, aPTT, 
fibrinogen, platelets

Gonzalez et al. 2016 USA [39] RCT 111 Age: 18+
ISS: 47.5 (22–59)
Blunt/Penetrating (%): 68/32%

TEG (model 
not specified)

INR, aPTT, 
fibrinogen, platelets

Guth et al. 2019 France [40] Retrospective cohort + 
prospective cohort 
comparison

372 Age: 18+
ISS: 28 (18–38)
Blunt/Penetrating (%): 93/7%

ROTEM Delta PT, aPTT, fibrinogen

Holocomb et al. 2012 USA [41] Retrospective cohort study 1,974 Age: 18+
ISS: median 17

TEG 5000 PT, aPTT, INR

Hota et al. 2019 USA [42] Retrospective cohort 118 Age: 18+
ISS: mean 16
Anticoagulated + TBI patients

TEG (model 
not specified)

Not specified

Jeger et al. 2012 Switzerland 
[43]

Prospective cohort study 76 Age: 16+
ISS: mean 18
Blunt/Penetrating (%): 83/17%

TEG 5000 aPTT, INR, TT

Johansson et al. 2009 Denmark 
[45]

Retrospective cohort study 832 Age: 15+
MT patients

TEG (model 
not specified)

Platelets, aPTT, INR

Johansson et al. 2013 Denmark 
[44]

Prospective cohort study 182 Age: 18+
ISS: 17 (9–26)
Blunt/Penetrating (%): 92/8%

TEG 5000 INR, aPTT, platelets, 
fibrinogen

Kashuk et al. 2009 USA [46] Retrospective cohort 44 Age: 18+
ISS: 29 (23–35)
Blunt/Penetrating (%): 80/20%

TEG 5000 INR, fibrinogen, 
platelet

Kashuk et al. 2012USA [47] Prospective cohort study 68 Age: 18+
Blunt/Penetrating (%): 68/32%
MT patients

TEG 5000 INR, aPTT

Kobayashi et al. 2018 USA [48] Prospective cohort study 182 Age: 18+
ISS: 9 (4–13)
Anticoagulated trauma patients

TEG (model 
not specified)

aPTT, INR

Lammers et al. 2020 USA [49] Retrospective cohort study 3,320 Age: 18+
ISS: median 18.8
Blunt/Penetrating (%): 84/16%
Combat patients
Male: 98%

ROTEM 
(model not 
specified)

INR

Leemann et al. 2010 [50] Retrospective cohort study 53 Age: 18+
ISS: 31.1 +/− 1.7
Blunt/Penetrating (%): 100/0%

ROTEM 
(model not 
specified)

INR, aPTT, platelets
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Article Study Design N Population VHA model SLCT test

Mohamed et al. 2017 USA [51] Retrospective cohort study 134 Age: 18+
ISS: mean 29
Blunt/Penetrating (%): 63/37%
MT patients

TEG 5000 Not specified

Nystrup et al. 2011 Denmark 
[52]

Retrospective cohort 89 Age: 18+
ISS: 21 (19–23)
Blunt/Penetrating (%): 85/15%

TEG (model 
not specified)

aPTT, INR, platelets

Peng et al. 2019 Canada [53] Prospective 45 Age: 18+ TEG 5000, 
ROTEM Delta

INR, PT, aPTT, 
fibrinogen, platelets

Pezold et al. 2012 USA [54] Retrospective cohort study 80 Age: 15+
ISS: 29 +/− 1
Blunt/Penetrating (%):38/62%

TEG 5000 INR, aPTT

Prat et al. 2017 Afghanistan 
[55]

Retrospective Cohort 219 Age: 18+
ISS: 21 (14–29)
Blunt/Penetrating (%): 16/84%
Combat patients

ROTEM Delta INR, platelets

Rugeri et al. 2007 France [56] Prospective cohort 88 Age: 18+
ISS: 22 (12–34)

ROTEM 
(model not 
specified)

INR, PT, aPTT, 
fibrinogen, platelets

Schochl et al. 2010 Austria [57] Retrospective cohort 131 Age: 18+
ISS: 38 +/− 15
MT patients

ROTEM
 (model not 
specified)

Fibrinogen, aPTT, PT

Smith et al. 2020 USA [58] Retrospective cohort 301 Age: 18+
ISS: >15
Blunt/Penetrating (%): 89/11%

ROTEM 
(model not 
specified)

INR

Stettler et al. 2018 USA [59] Prospective cohort 222 Age: 18+
NISS: 46.5 (38–57)

ROTEM, TEG 
(model not 
specified)

INR, aPTT

Tapia et al. 2013 USA [60] Retrospective cohort 289 Age: 18+
ISS: 23+/− 14
Blunt/Penetrating (%): 34/66%
MT patients

TEG (model 
not specified)

Not specified

Unruh et al. 2019 USA [61] Retrospective cohort 67 Age: 18+
ISS: 26.7 +/− 14.7
Blunt/Penetrating (%): 76/24%
MT patients

TEG 5000 PT, INR, fibrinogen

Van Wessem et al. 2017 
Netherlands [62]

Prospective cohort 135 Age: 18+
ISS: 29 (22–38)
Blunt/Penetrating (%): 96/4%
ICU polytrauma patients

TEG (model 
not specified)

aPTT, PT, platelets

Walters et al. 2018 Australia 
[63]

Retrospective cohort 326 Age: 18+
ISS: median 22
ICU trauma patients

ROTEM 
(model not 
specified)

Not specified

Yin et al. 2014 China [64] Retrospective cohort 60 Age: 18+
ISS: 15.2 +/− 6.9
Blunt/Penetrating (%): 83/17%
Abdominal trauma

TEG 5000 INR, aPTT

VHA, viscoelastic haemostatic assays; SLCT, standard laboratory coagulation tests; ISS, injury severity score – reported as either median 
(Interquartile range) or mean +/− standard deviation; NISS, new injury severity score; TBI, traumatic brain injury; TEG, thromboelastography; 
ROTEM, rotational thromboelastometry; TEM-A, automated thromboelastometry; aPTT, activated partial thromboplastin time; PT, 
prothrombin time; INR, international normalized ratio; ICU, intensive care unit.

Table 2 (continued)
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of stay with VHA. The iTACTIC randomized control tri-
al (RCT) found no significant difference between VHA 
and SLCT groups in the rate of multiple organ failure, 
number of ventilator-free or ICU-free days, hospital 
length of stay, quality of life scores, and cause of death 
profiles [32]. Additionally, they reported that at 24 h, 28 
days, and 90 days, there remained no significant differ-
ences in the mortality rate.

Discussion

This systematic review demonstrated that the use of 
VHAs was associated with a higher proportion of patients 
being diagnosed with ATC when compared to SLCTs. 
Whilst there was some indication that VHAs may lead to 
a reduction in blood and blood product use, benefits on 
patient outcomes were not conclusive and could not be 
demonstrated from the only RCT on the topic. The clini-
cal significance of early detection of abnormalities on vis-
coelastic measures of blood clotting is therefore ques-
tioned.

The variability of VHA tools including ROTEM Sig-
ma, ROTEM Delta, TEG 5000 versus TEG 6 s and TEM-
A added to the heterogeneity of the observations. Addi-
tionally, blood was obtained at different times after injury 
for analysis and this was not always reported on in the 
included articles. Some authors repeated the assay at ei-
ther the clinician’s discretion or at regular intervals, 
where others simply obtained the initial result for diag-
nostic purposes. There was also a variation in whether the 
VHA results were available to the treating clinicians, re-
search team only or used as the primary method for guid-
ing resuscitation efforts. Those studies that implemented 
VHA-guided protocols registered an adherence rate of 
65–92%, potentially reducing the number of eligible pa-
tients from which to draw significant conclusions [18, 
27].

Adding to the heterogeneity of VHA measurement 
tools and timing, there was variability in the definition of 
ATC by the VHAs and SLCTs. Many studies used a num-
ber of arbitrary thresholds to determine the diagnosis of 
ATC. These introduce significant clinical heterogeneity 
to this review (online suppl. Material; for all online suppl. 
material, see www.karger.com/doi/10.1159/000526217). 
The VHA ranges used were either provided by the manu-
facturers, a result of author experience, or predetermined 
for the specific patient population. Subramanian et al. 
[22] found an improved diagnostic accuracy using values 
created against a gold-standard SLCT in their laboratory 
rather than the ROTEM manufacturer reference set. This 
may impact the comparison of studies between specific 
trauma populations if the reference ranges also vary in 
cut-offs and efficacy.Ta
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In recent observational studies, an overall reduction in 
transfusion rates has been demonstrated using VHA-
guided treatment [45, 51, 55, 61, 64]. Some evidence com-
paring various TEG and ROTEM measurements to 

SLCTs suggests the ability to forecast outcomes and pre-
dict transfusion requirements [19, 20, 24, 35–37, 50, 52, 
58, 59]. A systematic review published in 2016, identified 
that the ROTEM measurements for clot amplitude at 5 

Table 4. VHA manufacturer reference ranges [65, 66]

ROTEM

parameter CT (s) CFT (s) alpha angle, ° A10, mm MCF, mm LI30, n (%)

EXTEM 38–79 34–159 63–83 43–65 50–72 94–100

INTEM 100–240 30–110 70–83 44–66 50–71 94–100

HEPTEM 100–240 30–110 70–83 44–66 50–71 94–100
Comparison with INTEM. A better clot formation in HEPTEM as compared with INTEM indicates the presence of 
heparin or heparin-like anticoagulants in the sample

APTEM 38–79 34–159 63–83 43–65 50–72 n/a
Comparison with EXTEM. A better clot formation in APTEM as compared with EXTEM is a sign of hyperfibrinolysis

FIBTEM n/a n/a 30–70 7–23 9–25 n/a

TEG

parameter R value, min K time, min alpha angle, ° A10, mm MA, mm LY30, n (%)

CK-TEG 4.6–9.1 0.8–2.1 63–78° n/a 52–69 0–2.6

Citrated Kaolin TEG (CK-TEG), EXTEM, INTEM, HEPTEM, APTEM, and FIBTEM refer to the different reagents used to assess various clot 
dynamics. CT, clotting time; CFT, clot formation time; MCF, maximum clot firmness; A10, clot amplitude at 10 min; LI30 & LY30, clot lysis at 
30 min, R value, reaction time; K time, kinetics; MA, maximum amplitude.

Fig. 2. Meta-analysis of studies assessing general trauma patients.
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min (CA5) and maximum clot firmness (MCF) were able 
to predict transfusion requirements and mortality [65]. 
These analyses pose an issue in application of such statis-
tical predictions in a clinical setting that is highly variable, 
dynamic, and fast-paced, often with unstable patients. It 
is common practice to identify this correlation using 
VHA results only obtained for research purposes in pa-
tients treated according to their SLCT results. In 2013, 
Johansson et al. discovered that when they compared 
TEG parameters obtained during TEG-guided resuscita-
tion, it weakened the statistical signal for prediction of 
mortality and massive transfusion [44].

Whilst the iTACTIC trial saw a 1.8 times increase in 
the number of interventions given in the VHA group, 
they were unable to ascertain whether those additional 
therapies provided were able to effectively correct the co-
agulopathy and achieve haemostasis [32]. Furthermore, 
the iTACTIC trial demonstrated increased fibrinogen 
supplementation in the VHA treated patients. This may 
be due to the time delay in SLCTs identifying low fibrino-
gen levels compared to VHAs, resulting in faster and 
more frequent detection of low fibrinogen and subse-
quent supplementation. However, it is important to con-
sider that the iTACTIC trial assessed VHA groups using 
both TEG and ROTEM devices combined, but research 
shows that the fibrinogen-based clot integrity levels re-
ported are different between the two devices. This indi-
cates that the potential of VHAs overall to guide fibrino-
gen supplementation therapy without factoring in this 
difference may lead to inconsistent and/or inaccurate 
treatment [66].

In regards to mortality, several articles from 2010 to 
2020 showed a trend towards increased survival when 
using VHA-guided treatment [44, 45, 49, 60], but equal-
ly as many studies displayed no significant benefit [18, 
40, 42, 47, 51, 62]. A previous study by Mohammed et al. 
reported only a significant decrease in mortality for pa-
tients <30 years old and none overall [51]. They also not-
ed that repeating TEGs had no impact on survival. There 
are two published RCTs on VHA in trauma, one shows 
rapid-TEG-guided treatment led to an improved 28-day 
survival and decreased the rate of early haemorrhage 
[39], whereas the most recent multi-centre RCT con-
cludes no difference in the mortality and massive trans-
fusion outcomes [32]. A recent publication by Lammers 
et al. [49], showed a 57% reduction in overall mortality 
after implementing ROTEM in trauma [49]. In this anal-
ysis the reported benefit for 24 h, 30-days and overall 
mortality with VHA use was inconsistent amongst the 
studies comparing the VHA- and SLCT-guided resusci-
tation. Therefore, whilst an identifiable trend is evident 
in the literature, no further conclusions can be made 
from this study.

This systematic review was limited in only including 
one RCT, the wide heterogeneity of repeatable VHA 
techniques, inconsistent data reporting and lack of com-
parable definitions for ATC and massive transfusion. 
Unfortunately, the only other RCT on VHA in trauma by 
Gonzalez et al. [39] did not have data available on the 
proportion of patients with and without coagulopathy in 
each of the two groups, and could not be included in the 
analysis. Furthermore, there were a handful of studies 
that focused on certain subgroups of trauma, being TBI 
[23, 27, 28], penetrating injury [24], anticoagulant usage 
[25, 28], and combat setting [24, 29, 30]. This is not an 
accurate reflection of the distribution of patients in a 
large portion of civilian trauma hospitals. Additionally, 
there is an evident link between TBI and coagulopathy, 
although it is not clear if this predisposes to ATC or is a 
separate phenomenon [67, 68]. The iTACTIC trial re-
ported an unexpected finding of mortality improvement 
in subgroup analysis of TBI patients in the VHA group. 
This may indicate an area for future improvement in 
trauma care as TBI has typically been excluded on the 
basis that it is unlikely to be affected by changes to hae-
mostatic management due to severity and underlying pa-
thology [32].

One of the more practical considerations in compar-
isons of VHA- and SLCT-guided resuscitations is the 
cost of implementing new treatment modalities. Whilst 
none of our included studies directly reported on the 
cost effectiveness of VHA in their analysis, a 2015 UK 
study compared the costs of the TEG and ROTEM de-
vices available at the time and concluded that the cost 
effectiveness of the VHA devices dominated the SLCTs. 
The estimated cost savings were £688 for ROTEM and 
£721 for TEG when compared to the SLCTs. It is, how-
ever, worth noting that the authors had minimal access 
to data on the effectiveness of VHA in trauma and so 
the results were more “indicative of the potential cost-
effectiveness” rather than definitive for trauma patients 
[69].

The retrospective studies were at risk of selection bias 
in that they did not assess patients with clinical signs of 
bleeding and may have missed those who were coagulo-
pathic and not bleeding and vice versa. In regard to the 
multi-centre articles, Sumislawski et al. [21] noted that 
they did not have identical transfusion protocols between 
the two centres for accurate collation and comparison of 
data. Moreover, there was distinct statistical heterogene-
ity from variation in sample size between included manu-
scripts. The marked variation in literature, combined 
with scarcity of studies, leads to poor clinical applicabil-
ity and decidedness on the ability of VHA to improve 
outcomes in trauma.
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Conclusion

The current literature on detection of ATC by VHA is 
predominantly observational and displays variability re-
garding the utility of VHA. Use of VHAs during trauma 
resuscitation detected higher rates of ATC, faster time to 
results, and the potential to anticipate massive transfu-
sions. However, the clinical significance of findings of ab-
normalities remains unknown. Prospective trials that 
combine investigations towards ATC with evidence-
based therapeutic strategies may further elucidate the 
benefits of early investigations.
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Abstract
Background: The application of blood concentrates has 
gained popularity in dentistry in recent years. Platelet-rich 
fibrin (PRF) has been discussed frequently due to a high con-
tent of growth factors and the option of chair-side manufac-
turing in a simple centrifugation process. PRF is free from 
adjuvants and inexpensive to produce. The number of stud-
ies reporting beneficial effects of PRF in various clinical ap-
plications such as alveolar ridge preservation, sinus floor el-
evation, management and prevention of medical-related os-
teonecrosis of the jaw, third molar extractions, and guided 
bone regeneration in dentistry has increased recently. How-
ever, to date, neither clinical recommendations nor guide-
lines are available. The present narrative review aims to sum-
marize the level of evidence on the clinical application of PRF 
within the field of oral surgery and implantology. Summary: 
A literature search in Pubmed and Medline has identified 34 
articles as a basis for this narrative review. The effectiveness 
of the clinical application of PRF has been analyzed for five 
indications within dentistry: medical-related osteonecrosis 
of the jaw, wisdom tooth extraction, guided bone regenera-
tion, sinus floor elevation, and alveolar ridge preservation. 
The amount of data for third molar extractions, socket pres-

ervation, and guided bone regeneration is extensive. Less 
data were available for the use of PRF in combination with 
sinus floor elevations. There is a lack of studies with scien-
tific evidence on PRF and medical-related osteonecrosis of 
the jaw; however, studies positively impact patient-related 
outcome measures. Most studies report on beneficial effects 
when PRF is additionally applied in intrabony defects. There 
is no evidence of the positive effects of PRF combined with 
bone graft materials during sinus floor elevation. However, 
some benefits are reported with PRF as a sole filling material. 
Key Messages: Many recently published studies show the 
positive clinical impact of PRF. Yet, further research is need-
ed to ensure the validity of the evidence.

© 2022 The Author(s).
Published by S. Karger AG, Basel

Introduction

Blood concentrates have a lengthy history in dentistry 
and started with fibrin glues. The idea of this product is 
simple. Blood presence and its contents around the 
wound have always been the key to proper healing. Thus, 
establishing a blood clot at surgical sites appears to sup-
port natural healing processes [1–3].

The first described autologous platelet product used in 
dentistry was platelet-rich plasma (PRP) [4, 5]. It is pro-
duced in two centrifugation steps, depending on the ap-
plied protocol [6]. Platelets get activated by adding throm-

This is an Open Access article licensed under the Creative Commons 
Attribution-NonCommercial-4.0 International License (CC BY-NC) 
(http://www.karger.com/Services/OpenAccessLicense), applicable to 
the online version of the article only. Usage and distribution for com-
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bin, usually of bovine descent, as well as calcium chloride 
or a combination of both. As a result, a liquid substance is 
fabricated. With certain technologies, its viscosity can be 
changed [6]. It contains approximately 5 times more 
platelets than noncentrifuged, natural blood and a variety 
of key growth factors that accelerate wound healing and 
tissue remodeling [7]. PRP stimulates certain cells’ prolif-
eration and differentiation, such as osteoblasts [4, 8]. It 
supports healing processes [9] and interacts with physio-
logical processes, especially in the first days after surgeries, 
to prevent serious complications, like ankylosis [10]. PRP 
has been considered safe in clinical application with a low-
risk of infections and allergies [11]. PRP further allows 
bleeding management during the treatment of patients 
with anticoagulant medications [12]. Despite all these 
positive effects, there are some limitations. In the litera-
ture, there are opposing results reported on the effects of 
PRP, especially on the promotion of bone healing [13–15]. 
In addition, PRP releases growth factors only once, right 
when it is applied [2]. Another disadvantage is its prepara-
tion, which requires time due to the two-step centrifuga-
tion process. As a result, PRP seems rather unlikely to be-
come a routine clinical practice in the future [13].

More than 10 years ago, Choukroun et al. [16] intro-
duced platelet-rich fibrin (PRF). PRF is the first platelet 
concentrate easily generated in a single-stage centrifuga-
tion process free of anticoagulants [17] (see Fig. 1). PRP 
clots’ size is rather small compared to PRF [13]. The ma-
trix of PRF tends to be more penetrable than the one of 
PRP. This might ease the release of growth factors and 
other important substances of the wound healing cascade. 

Also, its permeability for cells simplifies the organization 
of the wound healing process [1, 3, 18]. There are two con-
sistencies of PRF-solid [19] and liquid [20]. In oral sur-
gery, the solid version of PRF is preferably often and spe-
cially used as a membrane, for example, to cover bone sub-
stitute in bone augmentation procedures. Membranes can 
be created by pressing PRF-clots with a plate [21]. With 
certain centrifugation protocols using glass tubes or silica-
coated tubes, PRF forms as a solid clot. Being weighted 
with a panel PRF turns into a stable membrane used for 
guided bone regeneration (GBR) procedures in various 
trials [22, 23]. Further cylindric clots are frequently used 
for alveolar ridge preservation techniques or as filling ma-
terial in cyst cavities [23]. Due to the centrifugation pro-
cess, three fractions are visible: acellular plasma, fibrin, 
and erythrocytes on the bottom [21]. PRF consists of var-
ious blood cells, growth factors, and fibrinogen which play 
a crucial role in natural healing processes [21, 23]. The cell 
composition of PRF includes: platelets, lymphocytes, 
monocytes, neutrophils, and basophiles [24].

The complex process of wound healing can be parti-
tioned into several overlapping phases. After the immedi-
ate excess of blood to flush out the wound, the hemostasis 
and coagulation cascade are initiated. Surrounding ves-
sels contract for a few min and platelets initiate the forma-
tion of a clot as a temporary matrix. This active matrix 
involving fibrin acts as a storage for invading cells. Ves-
sels dilate, leukocytes enter the wound stimulated by ac-
tivated platelets and their growth factor release. The in-
flammatory phase is initiated by release of IL-1 and IL-6 
[25]. TGF-β1 regulates inflammatory processes and the 

Fig. 1. PRF creation.
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synthesis of collagen type III [25–27], and VEGF leads to 
new blood vessel formation and stabilization. VEGF fur-
ther supports the proliferation and division of fibroblasts 
and endothelial cells. New bone formation seems to be 
enhanced [28, 29]. Neutrophils perform wound cleansing 
during inflammatory phase by phagocytosis and secre-
tion of proteinases. Monozytes differentiated to macro-
phages participate in the process of wound debridement 
and trigger the proliferative phase through the release of 
TGF-β, PDGF, and VEGF. Additionally, they act as anti-
gen-presenters [25, 30] with the aim of granulation tissue 
formation; vessels grow in the proliferative phase. Colla-
gen synthesis is aiming to close the wound in the first 
place and to decrease again as keratinocytes start re-epi-
theliazation. Finally, collagenases and elastases are re-
leased to dissolve intercellular bonds and restore the per-
meability of the tissue. Dense new formed vascular nets, 
granulocytes, macrophages, fibroblasts, and collagen 
bundles are the main components of the granulation tis-
sue developed. During remodeling, collagen type III is 
exchanged to more robust collagen type I [25].

The PRF-clots head describes the part which is abutted 
in the red blood cells after the centrifugation process. Along 
the border, authors describe a high leukocyte content [28].

Complications stimulate the development of new 
methods. In recent years, the topic of PRF has reached 
interest in the field of clinical research. The number of 
published articles in dentistry has grown. Ghanaati et al. 
have summarized the first 15 years of PRF in a system-
atic review [31], The quantity of publications and reports 
on the application of PRF in dental surgery and tissue re-
generation has significantly increased and deepened. The 
number of articles indexed in Pubmed related to the key-
word combination “platelet-rich fibrin” AND “oral sur-
gery” has expanded exponentially since 2006 from 8 pub-
lications to 125 publications in 2021. However, no clinical 
recommendations or guidelines for indications and clin-
ical protocols can be extracted. Therefore, the present 
narrative review aims to give an overview of the current 
level of evidence on the application of PRF within the field 
of dentistry and the regeneration of oral tissues.

Main Text

Materials and Methods
Literature search has been conducted via Pubmed and 

Medline. The following keywords have been used: “PRF” 
AND “Third molar” OR “SOCKET PRESERVATION” 
OR “SINUS FLOOR ELEVATION” OR “STICKY BONE” 
OR “GUIDED BONE REGENERATION” OR “ALVEO-
LAR RIDGE PRESERVATION” OR “MRONJ.”

PICO approach has been applied to verify the current 
knowledge effect of PRF in oral surgery.

Population
Adult human beings receiving third molar extractions, 

socket preservation, alveolar ridge preservation, sinus 
floor elevation, GBR, or a surgical intervention due to os-
teonecrosis of the jaw.

Intervention
Randomized clinical trial (RCTs)/case series/cohort 

studies/prospective studies or retrospective studies with 
additional application of PRF in oral surgery.

Comparison
RCTs/case series/cohort studies/prospective studies 

or retrospective studies without application of PRF in oral 
surgery.

Outcome
Healing of soft tissue, healing of hard tissue, the pa-

tient-centered outcome such as pain.

Inclusion Criteria
In vivo studies, RCTs, case series, cohort studies, pro-

spective studies, retrospective studies, only studies pub-
lished between 2018 and 2021. Ghanaati et al. summa-
rized relevant clinical data about PRF in the field of den-
tistry up to 2017 [31].

Exclusion Criteria
Reviews, animal studies, in vitro studies, studies pub-

lished in languages other than English (see Fig. 2).
Scientific evidence, according to the US Agency for 

Healthcare Research and Quality, has been classified (see 
Table 1).

Third Molar Extractions
The extraction of wisdom teeth is a frequently per-

formed oral surgical intervention potentially causing dis-
tress in patients. This may be related to possible postop-
erative complications such as trismus, pain, and severe 
swelling, which are usually more frequent than infections, 
alveolar osteitis, and sensibility disorders [33]. In order to 
improve patients’ postsurgical outcomes in regard to 
swelling, trismus, and pain, filling the defect with a PRF 
clot has been described in the literature [34].

Out of 22 articles published since 2018, only eight 
studies have been selected for this review. This selection 
is due to the number of patients, follow-up rate, and ex-
amination parameters. Studies with at least 20 patients 
were included. In total, a number of 315 patients were 
involved in the mentioned articles. Follow-up in the first 
week to report pain and swelling results up to 6 months 
to assess bone healing was included. Parameters investi-
gated in the use of PRF for wisdom tooth removals are 
most likely pain assessment [29, 35–41], level of swelling 
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[29, 35–37, 39, 41], effect on trismus [29, 41], the inci-
dence of alveolar osteitis [38], soft tissue healing [29, 35, 
39–41], and bone healing [29, 35–37, 39–41]. A follow-up 
to evaluate pain, swelling, trismus has been reported 
within the first postsurgical week. Incidence of alveolar 
osteitis and soft tissue healing has been examined in the 
first 3 months. Evaluation of bone healing has been per-
formed generally after three to 6 months [29, 35–41]. All 
included studies are designed as split-mouth studies. 
Lower impacted third molars have been extracted, and in 
test groups, the alveolus has been filled with PRF, and 

control sides have been left for conventional healing. 
Gupta et al. [29] found significantly better results con-
cerning pain, trismus, swelling, and soft tissue healing at 
day 3 in the PRF group (p < 0.05). Several other groups 
also observed reduced pain in the test group [29, 36–39, 
41]. Multiple research teams examined less swelling in the 
first postsurgical week [36–39, 41]. Only one group, Ritto 
et al. [40] notified no statistically significant difference 
between test and control group related to pain and soft 
tissue healing. Additionally, Gupta et al. [29] showed that 
bone healing seemed to be influenced positively in the 

Table 1. Level of scientific evidence adjusted according to the US Agency for Healthcare Research and Quality [32]

Level of scientific evidence adjusted according to the US Agency for Healthcare Research and Quality

Ia…. Systematic reviews/Meta-analyses of RCTs
Ib…. A minimum of one RCT
IIa…. A minimum of one controlled study, well-designed, without randomization
IIb…. A minimum of one other type of quasi-experimental study, well-designed
III…. Descriptive studies such as comparative, correlation or case-control studies, nonexperimental, and well-designed
IV…. Repot/opinions from expert committees

Fig. 2. Adapted after: Page MJ, McKenzie 
JE, Bossuyt PM, Boutron I, Hoffmann TC, 
Mulrow CD, et al. The PRISMA 2020 state-
ment: an updated guideline for reporting 
systematic reviews. BMJ 2021; 372:n71. 
doi: 10.1136/bmj.n71.
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PRF group significantly (p < 0.05) measured radiograph-
ically. Five studies confirm these results with similar re-
sults [35, 37, 39–41]. In contrast, Sybil et al. [36] reported 
no statistically significant influence in bone height be-
tween the groups. One of the included studies [38] evalu-
ated the presence or absence of alveolar osteitis showing 
more infectious events in the control groups.

Six studies with scientific evidence type Ib [29, 36–38, 
40, 41] and two studies type IIa [35, 39]were taken in ac-
count. The extraction of wisdom teeth is a frequently per-
formed intervention in oral surgery. Distinct advantages 
regarding patient-related outcome measures emerge 
from the studies listed above. In most of the studies, PRF 
appears to be a valuable supplement with clinical effect, 
especially in soft tissue healing [29, 36–39, 41], There are 
some limitations. Publications with small case numbers 
predominate in this field. Studies about simultaneous up-
per and lower third molar extractions would be closer to 
practical relevance. Additional data reflecting these fre-
quently occurring interventions are still missing.

Alveolar Ridge Preservation
Alveolar ridge preservation techniques are usually 

performed by filling the extraction socket with autoge-
nous bone or substitute materials. An autogenous or ex-
ogenous barrier membrane can be applied to protect the 
bone graft particles from soft tissue ingrowth and disloca-
tion [42]. Soft tissue closure is recommended in some cas-
es [43]. To ensure the emergence profile around implants 
and to maintain a natural appearing gingival margin, the 
preservation of sufficient soft tissue is mandatory. In this 
field, PRF is used to support the preservation of soft tis-
sues around extracted teeth. At the same time, these sur-
gical interventions are also associated with postoperative 
discomforts such as pain, swelling, and the risk of inflam-
mation. These could be reduced by the use of PRF [23]. 
The application in the included studies was performed 
either with PRF as a sole filling material [44–49] or PRF 
in combination with bone graft materials and a collagen 
plug compared to spontaneous healing of the alveolus 
[49–51]. Eight out of 32 articles dealing with this topic 
were included in our analysis. Excluded articles had a low 
number of participants or little follow-up. A total of 294 
patients were treated in the studies included. Follow-up 
is reported up to 6 months.

For this purpose, studied parameters were defined as 
dimensions of alveolar bone and its changes [44–51], new 
bone formation [44, 46, 47, 51], pain [49–51], swelling 
[51], soft tissue healing [48, 49, 51–53]. Follow-up for soft 
tissue healing was documented in the first postsurgical 
week [44, 45, 47, 48] and for hard tissue healing between 
up to 6 months [44–51]. Statistically, significant less re-
duction in bone dimension using PRF in combination 
with bone graft material was described in four articles [46, 

47, 50, 51]. In addition, improved soft tissue healing due 
to PRF application could be detected in three included 
articles [45, 47, 48]. Ahmed et al. compared PRF as a sole 
filling material to natural healing as well as to PRF in 
combination with a collagen plug [45]. They found that 
PRF combined with a collagen plug was superior to sock-
et preservation with PRF alone. These findings were re-
flected in the examination of bone dimensions [45]. His-
tomorphometric analyses were carried out by two groups 
and showed significantly higher percentages of new bone 
formation after 3 months using PRF as a sole graft mate-
rial in clinical studies [46, 47]. In contrast, Aravena et al. 
[44] could not find significant differences in wound heal-
ing or bone formation and bone dimension [p = 0.78] 
between socket preservation using PRF as a sole graft ma-
terial and natural healing. Pain in the first postsurgical 
week was slightly lower in the group treated with PRF, 
according to Kumar et al. [49]. Santhanakrishnan et al. 
and Yewale et al. [50, 51] reported no statistically signifi-
cant differences in pain values between the groups. No 
statistically significant differences were observed in the 
study of Yewale et al. [51] evaluating patients’ swelling.

Six studies at a level of evidence Ib [44–46, 49–51] and 
two studies at a level IIa were included in the analysis [47, 
48]. Results on the application of PRF for the indication 
of alveolar ridge preservation are controversial. In the ab-
sence of evidence, no firm recommendation for the use of 
PRF can be made in this area.

Guided Bone Regeneration
PRF has been used for GBR to treat defects. With this 

type of intervention, success is particularly dependent on 
the healing readiness of the surrounding tissue. Inflam-
matory tissue is removed as thoroughly as possible and, if 
feasible, a restitutio ad integrum should be aimed for by 
creating ideal healing conditions. The application of PRF 
is intended to additionally support the formation of new 
tissues, both bone and soft tissue. Seven studies out of 31 
have been analyzed in detail. Follow-up after 6 months is 
reported in each of the included studies. In total, 318 pa-
tients received treatment with PRF. Parameters examined 
in the seven studies were probing depth [52–55], clinical 
attachment loss [52–55], gingival recession [52, 55], bone 
fill [52–54, 56], bone height [53, 54, 57], percentage of vi-
tal bone [58], intrabony component [54], pain, bleeding 
[56], wound healing, and tooth mobility [53]. Intrabony 
defects have been treated with a variety of treatment op-
tions. Sun et al. [56] compared PRF and bone powder 
covered with PRF membranes and a flap curettage com-
bined with GBR. Pain evaluation has been reported dur-
ing 24 h postsurgical; however, bleeding was reported af-
ter 7 days. Both parameters were statistically significantly 
lower in the PRF group. After 60 days and 120 days, de-
grees of bone defects and bone density have been reexam-
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ined. The PRF group had significantly lower values in 
bone defect measurements (p < 0.05) after 60 days. The 
level of bone density was significantly higher after 60 days 
as well as after 120 days (p < 0.001). The study was carried 
out in patients with bone defects caused by peri-implan-
titis [56]. In the split-mouth, designed study of Bodhare 
et al. [52] bioactive glass has been either combined with 
PRF or applied as a sole filling material. Three-month fol-
low-up and 6-month follow-up showed a significantly 
greater clinical attachment level, bone fill, and a reduc-
tion in probing depth in the PRF group [52]. Lei et al. [54] 
have compared three groups. Guided tissue regeneration 
used PRF, concentrated growth factors [CGF], and a con-
trol group treating periodontal intrabony defects. After 6 
months, there was no difference in pocket depths, clinical 
attachment level gain, or bone height between PRF and 
CGF. However, both PRF and CGF achieved significant-
ly better results concerning intrabony component depth 
and percentage of bone fill at the defect side than the con-
trol group [54]. A histological examination was per-
formed by Hartlev et al. [58] six months after the surgical 
intervention. The group investigated the percentage of 
vital respectively nonvital bone and the number of blood 
vessels.

The test group was treated with autologous bone graft 
and PRF, the control group with bovine bone and a re-
sorbable collagen membrane. In this article, no statisti-
cally significant difference of the examined parameters 
was found [58]. Similarly, Işik et al. like Hartlev et al. [57] 
conclude that both bovine bone graft alone and bovine 
bone graft combined with PRF deliver success used for 
GBR. Treatment of intrabony defects was compared by 
Pham et al. trying three different approaches. Open flap 
debridement combined with PRF, guided tissue regen-

eration, and open flap debridement alone. Periodontal 
parameters such as probing depth, clinical attachment 
level, tooth mobility, and bone defect fill were superior 
when defects were treated with open flap debridement 
and PRF, respectively, guided tissue regeneration [53]. 
Gingival recession defects were handled applying sticky 
bone, a mixture of bone allograft and liquid PRF, covered 
with collagen membranes coated with liquid PRF by Kapa 
et al. [55]. According to the case series, 6 months after the 
surgical intervention, positive effects in root coverage and 
increase of gingival thickness were noted [55].

The level of scientific evidence of the studies men-
tioned was Ib [52, 53, 55, 57, 58] and III [54, 55]. The evi-
dence levels of the cited studies in this field appear to be 
high. The present studies included indicate potential ben-
efits when using PRF during GBR procedures compared 
to control groups. However, also for this indication, no 
clear guideline can be extracted from the literature.

Sinus Floor Elevation
When jawbone loses its function after tooth removal, 

it recedes. However, a certain height and width of bone is 
a prerequisite for placing dental implants. Bone height 
can be reconstructed in the upper jaw using GBR tech-
niques such as sinus floor elevation [59–61]. Sinus floor 
elevation is usually either performed through a lateral 
window or transcrestal approach [61, 62]. The cavity be-
tween the Schneiderian membrane and the bony sinus 
floor is usually filled with autogenous bone and or bone 
substitutes (see Fig. 3). When using a lateral window, the 
bone substitute is usually covered with a synthetic or xe-
nogenic membrane [63]. In order to facilitate the integra-
tion of bone substitute in patients’ maxilla, PRF has been 
used for a biologicalization of bone substitutes.

Fig. 3. Sinus floor elevation with and with-
out PRF.
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This review includes only one study in which tran-
screstal sinus floor elevations were performed [64]. Three 
other studies with lateral sinus floor elevations were also 
analyzed [65–67]. One study examined lateral and transal-
veolar sinus floor elevations [68]. Studies included in this 
review consider 147 patients in total. Molemans et al. Cho 
et al. and Barbu et al. [64, 66, 68] used PRF as a sole filling 
material. Pichotano et al. and Irdem et al. [65, 67] com-
bined PRF with deproteinized freeze-dried bovine bone 
mineral (DBBM) in the test group, whereas in control 
groups, SFE was performed with DBBM alone. Cho et al. 
[64] compared PRF as a sole filling material with saline as 
a control. The studies of Pichotano et al. Cho et al., and 
Irdem et al. [65, 67] were designed as split-mouth ran-
domized controlled clinical trials. The case series of Bar-
bu et al. [66] report about large sinus membrane perfora-
tion preserved with PRF as a sole filling material and si-
multaneous implant placement. Molemans et al. [68] did 
twenty-two transcrestal and six lateral SFE using a pro-
spective, single-cohort study design. Most likely, newly 
formed bone was measured as a parameter. Histological 
analysis, radiographs, or Micro-CT were made after three 
to 12 months [65–68]. Pichotano et al. observed implant 
survival, as did Cho et al. at a 1-year follow-up [64, 65] 
and Barbu et al. [66] at a 4-year follow-up. Two groups 
collected histological samples to detect the amount of vi-
tal bone [66, 67], fibrous tissue, and residue from bone 
graft [69]. PRF as a sole filling material in simultaneous 
SFE showed clinically integrated implants [68, 70]. A sig-
nificantly higher intrasinusoidal bone level could be mea-
sured using PRF (2.6 ± 1.1 mm) as a sole filling material 
in comparison to a saline filling (1.7 ± 1.0 mm) (p < 0.5) 
[68]. Pichotano et al. reported statistically significant 
higher percentages of vital bone in the test group with 
PRF and DBBM (p = 0.0087). The amount of residual 
graft was higher in the control group with DBBM as a sole 
filling material (p = 0.0111) [71]. Using PRF as a filling 
material in surgeries with a large perforation of the 
Schneiderian membrane was tested by Barbu et al. [72]. 
The case series observed nine complicated sinus floor el-
evations resulting in successfully osseointegrated im-
plants after 4 years of follow-up [72]. Surprisingly Irdem 
et al. found no statistically significant difference in none 
of the investigated parameters. Neither new bone forma-
tion was more, nor residual graft amount was lower, in 
the test group using PRF additionally to DBBM instead of 
DBBM alone in the control group [69]. The low number 
of cases may have had an influence on the result.

There are three studies about sinus floor elevation and 
PRF at a scientific evidence level Ib [68, 69, 71]. One study 
with scientific evidence level IIa [70] and one study at a 
level of III were included in this narrative review [72].

The results obtained from the involved studies report 
controversial data on the application of PRF during sinus 

floor elevation. However, potential clinical benefit and 
new pathways in bone augmentation might arise, that 
have to be confirmed in further investigations.

This applies to both transcrestal and lateral SFE. Espe-
cially, the use of PRF combined with bone substitutes and 
as sole filling material might to be a promising alternative 
to the use of bone substitute alone [64, 68].

Medication-Related Osteonecrosis of the Jaw
Medication-related osteonecrosis of the jaw is a big 

challenge in oral surgery. The necrosis usually occurs as 
a side effect in patients under i.v. or oral antiresorptive 
therapy to treat osteoporosis and osteoclastic metastasis. 
This group of patients requires particularly careful treat-
ment. There are great difficulties in mucosal healing. Pa-
tients often suffer from dehiscence and exposed bone for 
weeks after extraction or surgical debridement of necrot-
ic bone. Quality of life can be reduced dramatically, and 
treatment can be easily accompanied by complications 
[71]. Since oral surgery may sometimes be necessary dur-
ing antiresorptive therapy, it is important to support fast 
and natural healing as much as possible in order to avoid 
dehiscence and wound healing disorders and necrosis. 
Covering wounds with PRF membranes might compen-
sate healing disturbances.

To illuminate the effect of PRF used at surgical inter-
ventions for the treatment of osteonecrosis of the jaw, six 
of thirteen studies were reviewed in detail [73–78]. Four 
studies compared surgical treatment with additional use 
of PRF and conventional treatment [73–75, 78]. Three 
studies observed management of preexisting MRONJ us-
ing PRF [74, 75, 77]. Overall, 443 patients were observed 
in the studies mentioned above. Giudice et al. [70] com-
pared a test group adding PRF to the conventional surgi-
cal treatment of MRONJ to a control group. Guidice et al. 
[75] could show that the PRF group had a statistically 
significant better mucosal integrity, no infection and less 
pain after 1-month follow-up. However, after 6 months 
and 1 year, no differences were found. Zelinka et al. con-
cluded a success rate of 85% after 12 months of treating 
patients with early stages of MRONJ. Early stages are de-
fined as necrosis which could be removed completely 
[77]. Pain, exposed bone, mucosal closure, and signs of 
inflammation were defined as outcome parameters. Ze-
linka et al. [77] assumed additional PRF application in 
surgical therapy of early stages of MRONJ is effective. 
Comparing three different treatments, Tenore et al. in-
vestigated healing, a transition from higher to lower stage 
of MRONJ, and persistence of pain and bone exposure. 
In the test groups, surgery was performed, and antibiotics 
and PRF were applied. In a second control group, addi-
tional photobiomodulation was performed. As a consent 
of this article, therapy with PRF, surgery, antibiotics, and 
photobiomodulation via low-level laser therapy (LLLT) 
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contribute to the management of MRONJ [74]. Nica et al. 
described a heterogenous patient cohort consisting of 
low-risk patients, patients suffering from MRONJ stage 
zero, and patients suffering MORNJ stage 1–3 for whom 
an extraction was necessary (see Table 2). Low-risk pa-
tients were treated with sutures and LLLT, stage 0 patients 
took antibiotics, sutures, and LLLT, stage 1–3 patients re-
ceived a perioperative antibiosis and were treated with 
piezo-surgery and additional LLLT and PRF were applied 
at the wound. The study concluded a high rate of success 
in all groups and a total healing rate of 91.66% in the third 
group using PRF [73]. Two studies investigated the pos-
sible prevention of MRONJ followed by oral surgeries in 
patients at risk [76, 78]. The study participants received 
antiresorptive therapy for up to 6 months [73, 74, 78]. 
Pain [78], exposed bone, mucosal healing, symptoms in-
dicating inflammation were the assessed outcomes [73, 
74, 78]. Miranda et al. treated patients under antiresorp-
tive or antiangiogenic agents requiring acute dental ex-
traction. In the control group, extractions were performed 
carefully and minimally invasive to prevent postoperative 
complications such as MRONJ. Test group extractions 
sockets were filled with a PRF plug. In the control group, 
19.23% of patients suffered from MRONJ, whereas none 
of the test group patients developed necrosis [78]. Şahin 
et al. analyzed 63 dental extractions treated with PRF in 
44 patients with a risk of MRONJ. They reported un-
eventful healing in all cases and success preventing 
MRONJ after 6 months of follow-up [79].

One study with scientific evidence level Ib was includ-
ed [75]. One study was at level IIa [77] and four studies at 
level III [73, 74, 76, 78].

In conclusion, PRF could provide notable improve-
ments for patients suffering from MORNJ. In the present-
ed clinical studies, it seems that the prevention and man-
agement of MRONJ could benefit from a PRF application.

Discussion

PRF is created from whole blood samples without 
additional ingredients [75]. Thus, a low risk of side ef-
fects can be assumed. Another advantage is the simplic-
ity of its preparation process [76] and by that the inter-

vention it is not associated with high costs [77]. PRF is 
applicable as liquid as well as solid matrix [19, 78] and 
seems to encounter a range of reasonable clinical appli-
cations. A variety of different manufacturing protocols 
have been published in the literature; however, the lack 
of a standardized protocol creates confusion and diffi-
culty in the comparison of data [31]. Various parame-
ters are required for the definition of a protocol. In the 
literature, this was often not fully specified, which hin-
dered the reproducibility of study protocols. The differ-
ent devices and protocols used for PRF-creation seem 
to have an influence on the quality of the blood product 
[28]. In particular, the literature suggests that the re-
duction of centrifugal force has a positive effect on the 
release of growth factors in vitro [19, 20, 24]. According 
to the available data on the application of PRF within 
field of dentistry, the following conclusion seems to be 
plausible:

A considerable number of RCTs report beneficial out-
comes when using PRF in third molar extractions. Focus-
ing on patients’ comfort and avoiding complications dur-
ing postoperative care, supplemental use of PRF could be 
a valuable treatment option.

Results on the application of PRF for the indication of 
alveolar ridge preservation are controversial. There is a 
lack of evidence to make a clear statement for the benefit 
of PRF in this field of application.

In the prevention and therapeutic management of 
MRONJ, potential benefits might derive from an applica-
tion of PRF. However, to date, the degree of scientific ev-
idence is rather low. Larger RCTs are urgently needed to 
confirm or otherwise reject these preliminary observa-
tions since in this area any benefit for the patients seems 
to be most crucial.

Results on PRF application during sinus floor eleva-
tion and GBR are also heterogeneously. PRF might be 
a promising supplement to bone substitutes or even 
sole filling material during SFE justifying further clini-
cal investigations. In addition, PRF obviously repre-
sents a possibility for managing perforated sinus mem-
branes.

Table 2. Stages of MRONJ after [80]

Stage 0 Non-specific clinical signs such as difference in bone density, tooth mobility without periodontal disease, pain in mandibular, 
no exposed necrotic bone

Stage 1 Necrotic bone exposed but asymptomatic, no infection
Stage 2 Infected exposed necrotic bone accompanied by symptoms
Stage 3 Infected exposed necrotic bone accompanied by symptoms additionally to severe signs of MROJ such as fracture, extra-oral 

fistula or extended osteolysis



Zwittnig/Mukaddam/Vegh/Herber/Jakse/
Schlenke/Zrnc/Payer

Transfus Med Hemother 2023;50:348–358356
DOI: 10.1159/000527526

Conclusion

There is a tendency that the available data on PRF in 
dentistry may have a positive impact on patient-related 
postoperative outcomes. However, there is a huge hetero-
geneity of protocols and a lack of guidelines for clinical 
application for PRF. Further studies are urgently needed 
to justify the standardized use of PRF within oral surgery.
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Abstract
Introduction: Bone marrow necrosis is a rare entity that can 
develop in context of a sickle cell disease vaso-occlusive cri-
sis. Its physiopathology is related to an endothelial dysfunc-
tion taking place in bone marrow microvasculature. Case 
Presentation: A 30-year-old patient with history of com-
pound heterozygous sickle cell disease was admitted follow-
ing SARS-CoV-2 infection with fever and diarrhea. After ini-
tial favorable evolution, he developed a severe vaso-occlu-
sive crisis with intense hemolysis and multi-organ ischemic 
complications. Patient then developed high fever and hy-
poxemia. With the suspicion of acute thoracic syndrome, a 
red blood cell exchange was performed. Respiratory symp-
toms ceased but patient persisted febrile with very high lev-
els of acute phase reactants, persistent pancytopenia, and 
leucoerythroblastic reaction. An infectious cause was ruled 
out. Afterward, bone marrow aspiration and bone marrow 
biopsy showed a picture of bone marrow necrosis, which is 
an extremely rare complication of vaso-occlusive crisis but, 
paradoxically, more frequent in milder heterozygote cases 
of sickle cell disease. Ultimately, large deposits of comple-

ment membrane attack complex (particles C5b-9) were 
demonstrated after incubation of laboratory endothelial 
cells with activated plasma from the patient. Discussion: The 
clinical presentation and findings are consistent with a case 
of bone marrow necrosis. In this setting, the demonstration 
of complement as a potential cause of the endothelial dys-
function mimics the pattern of atypical hemolytic uremic 
syndrome and other microangiopathic anemias. This dys-
regulation may be a potential therapeutic target for new 
complement activation blockers.

© 2023 The Author(s).
Published by S. Karger AG, Basel

Introduction

Reported cases of bone marrow necrosis (BMN) in lit-
erature correspond mostly to acute hematological malig-
nancies with massive infiltration of bone marrow stroma, 
affecting myeloid precursors, and preserving bone tra-
beculae structure. Other causes are autoimmune syn-
dromes (e.g., systemic lupus erythematosus and antiphos-
pholipid syndrome) and hemoglobinopathies. The com-
mon aspect of these varied pathologies is a dysfunction 
and lesion of sinusoidal endothelium, leading to a diffuse 
failure of bone marrow microcirculation [1]. As a result, 
an edema and infarction of the bone marrow initiate an 
inflammatory cascade which leads to liberation of fat, 
marrow cells, and bony spicules to the bloodstream. 
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These lesions promote a pro-inflammatory state, dysreg-
ulation of adhesion molecules, and imbalance between 
vasodilator and vasoconstrictor agents in endothelium 
[2], resulting in severe multi-organ complications.

Sickle cell disease (SCD) is a group of inherited hemo-
globinopathies affecting â-globin gene alleles. Regarding 
literature reports of BMN in SCD, it seems that cases of 
BMN tend to be delayed or confused with other microan-
giopathic anemias [2, 3], not deserving bone marrow 
evaluation in most cases. Regarding literature reports of 
BMN in SCD, it is paradoxically more frequent in those 
patients affected by less severe heterozygote genotypes. 
Perhaps because in those cases the total red blood cell 
(RBC) count tends to be higher and, therefore, blood vis-
cosity increases [4]. The present case exemplifies the clin-
ical presentation and diagnostic challenge of a patient 
with BMN in context of SCD vaso-occlusive crisis (VOC), 
stressing the need of better understanding of this entity 
and its implications toward endothelial dysfunction and 
interaction with the alternative complement pathway.

Case Presentation

Patient was a 30-year-old male born in Ghana. He had been 
living in Spain for 10 years. Last trip to his country of origin was 2 
years before. In February 2021, was diagnosed with SCD (hemo-
globin SC genotype) with a hemoglobin level of 117 g/L. He had 
never had any complications and he was not taking any medica-
tion.

He was admitted with acute diarrhea and fever, oral intoler-
ance, and mild dehydration. Blood tests at admission showed ele-
vated acute phase reactants without anemia. Screening for SARS-
CoV-2 resulted positive. Empiric antibiotic and standard CO-
VID-19 treatment were initiated. During the first 5 days of 
hospitalization, digestive symptoms evolved favorably but patient 
developed an acute severe VOC. Despite treatment with abundant 
hydration and rigorous pain control, patient did not improve.

On day +6, he was febrile, tachypneic, and mildly tachycardic, 
blood pressure was 154/90 mm Hg, oxygen saturation was 89% on 
room air (improving to 97% with O2 3 L/min). On physical exam, 
he appeared uneasy. Cardiopulmonary auscultation was normal 
and abdomen exploration was soft and non-tender, without hepa-
tosplenomegaly. He seemed somnolent but oriented and without 
focal neurological deficits. Arterial blood gas analysis at room air 
confirmed hypoxemia (pO2 67 mm Hg). Electrocardiogram 

a

b

c

Fig. 1. Bone marrow aspirate and biopsy. a (H&E staining, × 100): micrography of bone marrow showing ne-
crotic occupation of medullary spaces with conserved bone structure (no signs of osteonecrosis). b (H&E stain-
ing. , × 400): micrography of bone marrow showing large area of ghost cells. c (May-Grünwald Giemsa staining, 
× 400): bone marrow aspirate showing scarce viable content with predominance of necrotic material.
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showed sinus tachycardia and a chest X-ray did not show altera-
tions.

Complete blood count showed marked hemolysis (hemoglobin 
had dropped to 72 g/L with a reticulocyte count of 177 × 109/L) 
with an extremely high LDH (39,000 IU/L), and thrombocytope-
nia (41 × 109/L). Peripheral blood smear reported 3 schistocytes 
per field, immature granulocytes, and nucleated RBC. No Plasmo-
dium spp. was reported on peripheral smear review. Bilirubin lev-
el was 2.9 mg/dL, ferritin was 27,469 ng/mL, D-dimer was >35,000 
ng/mL (DDU) with normal basic coagulation tests. Patient associ-
ated acute kidney injury (GFR 56 mL/min) and the remainder of 
the tests showed analytic signs of ischemic damage of different 
organs (pancreas, liver, muscle, and myocardium). Blood, stool, 
and urine cultures were negative. ADAMTS-13 activity was 57%. 
A CTA scan excluded acute thromboembolic embolism, CO-
VID-19 signs of lung injury or organizing pneumonia, showing 
normal pattern of pulmonary parenchyma.

In the light of rapidly progressive anemia and thrombocytope-
nia, the most likely scenario was a severe VOC drepanocytic crisis 
triggered by the viral infection, with subsequent bone and multi-
organ microinfarctions. Although the respiratory failure did not 
accomplish diagnostic criteria for acute chest syndrome (ACS), a 
RBC exchange was performed on day +8. Patient hematocrit at 
that time was 21% and his total blood volume based on Nadler 
method was 5,933 mL, corresponding to 1,245 mL of RBC vol-
ume. A total of 2.5 RBC volumes of the patient were exchanged in 
66 min with the goal of achieving a hematocrit of 30%. RBC ex-
change was performed with Spectra Optia v12.0 (TerumoBCT, 
Lakewood, CO) and 10 RBC units (accounting for 2,772 mL of 
RBC fluid), with an estimated 30% fraction of patient cells remain-
ing after the procedure. Overall, after the procedure, hemoglobin 

was 115 g/L and levels of S/C hemoglobin dropped from 41%/45% 
to 9%/8%.

Following RBC exchange, pain improved rapidly and the hy-
poxemia ceased. Levels of hemoglobin stabilized around 80–100 
g/L and a progressive improvement of ischemic alterations was 
observed. Despite this apparent improvement, from day +9, the 
patient continued with daily high fever (up to 39°C), progressive 
thrombocytopenia with a nadir of 29 × 109/L, persistent elevation 
of acute phase reactants (C-reactive protein 17 mg/dL, ferritin 
24,667 ng/mL), and a leucoerythroblastic reaction in peripheral 
blood. On the first hand, the combination of signs and symptoms 
could be consistent with a hemophagocytic syndrome considering 
the fever, pancytopenia, and ferritin elevation. Nevertheless, it 
would not be expected to find a leucoerythroblastic reaction in pe-
ripheral blood. On the other hand, a possible concealed infection 
was considered and multiple serologies (including human immu-
nodeficiency virus, Epstein-Barr virus, Cytomegalovirus, Parvovi-
rus-B19, atypical bacteria, Toxoplasma, and Leishmania) were per-
formed, obtaining either passed infections or negative results.

Meanwhile, bone marrow aspiration was performed showing 
scarce material, with complete absence of viable hematopoietic 
cells and abundance of necrotic material. Consequently, a bone 
marrow biopsy was performed on day +15: revealing predominant 
necrotic occupation of medullary spaces (Fig. 1), without histo-
logic signs of osteonecrosis, congruent with a case of BMN follow-
ing the severe VOC. In view of this event, supportive treatment 
with transfusions was maintained until spontaneous recovering 
occurred, with normalization of complete blood count and ana-
lytic alterations by day +26. Patient was discharged after a month 
of hospitalization.

a b

Fig. 2. C5b-9 fluorescence immunostaining imaging showing 
complement deposit (red) in laboratory endothelial cells (blue, 
DAPI staining). The human dermal microvascular endothelial cell 
line (American Type Culture Collection) was seeded on glass cov-
erslip. Cells were washed with test medium (HBSS without calcium 
or magnesium, 0.5% BSA; Life Technologies) and activated or not 
with 10 μM ADP (Sigma-Aldrich) (10 min, 37°C). Cells were then 
incubated (4 h) with activated plasma (citrated plasma mixed with 
a control sera pool 1:1) diluted with test medium in proportion 1:2. 

Control sample was obtained by mixing healthy plasma from do-
nors. Cultures were then washed and fixed. For C5b-9 immuno-
staining, cells were treated with 2% BSA (1 h) and incubated with 
a rabbit anti-human complement C5b-9 complex (Calbiochem), 
followed by Alexa594-conjugated goat anti-rabbit secondary anti-
body (Life Technologies). Micrographs were captured by fluores-
cent microscopy (Leica DM4000 B) through a video camera (Leica 
DFC310FX) and analyzed using Fiji (ImageJ). a Plasma control.  
b Plasma from patient.
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Retrospectively, complement membrane attack complex (C5b-
9) deposition after incubation of laboratory endothelial cells with 
activated plasma from the patient was assessed (Fig. 2). This novel 
technique provides a semiquantitative estimation of plasmatic in 
vitro ability to induce complement activation [5], and in our pa-
tient, the endothelial reactivity to C5b-9 was reported as intensely 
positive.

Conclusion

Several cases of SARS-CoV-2 infection and drepano-
cytic crisis have been reported [6]. In this particular case, 
respiratory failure was initially interpreted as an ACS. Di-
agnostic criteria for ACS are based in guiding symptoms 
plus lung infiltrates on chest imaging, in the context of 
VOC [7]. The patient had a congruent clinical presenta-
tion but CT-scan ruled out the diagnosis. Putting respira-
tory support aside, the treatment of ACS is the same of a 
severe VOC: thus, RBC exchange was guaranteed. RBC 
exchange terminated the VOC had little effect on BMN 
and hematopoietic function. In fact, platelet count kept 
dropping. High persistent fever, extremely elevated LDH 
(× 64 upper limits of normal), and ferritin levels (× 68 up-
per limits of normal) along with the leucoerythroblastic 
reaction were cornerstones to raise suspicion of this rare 
complication [2–4]. It is a genuine example of the fre-
quent underdiagnosis of BMN following VOC. It also 
stresses the importance of a prompt actuation (e.g., RBC 
exchange) in case of severe VOC to prevent potential 
complications.

More precisely, the pathogenesis of the inflammation 
implicates the secretory form of phospholipase A2, which 
converts phospholipids of bone marrow fat into free fatty 
acids, which have a potent inflammatory activity and are 
prone to generate tissue injury (compared to neutral fats) 
when unleashed from bone marrow microinfarctions to 
different organs, notably with pulmonary involvement. 
This phenomenon is called fat embolism syndrome [8].

Notwithstanding the previous considerations, the 
novel aspect is the investigation of complement activa-
tion in the patient plasma. This finding is consistent with 
the endothelial dysfunction hypothesis and mimics the 
pattern of varied pathologies gathered under the “atypical 
hemolytic uremic syndrome” (aHUS). New evidence sug-
gests that several thrombotic microangiopathies other 
than complement-mediated aHUS could also be associ-
ated with dysregulation of the alternative complement 
pathway [9]. Particularly, there is an increasing interest 
regarding VOC in the setting of SCD, which could in-
volve both coagulation and complement pathways in its 
complex pathophysiology [10, 11]. Further research is 
needed to elucidate if these findings can act as the pri-
mary cause of the inflammatory cascade or whether are 
another consequence of the vicious circle it creates. 

Hence, recognition of patients with complement overac-
tivation is a matter of interest because treatment with 
complement activation blockers (e.g., Eculizumab) may 
have a role in SCD [9]. Future prospective studies are 
needed to better understand the role of complement and 
testing new potential therapeutic targets for SCD.
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Zulassung der Europäischen Kommission für Biosimilar Eculizumab bei PNH

Die Europäische Kommission hat Ende Mai 2023 EPYSQLI™, einem Biosimilar 
des Referenzproduktes Soliris (Eculizumab) [1, 2], für die Behandlung von Er-
wachsenen und Kindern mit paroxysmaler nächtlicher Hämoglobinurie (PNH) 
die Marktzulassung erteilt.
Die Zulassung durch die Europäische Kommission basierte auf der Gesamt-
heit der Nachweise, einschließlich analytischer nich tklinischer  In-vitro-Daten 
sowie klinischer Daten. Eine randomisierte, doppelblinde, multizentrische 
Cros sover-Phase-III-Studie zu EPYSQLI zeigte durch Auswertung der Laktat-
dehydrogenase (LDH) bei PNH -Patien t*innen eine gleichwertige klinische 
Wirksamkeit von EPYSQLI und  dem Referenzprodukt Eculizumab. Dies deutet 
auf die Bioäquivalenz von EPYSQLI mit Eculizumab hin [3].
«Die Zulassung von EPYSQLI, dem ersten Biosimilar von Samsung Bioepis für 
die Hämatologie, spiegelt unsere laufenden Bemühungen wider, mehr Be-
handlungsmöglichkeiten für PNH -Patien t*innen in Europa zu schaffen», so 

Byoungin Jung, Vice President und Regulatory Affairs Team Leader bei Sam-
sung Bioepis. «Die Zulassung ist ein weiterer Schritt, um das Leben der Pati-
en t*innen einschließlich derer mit seltenen Krankheiten durch unseren bahn-
brechenden und innovativen Einsatz von Wissenschaft und Technologie zu 
verbessern», so Byoungin Jung weiter.

Literatur
1  Soliris ist eine eingetragene Marke von Alexion Pharmaceuticals, Inc.
2  Europäische Arzneimitte l-Agentur: Soliris Produktinformation, https://www.ema.europa.eu/

en/documents/product information/soliris epar product-information_en.pdf (letzter Zugriff Mai 
2023).

3  Jang JH et al.: EJHaem 2022;4 :26–36. DOI : 10.1002/jha2.632.

Samsung Bioepis Co., Ltd. 
www.samsungbioepis.com
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Für die Therapie von Immundefekten steht mit 
Yimmugo® seit Dezember 2022 ein neues, intra-
venöses Immunglobulin (IVIG) aus humanem 
Blutplasma zur Verfügung. In Deutschland ist 
es zur Substitutionstherapie bei primären und 
sekundären Immunmangelsyndromen sowie zur 
Immunmodulation verschiedener Krankheitsbil-
der zugelassen [1]. Die gute Verträglichkeit des 
neuen IVIG, so Dr. Jörg Schüttrumpf von Biotest 
auf der Launch-Pressekonferenz, erklärt sich 
unter anderem aus der jahrzehntelangen Erfah-
rung seiner Firma mit diesen Präparaten. 

Primäre Immunmangelsyndrome (PID), fährt 
er fort, sind eine Klasse genetischer Störungen, 
die durch einen angeborenen Defekt im 
menschlichen Immunsystem gekennzeichnet 
sind. PID  betreffen etwa 1–2% der Weltbevöl-
kerung. Sekundäre Immunmangelsyndrome 
(SID) sind erworbene Funktionsstörungen des 
Immunsystems und treten häufiger auf als PID. 
Die Ursachen sind vielfältig und können Kon-
sequenzen aus unterschiedlichen Erkrankun-
gen sein (z.B. HIV-Infektion, Krebs, Autoim-
munerkrankungen) sowie aus metabolischen 
Störungen oder Behandlungen resultieren 
(Immunsuppressiva, Chemotherapie) [2, 3]. 
Zur Relevanz von IVIG betont Schüttrumpf: 
«Menschen mit primären oder sekundären 
Immundefekten sind auf die Versorgung mit 
Immunglobulinen angewiesen. Ohne diese 
Immunglobuline kann ein banaler Infekt le-
bensgefährlich werden. Yimmugo bietet dazu 
eine weitere wichtige Behandlungsoption.»

Studienergebnis: Rate schwerer Infektionen 
auf niedri gem Niveau
Die Wirksamkeit und Verträglichkeit von 
Yimmugo bei PID-Patienten wurde in einer 
prospektiven, unkontrollierten, multizentri-

schen Phase-III-Studie nachgewiesen [4], die 
Dr. Christiane Staiger von der Biotest AG 
vorstellte. Dabei erhielten 49 Erwachsene und 
18 Kinder im Alter von 2 bis 76 Jahren Dosen 
zwischen 0,2 und 0,8 g/kg Körpergewicht 
über einen Zeitraum von etwa 12 Monaten in 
Abständen von 3 oder 4 Wochen. Der primä-
re Endpunkt war der Nachweis, dass die mitt-
lere Rate der akuten schweren bakteriellen 
Infektionen (SBI) pro Patiente njahr unter 1,0 
lag. Yimmugo erreichte den primären End-
punkt und die adjustierte SBI-Rate lag bei 
0,015 pro Patiente njahr. Nur 1 erwachsene 
Person aus dem Kollektiv erlebte ein Ereignis, 
das als SBI eingestuft wurde. Die Ergebnisse 
der sekundären Endpunkte bestätigten die 
Wirksamkeit und Sicherheit von Yimmugo in 
allen Altersgruppen. Insgesamt waren 8% der 
Infusionen mit ≥ 1 infusionsbedingten uner-
wünschten Ereignissen verbunden, die inner-
halb von 72 Stunden nach der Infusion be-
gannen. Diese infusionsbedingten Nebenwir-
kungen umfassten vor allem Kopfschmerzen 
(2,4%), Müdigkeit (0,9%) und Übelkeit 
(0,5%). Die gute Verträglichkeit von Yimmu-
go zeigte sich insbesondere bei hohen Infusi-
onsgeschwindigkeiten von > 4,0 ml/kg/h, 
unterstreicht Staiger. Auch dann traten keine 
weiteren Nebenwirkungen auf [4]. 

Neues IVIG auch für Kinder effektiv 
und sicher
Der Studienarzt Prof. Gergely Kriván, Bu-
dapest, fasst seine eigenen Praxiserfahrun-
gen folgendermaßen zusammen: «Yimmugo 
schützt Erwachsene, Jugendliche und Kin-
der mit Immunmangelsyndromen, egal ob 
diese angeboren oder erworben sind, vor 
schweren bakteriellen Infektionen; dabei ist 
es gut verträglich.»

Yimmugo wird als erstes kommerzielles Prä-
parat in der neuen Produktionsanlage «Biotest 
Next Level» am Standort Dreieich hergestellt. 
Die innovative Produktionsanlage repräsen-
tiert einen wichtigen Meilenstein auf dem 
Weg zu der von Biotest angestrebten vollstän-
digen Klimaneutralität bis zum Jahr 2035. 
Schüttrumpf ergänzt: «Mit ‹Biotest Next 
Level› sind wir in der Lage, in innovativen 
Prozessschritten aus dem kostbaren Spender-
plasma ein Maximum an Plasmaprodukt her-
zustellen. Um nachhaltig zu produzieren, 
versuchen wir , die Inanspruchnahme natür-
licher Ressourcen, wo immer es uns möglich 
ist, zu optimieren.»

Reimund Freye, Baden-Baden

Quelle
Launch-Pressekonferenz Yimmugo®, Dreieich, 1. Juni 
2023; Veranstalter: Biotest
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EBMT-Kongress 2023: Großes Interesse an Treosulfan

Im Rahmen der Tagung der Europäischen Gesellschaft für Blut- und Kno-
chenmarktransplantation (EBMT) fanden das von medac unterstützte 
medscape Symposium «Optimizing Conditioning Regimens and Advancing 
Allogeneic Hemopoietic Stem Cell Transplantation Practice», sowie eine zu-
sätzliche Meet- the-Expert-Session zum Thema Treosulfan (Trecondi®) bei 
pädiatrische Patient*innen [1] statt.
Trecondi® ist das einzige Treosulfan in Europa, das für die allogene häma-
topoetische Stammzelltransplantation (alloHSCT) zugelassen ist. Treosul-
fan in Kombination mit Fludarabin ist als Teil der Konditionierungsbe-
handlung vor alloHSCT bei erwachsenen sowie bei pädiatrischen Pati-
ent*innen, die älter als  1 Monat sind, mit malignen und nicht malignen 
Erkrankungen  indiziert [1].
Der Experte Prof. Dr. Krzysztof aus Kalwak/Polen richtete beim Meet- the-
Expert den Blick auf die jüngste Zulassungserweiterung von Trecondi®

für pädiatrische Patient*innen mit nich t malignen Erkrankungen. Nach 
einer Einführung in das pädiatrische klinische Studienprogramm von der 
medac GmbH, bei der die hervorragenden Ergebnisse in Bezug auf die 
Wirksamkeit und die sehr niedrige behandlungsbedingte Mortalität her-
vorgehoben wurden, folgte eine interessante Diskussion, die sich auf wei-
tere Details wie Lebensqualität, Dosierung und die Vielseitigkeit von 
 Trecondi® als Konditionierungsmittel in einer Vielzahl von Indikationen 
konzentrierte.

Literatur
1 Trecondi® Fachinformation , www.medac.eu/product-information, aktueller Stand.

medac Gesellschaft für klinische Spezialpräparat mbH  
www.medac.de | www.trecondi.com
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Letermovir (Prevymis®) ist die erste und ein-
zige [1] zugelassene Cytomegalievirus (CMV)
-Prophylaxe für erwachsene CMV-seropositive 
Patient*innen (R+) nach einer allogenen hä-
matopoetischen Stammzelltransplantation 
(HSZT) [2]. Zugelassen im Jahr 2018 [2]  
wurde Letermovir bereits 2019 in die 
ECIL7-Leitlinie aufgenommen [3] und erhielt 
den  NUB-Status (NUB = Neue Untersu-
chungs- und Behandlungsmethoden) [1]. 
Auch unter Real-World-Bedingungen konnte 
Letermovir inzwischen sein positives Wirk-
samkeits- und Verträglichkeitsprofil zeigen [4].
Eine Reaktivierung des CMV gehört zu den 
häufigsten Komplikationen nach einer allo-
genen HSZT: Etwa 60–70% der CMV-sero-
positiven Patient*innen (R+) sind betroffen. 
Unkontrollierte CMV-Reaktivierungen kön-
nen zu einer lebensbedrohlichen CMV-Er-
krankung führen [5].
Mit Letermovir gibt es seit der EU-Zulassung 
[2] erstmals eine Option [1] zur CMV-Pro-
phylaxe für erwachsene R+ Patient*innen 
nach allogener HSZ T. Letermovir verfügt 
über einen einzigartigen Wirkmechanismus 
[6]: Es hemmt spezifisch den CMV-DNA-Ter-
minase-Komplex,  der für die Spaltung und 
Verpackung viraler Nachkommen-DNA er-
forderlich ist [2]. Für die Entwicklung des 
Wirkstoffes wurden Prof. Helga Rübsa-
men-Schaeff und Dr. Holger Zimmermann 
von AiCuris 2018 mit dem Deutschen Zu-
kunftspreis ausgezeichnet.
Die Wirksamkeit und Sicherheit von Leter-
movir wurde in einer multizentrischen, ran-
domisierten, doppelblinden, Placebo-kontrol-
lierten Phase-III-Studie  (n = 565) untersucht. 
Primärer Endpunkt war der Anteil an Pati-
ent*innen mit einer klinisch signifikanten 
CMV-Infektion zu Woche 24 nach der Trans-

plantation unter Patient*innen ohne detek-
tierbare CMV-DNA bei Randomisierung. Der 
Anteil an Personen, bei denen ein primäres 
Endpunkt-Ereignis auftrat, war unter Leter-
movir signifikant geringer als unter Placebo 
(37,5% vs. 60,6%, Unterschied: –23,5% 
(95%-Konfi denzintervall (KI) –32,5; –14,6), 
p < 0,001) [7].
Hinsichtlich der Häufigkeit und Schwere von 
Nebenwirkungen waren die Letermovir- und 
 die Placebo-Gruppe vergleichbar. Zu den un-
erwünschten Ereignissen gehörten  unter an-
derem Erbrechen (18,5% unter Letermovir vs. 
13,5% unter Placebo), Ödeme (14,5% vs. 
9,4%), Vorhofflimmern oder Vorhofflattern 
(4,6% bzw. 1,0%) [7].
Lassen sich die positiven Ergebnisse der oben 
genannten Phase-III-Studie auch unter Real-
World-Bedingungen bestätigen? Mit dieser 
Frage beschäftigte sich eine monozentrische, 
retrospektive Vergleichsanalyse  von Derigs et 
al. 2020 [4]. Die Studie ergab, dass mit Leter-
movir-Prophylaxe bis zu Tag 100 nach allo-
gener HSZT bei CMV-seropositiven Pati-
ent*innen signifikant weniger klinisch be-
deutsame CMV-Infektionen auftraten als 
ohne Letermovir-Prophylaxe ( Hazard Ratio 
(HR) 0,29 (95%-KI 0,15 –0,57); p < 0,001). 
Darüber hinaus war bei den mit Letermovir 
behandelten Patient*innen im Vergleich zur 
historischen Kontrollgruppe seltener eine 
präemptive Therapie notwendig und weniger 
Patient*innen mussten hospitalisiert werden. 
In der Studie wurden keine Nebenwirkungen 
beobachtet, die auf eine Behandlung mit Le-
termovir zurückgeführt werden konnten [4].
Mittlerweile ist Prevymis weltweit in mehr als 
50 Ländern zugelassen [8]. Von medizini-
schen Experten, die in den vergangenen Jah-
ren Erfahrungen mit dem Einsatz der Sub-

stanz sammeln konnten, wird die Möglichkeit 
einer CMV-Prophylaxe positiv bewertet: «Die 
CMV-Prophylaxe mit Letermovir ist fester 
Bestandteil der klinischen Praxis geworden», 
äußert Prof. Michael Schmitt, Heidelberg. 
Und Prof. Matthias Stelljes, Münster, ergänzt: 
«In den letzten Jahren gab es eine Reihe von 
Neuentwicklungen im Bereich der allogenen 
Stammzelltransplantation. Eine, die insbeson-
dere die Therapie von vielen Patient*innen 
nach Stammzelltransplantation revolutioniert 
hat, ist Prevymis®.»
Derzeit untersucht MSD den Einsatz von Le-
termovir zur CMV-Prophylaxe bei Erwach-
senen nach Nierentransplantation: Kürzlich 
wurden Ergebnisse einer klinischen Phase- 
III-Studie veröffentlicht [9].
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2  Fachinformation Prevymis® Filmtabletten, Stand  Fe-
bruar 2023.

3  Ljungman P et al.: Lancet Infect Dis 2019;19:
e260–e272.

4  Derigs P et al .: Ann Hematol  2021;100:2087–2093.
5 Einsele H et al.: Blood  2020;135:1619–1629.
6  Shigle TL et al.: Ther Adv Hematol 2020;11:
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7  Marty FM et al.: N Engl J Med 2017;377:2433–2444.
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Positive CHMP-Empfehlung für die Zulassung von Nonacoq beta pegol zur Prophylaxe und Behandlung von Blutungen bei Kindern mit 
Hämophilie B ab 0 Jahren

Der Ausschuss für Humanarzneimittel (CHMP) der Europäischen Arznei mit-
tel-Agentur (EMA)  hat am 22. Juni 2023 die Zulassung von Nonacoq beta pegol 
(Refixia®) nun auch für die Prophylaxe und Behandlung von Blutungen bei 
Kindern mit Hämophilie B ab 0 Jahren empfohlen [1]. Nonacoq beta pegol ist 
ein glycopegylierter rekombinanter Faktor IX mit verlängerter Halbwertszeit, 
der bislang für Erwachsene und Jugendliche ab 12 Jahren zugelassen war [2]. 
Die Hämophilie B ist eine seltene angeborene Blutgerinnungsstörung, die auf 
dem Mangel des Gerinnungsfaktors IX (FIX) beruht.
Die positive Stellungname des CHMP basiert auf den Ergebnissen der beiden 
klinischen Phase-III-Studien paradigm 5 [3, 4] und paradigm 6 [5], die die Wirk-
samkeit und Sicherheit von Nonacoq beta pegol bei Kindern mit schwerer 
Hämophilie B ( FIX-Aktivität ≤ 2%) gezeigt haben. paradigm 5 untersuchte vor-
behandelte Kinder von 0 bis ≤ 12 Jahren [3, 4] und paradigm 6 nicht vorbe-

handelte Kinder von 0 bis ≤ 6 Jahren [5]. Alle Kinder erhielten  1-mal wöchent-
lich 40 I.E./kg Körpergewicht Nonacoq beta pegol zur Blutungsprophylaxe; in 
paradigm 6 war zudem eine individualisierte Dosierung zur Präprophylaxe 
möglich [3–5].

Literatur
1  European Medicines Agency (EMA) , https://www.ema.europa.eu/en/medicines/human/sum-

maries-opinion/refixia.
2 Refixia® Fachinformation, Stand  Dezember 2022.
3 Carcao M et al.: J Thromb Haemost 2016;14: 1521–1529.
4 Carcao M et al.: Thromb Haemost 2020;120: 737–746.
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Marstacimab ist ein neuartiger, in der Erpro-
bung befindlicher Antikörper gegen den Tissue 
Factor Pathway Inhibitor (Anti-TFPI), der zur 
Behandlung der Hämophilie A oder B bei Pati-
enten ohne Hemmkörper gegen Faktor VIII 
(FVIII) oder Faktor IX (FIX) untersucht wird. 
Ende Mai 2023 hat die zulassungsrelevante 
 Phase-III-Studie BASIS (NCT03938792) zu 
Marstacimab nun ihre primären Endpunkte 
erreicht und eine statistisch signifikante und 
klinisch bedeutsame Wirksamkeit gezeigt. In 
der Studie wurde Marstacimab wöchentlich in 
einer fixen Dosierung (körpergewichtsunab-
hängig) als subkutane  300-mg-Initialdosis, ge-
folgt von einer 1-mal wöchentlichen  150-mg-
Erhaltungsdosis, verabreicht [1, 2].
Die BASIS-Studie zeigte, dass die prophylak-

Bei der diesjährigen Jahrestagung der American 
Society of Clinical Oncology (ASCO) wurden 
erstmals detaillierte Daten zum Gesamtüberle-
ben (OS) der Phase-III-Studie ZUMA-7 prä-
sentiert: Sie zeigen, dass Axicabtagen-Ciloleucel 
(Axi-Cel) (Yescarta®) bei erwachsenen Pati-
ent*innen mit einem rezidivierten/refraktären 
großzelligen B-Zell-Lymphom (r/r LBCL) in 
der Zweitlinie das Sterberisiko im Vergleich zur 
bisherigen Standardbehandlung signifikant sen-
ken kann [1]. Damit ist Axi-Cel die erste Be-
handlung in nahezu 30 Jahren, die eine statis-
tisch signifikante Verbesserung des OS im 
Vergleich zur Standardtherapie in der Zweitli-
nientherapie des r/r LBCL in einem kurativen 
Setting demonstrieren konnte [2, 3]. Die Phase-
III-Studie ZUMA-7 verglich das Überleben 

tische Behandlung mit Marstacimab bei Men-
schen mit schwerer Hämophilie A und mit-
telschwerer bis schwerer Hämophilie B ohne 
Hemmkörper zu einer statistisch signifikan-
ten und klinisch relevanten Verringerung der 
annualisierten Blutungsrate (ABR) führte. 
116 Hämophilie-Patienten wurden über einen 
Zeitraum von 12 Monaten mit Marstacimab 
behandelt, im Vergleich zur vorherigen 6-mo-
natigen Beobachtungsphase, in der sie im 
Rahmen der üblichen Versorgung eine intra-
venöse Prophylaxe bzw. Bedarfsbehandlung 
mit FVIII oder FIX erhielten. In der Patien-
tenkohorte, die in der Beobachtungsphase 
mit einer bedarfsorientierten Faktorersatzthe-
rapie ( on demand) behandelt wurde, zeigte 
Marstacimab eine Überlegenheit (p < 0,0001) 

mit einer Verringerung der Blutungen um 
92%. Die Ergebnisse zeigten auch eine Über-
legenheit (p = 0,0376) von Marstacimab im 
Vergleich zur Prophylaxe, mit einer Reduzie-
rung der ABR um 35% [1, 2].
Das Sicherheitsprofil von Marstacimab ent-
sprach den Ergebnissen der Phase-1/2-Studie 
und die Prophylaxe war im Allgemeinen gut 
verträglich [1, 2]. 
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nach einer  1-maligen Infusion Axi-Cel mit der 
bisherigen Standardbehandlung (SOC)# bei 
erwachsenen LBCL-Patient*innen, deren Er-
krankung innerhalb von 12 Monaten nach Ab-
schluss einer Erstlinien-Chemoimmuntherapie 
rezidiviert oder gegenüber dieser refraktär war 
(r/r LBCL) [1]. Die Daten wurden jetzt auch 
vom New England Journal of Medicine publi-
ziert [4]. Die primäre Analyse ( intention-to-tre-
at) des OS erfolgte gemäß Protokoll 5 Jahre , 
nachdem der erste Studienteilnehmende ran-
domisiert wurde; das mediane Follow-up be-
trug rund 4 Jahre (47,2 Monate) [1]. Die Aus-
wertung der Daten zeigte, dass die Einmalbe-
handlung mit Axi-Cel in einem signifikant 
längeren OS resultierte (Hazard Ratio (HR): 
0,726; 95%-Konfidenzintervall (KI): 0,540–

0,977;  1-seitiger stratifizierter Log-Ran k-p-
Wert = 0,0168) – entsprechend einer Risikore-
duktion um 27,4% gegenüber SOC bzw. einer 
relativen Verbesserung des OS um 38% [1, 4]. 

# Definiert als 2 bis 3 Zyklen einer Standard-Chemoim-
muntherapie (R-ICE, R-DHAP oder R-DHAX,  R-ESHAP 
oder R-GDP) gefolgt von einer Hochdosistherapie und 
einer allogenen Stammzelltransplantation (HDT-ASZT) 
bei Patient*innen mit Ansprechen der Erkrankung.
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CAR-T-Ze ll-Therapie Axicabtagen-Ciloleucel: signifikant längeres OS  versus 
SOC in der  Zweitlinie beim r/r LBCL

Hämophilie A und B: Erste positive Daten zu Marstacimab hinsichtlich 
Wirksamkeit aus zulassungsrelevanter Phase-III-Studie
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