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Abstract:  

Background: The Rh blood group system is one of the most clinically significant antigen systems in 

transfusion medicine and obstetric care. Its strong immunogenicity makes Rh incompatibility a major cause 

of alloimmunization, hemolytic transfusion reactions, and hemolytic disease of the fetus and newborn 

(HDFN). 

Aim: To review the clinical significance, laboratory testing methods, and transfusion safety considerations 

related to the Rh blood group system. 

Methods: This review synthesizes historical, genetic, and immunohematologic data on Rh antigen 

structure, variant phenotypes, and diagnostic testing. It evaluates serologic and molecular approaches for 

Rh typing, antiglobulin testing, and quality control measures essential for accurate interpretation. 

Results: The Rh system comprises over 50 antigens, with D antigen being the most immunogenic. Variant 

phenotypes such as weak D, partial D, and Rhnull complicate serologic interpretation and increase 

alloimmunization risk. Diagnostic strategies include direct and indirect antiglobulin tests (DAT/IAT), tube 

and gel methods, and molecular genotyping for ambiguous cases. Preventive measures, such as Rh immune 

globulin prophylaxis and strict transfusion compatibility protocols, have significantly reduced HDFN 

incidence. Quality assurance practices, including reagent verification and proficiency testing, remain 

critical for patient safety. 

Conclusion: Accurate Rh typing and antibody screening are indispensable for safe transfusion and obstetric 

management. Integration of advanced serologic and molecular techniques with robust quality systems 

ensures reliable results and minimizes immunologic risk. 

Keywords: Rh blood group, D antigen, alloimmunization, hemolytic disease of newborn, transfusion 

safety, antiglobulin test, weak D, partial D. 
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Introduction: 

The Rh blood group system is one of the most extensively investigated antigen systems in 

immunohematology and continues to hold major clinical importance in contemporary transfusion practice 

and obstetric care. Its relevance stems not only from the diversity of antigens expressed on red blood cells 

but also from the system’s strong immunogenicity, which makes Rh incompatibility a prominent cause of 

alloimmunization, hemolytic transfusion reactions, and hemolytic disease of the fetus and newborn. Unlike 

the ABO system—which typically produces naturally occurring antibodies—the Rh system is characterized 

by antibodies that are usually acquired following exposure to foreign red cell antigens through transfusion 

or pregnancy. This acquired nature, combined with the potency of Rh-directed immune responses, positions 

Rh testing and antibody screening as essential components of safe blood administration and prenatal risk 

assessment. The Rh system includes more than 50 antigens, though the majority of clinically significant 

reactions involve a smaller subset, particularly the D, C, c, E, and e antigens.[1] These antigens reside on 

transmembrane proteins embedded within the red blood cell membrane, forming part of a complex 

structural framework on the cell surface. Although the precise physiologic function of Rh antigens has not 

been fully defined, they are thought to contribute to red cell membrane integrity and may participate in 

ammonium transport processes, suggesting a potential role in maintaining red cell homeostasis. From a 

laboratory and clinical standpoint, the biologic role of Rh proteins is less consequential than their 

immunohematologic behavior: Rh antigens, especially the D antigen, are highly immunogenic, and 

exposure to incompatible Rh antigens frequently results in the formation of clinically significant IgG 

alloantibodies. These antibodies can cross the placenta, cause fetal or neonatal hemolysis, and in transfusion 

settings can mediate delayed hemolytic transfusion reactions [1]. 

The expression of Rh antigens is genetically determined and demonstrates substantial variability across 

individuals and populations. This variability produces a range of Rh phenotypes, including partial antigen 

expression and weak antigen variants that can complicate laboratory interpretation and clinical decision-

making. Among these, the Rh-negative phenotype—typically referring to the absence of the D antigen—

has the greatest clinical impact. In pregnancy, Rh-negative individuals carrying an Rh-positive fetus are at 

risk for alloimmunization, with subsequent pregnancies potentially affected by antibody-mediated fetal 

anemia. In transfusion medicine, Rh-negative patients must receive Rh-compatible blood to prevent 

sensitization and its long-term complications, particularly in individuals of childbearing potential and those 

requiring chronic transfusion support.[2] For standardized classification in transfusion medicine, the 

International Society of Blood Transfusion (ISBT) designates the Rh blood group system with the symbol 

“Rh” and assigns it the ISBT number 004, reflecting its global recognition as a cornerstone system for 

laboratory testing, compatibility assessment, and transfusion safety. 

Etiology and Epidemiology 

The etiology and epidemiology of the Rh blood group system are rooted in the immunohematologic 

phenomenon of alloimmunization, in which an individual exposed to non-self red blood cell antigens 

develops antibodies capable of causing clinically significant hemolysis. In the Rh system, this process most 

commonly involves antibodies directed against the D antigen, which is highly immunogenic and therefore 

more likely than many other erythrocyte antigens to stimulate an antibody response after exposure. Unlike 

naturally occurring antibodies in the ABO system, Rh antibodies typically arise only after sensitizing 

events—most notably pregnancy, transfusion, or less commonly transplantation—making Rh-associated 

disease patterns closely tied to obstetric care and transfusion practice. From an etiologic perspective, the 

clinical significance of the Rh system is therefore a direct consequence of antigenic variation across 

populations and the probability of antigen mismatch between donor and recipient or between mother and 

fetus. Historically, recognition of the Rh system emerged from a clinical observation that could not be 

explained by ABO incompatibility. The first report of what would later be understood as Rh-related 

incompatibility appeared in 1939, when Levine and Stetson described a pregnant woman who developed 

postpartum hemorrhage and required transfusion from her husband.[3] Despite ABO compatibility between 

the spouses, the patient experienced symptoms after transfusion, including pain and darkened urine, 

findings consistent with hemolysis. Importantly, agglutination was demonstrated when her blood was 

remixed with her husband’s blood, indicating an immune-mediated incompatibility. Levine and Stetson 
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extended their investigation by testing her serum against multiple ABO-matched donor samples and 

observed agglutination with approximately 80% of donors. Based on this pattern, they inferred that the 

patient had become isoimmunized to an unknown red cell antigen, most likely acquired through exposure 

to fetal erythrocytes during pregnancy, which then rendered transfused blood from many donors 

incompatible.[3] This case is epidemiologically important because it illustrates two enduring realities of Rh 

immunohematology: first, that clinically significant antibodies can develop following pregnancy, and 

second, that ABO compatibility alone is insufficient to guarantee transfusion safety [3]. 

Subsequent experimental work by Landsteiner and Wiener sought to define the antigen responsible for this 

reaction. They described an “Rh factor,” named for the Rhesus monkey, because their experiments using 

rhesus monkey red blood cells produced agglutination patterns that appeared to parallel human 

incompatibility reactions.[4] On the basis of their findings, they also proposed an autosomal dominant 

pattern of inheritance for the Rh factor, framing Rh positivity as a genetically transmissible trait that could 

be predicted within families.[4] Although later research clarified that the antigens expressed on rhesus 

monkey erythrocytes are not identical to those in humans, the terminology “Rh” persisted in clinical and 

laboratory usage due to its early adoption and practical utility.[5] As immunohematologic methods 

advanced, the antibody generated against the antigen originally attributed to the “Rh factor” was more 

precisely characterized and ultimately recognized as anti-D, aligning the nomenclature with the D antigen 

that is now understood as the most clinically significant component of the Rh system.[5] Epidemiologically, 

the historical sequence of discovery also foreshadowed modern patterns of disease. Because Rh antibodies 

are generally acquired, their frequency and clinical impact are influenced by transfusion exposure, 

pregnancy rates, and the effectiveness of preventive strategies in obstetrics, particularly prophylaxis against 

maternal anti-D formation. In contemporary practice, the Rh system remains central to transfusion medicine 

precisely because the same immunologic mechanism identified in early reports—sensitization followed by 

hemolytic reaction upon re-exposure—continues to underlie clinically significant transfusion reactions and 

fetal–maternal incompatibility, making accurate Rh typing and antibody screening indispensable 

components of safe care [6]. 

 
Fig. 1: Rh group system. 
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Pathophysiology 

The Rh blood group system is among the most structurally and genetically complex antigen systems in 

transfusion medicine, and its clinical impact arises from the intersection of membrane biology, population 

genetics, and adaptive immune recognition. Although numerous blood group systems are defined by 

carbohydrate epitopes or relatively small extracellular motifs, the Rh system is fundamentally a protein-

based antigen system embedded within the red blood cell (RBC) membrane, and it is characterized by high 

immunogenicity, substantial allelic diversity, and clinically consequential variant phenotypes. In 

contemporary classification, the Rh blood group system comprises 56 antigens, but clinical risk is 

concentrated in a smaller subset—particularly D, C, c, E, and e—because these antigens most frequently 

mediate alloimmunization, hemolytic transfusion reactions, and hemolytic disease of the fetus and newborn. 

The pathophysiology of Rh-related disease therefore begins with the molecular architecture of Rh antigens 

and extends through the immune mechanisms by which these antigens become targets of IgG alloantibodies 

after sensitizing exposure. At the genetic level, Rh antigen expression is primarily encoded by two tightly 

linked loci located on chromosome 1p34-36. The RHD gene encodes the RhD antigen, while the RHCE 

gene encodes the RhCE antigens, which include the clinically important C/c and E/e polymorphisms. 

Between these genes lies SMP1, a sequence whose biologic significance remains uncertain.[6] The close 

linkage of RHD and RHCE, combined with the structural homology between their encoded proteins, creates 

a genomic environment conducive to recombination events, gene conversions, and variant allele formation. 

These processes help explain why Rh phenotypes are not limited to simple “positive” or “negative” 

categories, but instead span a continuum of qualitative and quantitative antigen expression patterns that can 

complicate serologic typing and influence alloimmunization risk [6]. 

RHD and RHCE encode eight haplotypes of Rh antigens in different combinations, reflecting the manner 

in which allelic variants are inherited and co-expressed on RBC membranes. The proteins encoded by these 

genes are hydrophobic transmembrane proteins that traverse the RBC phospholipid bilayer multiple times 

and expose antigenic determinants on extracellular loops. In this way, Rh antigens are not soluble factors 

but integral membrane components, meaning that the immune system “sees” them only in the context of 

intact RBCs or RBC-derived membrane fragments. The RhD and RhCE proteins are notably similar at the 

amino acid level; indeed, the first 41 amino acids are identical, underscoring their close evolutionary 

relationship and providing a structural rationale for the existence of gene conversions and epitope-altering 

mutations.[7] This similarity has important immunohematologic consequences: small amino acid 

substitutions, rearrangements, or hybrid gene products can subtly alter epitope configuration, creating 

partial antigen expression or variant epitopes that may evade standard serologic detection yet still provoke 

immune responses under conditions of antigen mismatch. The expression of Rh proteins on RBCs is not 

autonomous; proper assembly and stable membrane insertion require the presence of Rh-associated 

glycoprotein (RhAG).[8] Although RhAG and Rh proteins share structural similarities, the gene locus for 

RhAG is located on chromosome 6p12-21, illustrating that functional Rh antigen expression depends on 

coordinated interactions across distinct genomic regions. The combination of Rh proteins and RhAG is 

often described as the Rh family, reflecting their shared membrane architecture and interdependent 

assembly. Beyond RhAG, the Rh structure incorporates additional accessory glycoproteins, including LW 

glycoprotein, integrin-associated protein, glycophorin B, and band 3 glycoprotein, which are encoded on 

chromosomes 19, 3, 4, and 17, respectively.[1] Together, the Rh proteins, RhAG, and these accessory 

components form the Rh complex, a macromolecular assembly embedded in the RBC membrane.[1] While 

the precise physiologic function of the Rh complex has not been completely defined, phenotypic 

observations suggest roles in maintaining RBC membrane integrity and potentially mediating ammonium 

transport across the RBC membrane.[6] These functional hypotheses are clinically meaningful because they 

explain why certain rare Rh phenotypes are associated not only with transfusion complications but also 

with intrinsic RBC abnormalities, such as altered morphology and shortened cell survival. 

From a pathophysiologic perspective, the immunogenicity of Rh antigens is central to their clinical 

relevance. The adaptive immune system typically does not form anti-Rh antibodies without exposure, but 

once exposure occurs—through transfusion of antigen-positive RBCs into an antigen-negative recipient, or 

through fetomaternal hemorrhage during pregnancy—antigen-presenting cells can process Rh protein 
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epitopes and activate helper T-cell responses that promote class-switched, high-affinity IgG production. 

These IgG alloantibodies can bind to antigen-positive RBCs, opsonize them for extravascular hemolysis in 

the spleen and liver, and in pregnancy traverse the placenta to cause immune-mediated fetal hemolysis. The 

severity of clinical disease depends on antibody specificity, titer, affinity, complement activation potential, 

and the density of antigen expression on RBCs—variables that are profoundly influenced by Rh genotype 

and variant phenotypes. Thus, the molecular diversity of Rh antigen expression is not merely a laboratory 

curiosity; it directly shapes immune recognition and clinical outcomes. A wide array of Rh complex 

phenotypes arises from point mutations, nonsense mutations, rearrangements, and nucleotide deletions. 

Among these phenotypes, several are particularly important because they can cause clinically significant 

discrepancies between serologic typing and true immunologic status, thereby affecting transfusion strategy 

and obstetric prophylaxis. These phenotypes include absence of D antigen (D-negative), weak D, partial D, 

RhCE variants, and Rhnull. Each represents a distinct mechanism by which Rh antigen expression may be 

reduced, altered, or absent, and each carries specific implications for alloimmunization risk and transfusion 

compatibility [1][6]. 

The D-negative phenotype, defined by the absence of D antigen on the RBC surface, is one of the most 

clinically consequential Rh states because it identifies individuals at risk of forming anti-D after exposure. 

Mechanistically, lack of D antigen occurs through different genetic pathways that are strongly associated 

with ethnicity and population ancestry. In many White populations, D negativity commonly results from 

deletion of the RHD gene or from mutations that introduce a premature stop codon, preventing production 

of functional RhD protein.[6] In other individuals, D negativity may reflect mutations that prevent gene 

expression even when RHD-related sequences are present. For example, in certain African populations, a 

pseudogene containing a base pair duplication can disrupt gene expression and yield a D-negative 

phenotype.[6] The clinical consequence of D negativity is not intrinsic RBC dysfunction but immunologic 

vulnerability: when D-negative individuals are exposed to D antigen through transfusion or pregnancy, they 

may mount an alloimmune response and develop anti-D antibodies.[9] This risk is especially salient in 

obstetrics, where a D-negative pregnant individual carrying a D-positive fetus may be exposed to fetal 

RBCs during pregnancy, delivery, or invasive procedures, setting the stage for sensitization and future 

pregnancy complications. In transfusion practice, the same immunologic logic compels careful D-matching 

to prevent lifelong alloimmunization that can complicate future transfusion needs and, in those of 

childbearing potential, pose reproductive risk. Weak D represents a distinct pathophysiologic mechanism 

in which the D antigen is present but expressed at reduced density on the RBC surface, leading to weak or 

absent agglutination in routine serologic testing. Approximately 1% of D-positive individuals type as weak 

D (historically referred to as Du), a phenotype characterized by diminished reactivity with anti-D reagents 

unless testing is enhanced with anti-human globulin (AHG).[1] The underlying mechanism is typically 

quantitative: reduced RhD protein expression results in fewer surface epitopes available for antibody 

binding and lattice formation, thereby producing weak agglutination. In many weak D phenotypes, the D 

antigen becomes detectable only under sensitized conditions (such as AHG testing) because the antigen 

density falls below the threshold of immediate-spin serology. The weak D phenotype is commonly 

described as a defect in transcribing the RHD gene that yields diminished epitope expression rather than a 

complete absence of antigen.[1] Importantly, weak D is not a single entity; multiple genotypes exist, and 

Types 1, 2, and 3 are among the most common, typically producing sufficient D epitopes to manage such 

individuals as D-positive in many clinical settings.[10] This genotype-specific nuance is clinically 

important because it determines whether a person is likely to form anti-D if exposed to D-positive RBCs. 

For female patients of childbearing age, additional genotyping may be required to clarify whether 

immunoprophylaxis is necessary during pregnancy, since misclassification could either expose a patient to 

unnecessary prophylaxis or, more seriously, leave a susceptible individual unprotected.[11] In this way, 

weak D illustrates how the pathophysiology of Rh-related disease is shaped by the quantitative relationship 

between antigen density, serologic detectability, and immune recognition. 

Partial D differs from weak D in that it is primarily a qualitative alteration of antigen structure rather than 

simply reduced antigen quantity. The partial D phenotype arises when the D antigen lacks one or more 

epitopes due to RHD gene conversions, point mutations, or the expression of a low-incidence antigen that 
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modifies epitope architecture.[6] Many individuals with partial D will type as D-positive in standard 

serologic testing because they express enough D-like epitopes to react with common anti-D reagents. 

However, because the epitope repertoire is incomplete, these individuals can still recognize missing 

epitopes as foreign and form anti-D if exposed to conventional D-positive RBCs carrying the full antigenic 

structure.[10] This is a particularly important immunohematologic paradox: a patient may be labeled “D-

positive” by routine typing yet still be capable of producing clinically significant anti-D, a circumstance 

that can complicate transfusion compatibility and obstetric management. The pathophysiologic basis lies in 

epitope specificity: alloimmunization is driven not by the presence or absence of an antigen name label but 

by whether the recipient’s immune system encounters an epitope it has not previously tolerated. Partial D 

thus underscores the need for refined laboratory approaches and careful clinical interpretation when 

serology and clinical history appear discordant, such as when a “D-positive” patient develops apparent anti-

D. RhCE variants extend the theme of polymorphism-driven immunohematologic complexity to the C/c 

and E/e antigens. These polymorphisms arise from single or multiple nucleotide substitutions in RHCE, 

producing amino acid substitutions that alter antigenic structure. The E and e alleles differ by a single 

proline-to-alanine substitution, whereas the C and c polymorphic alleles involve four different amino acid 

substitutions.[12] While these molecular differences may appear modest, they can meaningfully influence 

antigen expression and antibody formation, particularly in patients receiving chronic transfusions who 

accumulate repeated exposures to donor RBC antigens. In such contexts, even subtle antigenic differences 

can increase alloimmunization frequency because repeated antigen challenges amplify the likelihood of 

immune priming and secondary responses. This phenomenon has particular relevance in chronically 

transfused populations, where RhCE variability can contribute to antibody formation against Rh antigens 

that may not be perfectly matched by routine donor selection. Patients with sickle cell disease are especially 

vulnerable to alloimmunization, in part due to repeated transfusion exposure and in part due to differences 

in Rh allele distribution between donor pools and recipient populations.[13] The pathophysiology here is 

cumulative and probabilistic: repeated antigen exposure increases risk, and population-level antigen 

frequency differences increase the probability that an antigen mismatch will occur [13]. 

The Rhnull phenotype represents one of the most extreme disruptions of the Rh complex and is clinically 

significant not only for transfusion compatibility but also for intrinsic RBC biology. Rhnull is classified 

into two forms: amorph and regulator. Amorph Rhnull results from mutation of RHCE that yields 

nonfunctional proteins on a D-negative background, effectively eliminating functional Rh antigen 

expression. Regulator Rhnull, which is the more common phenotype, results from an RHAG mutation that 

produces dysfunctional RhAG, thereby preventing proper assembly and membrane expression of Rh 

proteins.[6] Because Rh proteins and RhAG are integral components of a broader membrane complex, their 

absence has downstream consequences for RBC structure and survival. Clinically, Rhnull patients exhibit 

shortened RBC lifespans, characteristic morphology on peripheral smear, and compensated hemolytic 

anemia—findings consistent with impaired membrane stability and increased susceptibility to splenic 

clearance. Transfusion support for Rhnull individuals is uniquely challenging because they can become 

sensitized to multiple Rh antigens, including high-frequency antigens that are present on nearly all donor 

RBCs. Some alloimmunized Rhnull patients may develop anti-RH29; notably, this antibody does not react 

with Rhnull RBCs, reflecting the absence of the targeted high-frequency antigenic determinants on their 

own cells.[14] The practical implication is profound: compatible blood may be extraordinarily difficult to 

obtain, necessitating rare donor registries, advanced immunohematologic testing, and highly individualized 

transfusion strategies. Across these phenotypes, the unifying pathophysiologic principle is that Rh antigen 

expression exists on a spectrum shaped by gene structure, protein assembly, and epitope configuration, and 

that immune consequences depend on the specific relationship between recipient tolerance and donor or 

fetal antigen exposure. Molecular similarity between RhD and RhCE proteins, the requirement for RhAG, 

and the assembly of the Rh complex together create multiple points at which genetic variation can alter 

antigen expression. These changes can be quantitative, as in weak D; qualitative, as in partial D; 

polymorphic, as in RhCE variants; or near-total, as in Rhnull. Each alteration can modify not only 

laboratory detectability but also the likelihood and specificity of alloantibody formation, influencing 

transfusion selection, pregnancy prophylaxis decisions, and long-term patient safety [14]. 
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In practical terms, Rh pathophysiology bridges molecular biology and bedside outcomes. In pregnancy, 

maternal alloimmunization—especially to D—can result in IgG antibodies crossing the placenta and 

opsonizing fetal RBCs, leading to fetal anemia, hyperbilirubinemia, and, in severe cases, hydrops fetalis 

and fetal demise. In transfusion settings, alloantibodies to Rh antigens can cause delayed hemolytic 

transfusion reactions characterized by falling hemoglobin, jaundice, and elevated lactate dehydrogenase 

days after transfusion, reflecting extravascular hemolysis of transfused RBCs. Variant phenotypes 

complicate prevention because serologic typing may not fully capture epitope-level differences that 

determine immune risk. For this reason, the Rh system remains a model of how genetic diversity in 

membrane proteins can translate into clinically significant immune pathology, and why advanced serologic 

and molecular approaches are often necessary to align laboratory classification with biologic reality. 

Ultimately, the Rh blood group system exemplifies a multi-layered pathophysiology in which gene 

organization, protein structure, membrane complex assembly, and adaptive immune mechanisms converge. 

The clinical hazards of Rh incompatibility arise not merely because antigens exist, but because they are 

highly immunogenic, variably expressed, and capable of eliciting durable, clinically significant IgG 

responses after exposure. The consequences of this biology—alloimmunization, transfusion reactions, and 

pregnancy-related hemolytic disease—are therefore best understood as downstream effects of a complex, 

variant-prone membrane antigen system whose immunologic significance is amplified by the frequency of 

transfusion and pregnancy exposures in modern healthcare [13][14]. 

Specimen Requirements and Procedure 

Accurate Rh blood group determination begins with appropriate specimen collection and handling, because 

preanalytical errors—such as mislabeling, inadequate volume, hemolysis, or improper anticoagulant 

selection—can compromise test validity and patient safety. For routine ABO and Rh typing in transfusion 

services, the standard specimen is whole blood collected in an ethylenediaminetetraacetic acid (EDTA) 

tube. EDTA-anticoagulated blood is referred to as “whole blood” because it contains both cellular 

components (red cells, white cells, and platelets) and plasma, preserved in a state suitable for 

immunohematologic testing. In this context, the primary analytic target for Rh typing is the patient’s red 

blood cells, as Rh antigens are expressed on the RBC membrane and are identified through serologic 

agglutination reactions with specific anti-D and other Rh reagents. EDTA is widely regarded as the preferred 

anticoagulant for hematological testing because it provides excellent preservation of cellular morphology 

and prevents clot formation without significantly altering red cell membrane antigen expression. By 

chelating calcium, EDTA effectively halts the coagulation cascade, maintaining the sample in a stable 

condition that facilitates reliable cell suspension preparation and repeat testing when necessary.[15] This 

stability is important in transfusion medicine workflows, where confirmatory testing, antibody screening, 

or compatibility investigations may be required after initial typing. Additionally, EDTA minimizes in vitro 

complement activation and reduces the likelihood of microclot formation that can interfere with serologic 

interpretation, thereby improving the clarity of agglutination endpoints in tube testing, gel methods, or 

automated platforms. Specimen volume requirements vary across institutions because they depend on assay 

methodology, analyzer specifications, and patient age. In general, the minimum volume of whole blood 

needed for Rh typing ranges from approximately 0.5 to 4 mL.[15] Pediatric and neonatal testing often 

requires smaller volumes to reduce iatrogenic anemia, whereas adult samples may be collected in standard 

volumes to support concurrent testing, such as antibody screening, crossmatching, or additional 

confirmatory studies. Regardless of volume, strict patient identification and labeling procedures are 

essential. The specimen must be labeled at the bedside with at least two identifiers, consistent with 

transfusion safety standards, because wrong-blood-in-tube errors remain among the most serious 

preventable causes of transfusion-related harm. From a procedural standpoint, Rh typing is performed by 

preparing a red cell suspension from the EDTA sample and combining it with appropriate antisera—most 

commonly anti-D—under controlled conditions. Agglutination indicates the presence of the corresponding 

antigen on the patient’s RBCs, while the absence of agglutination suggests antigen negativity. If initial 

testing yields weak or discrepant reactions, additional steps may include extended incubation, use of anti-

human globulin techniques for weak D detection, repeat testing with different reagent clones, or molecular 

genotyping when clinically indicated. Thus, proper EDTA specimen collection and adherence to validated 
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laboratory procedures underpin accurate Rh assignment, which is critical for safe transfusion practice and 

obstetric risk management. 

Diagnostic Tests 

Diagnostic testing in immunohematology is designed to clarify whether red blood cells are being targeted 

by antibodies or complement and to determine whether clinically significant antibodies are present in the 

patient’s plasma that could complicate transfusion or pregnancy. Within this framework, antiglobulin testing 

occupies a central role because it bridges serologic observation and immune pathophysiology. The direct 

antiglobulin test (DAT) and the indirect antiglobulin test (IAT) are complementary assays that differ 

primarily in the setting in which sensitization occurs: the DAT detects antibody or complement already 

bound to RBCs in vivo, whereas the IAT detects antibodies capable of binding RBCs under controlled 

laboratory conditions in vitro. Together, these tests guide the investigation of hemolysis, identify clinically 

significant alloantibodies, and support safe transfusion decision-making. The DAT is a laboratory method 

that demonstrates in vivo coating of RBC surfaces with immunoglobulin—most commonly IgG—or 

complement protein, particularly C3, which becomes attached to the RBC membrane when complement is 

activated on the cell surface. In clinical practice, the DAT is most often employed to investigate suspected 

antibody-mediated hemolysis.[16] When hemolysis is occurring and an immune mechanism is suspected, 

the DAT can provide evidence that RBCs are being targeted and marked for destruction. This makes the 

test especially relevant in acute or delayed hemolytic transfusion reactions resulting from antibody 

incompatibility, where transfused donor RBCs may be coated by recipient alloantibodies, leading to 

extravascular hemolysis and, in some cases, intravascular destruction. The DAT is also integral to 

diagnosing hemolytic disease of the fetus and newborn, where maternal IgG antibodies cross the placenta 

and bind fetal RBC antigens, as well as antibody-mediated drug-induced hemolysis, in which drug-

dependent antibodies or immune complexes lead to RBC sensitization and clearance. Although the DAT is 

not part of routine, otherwise uncomplicated pretransfusion testing, it can be informative in more complex 

serologic scenarios. For example, when the auto-control is reactive, a DAT may help confirm the presence 

of self-reactive antibodies coating the patient’s own RBCs, supporting a diagnosis of autoimmune 

hemolytic anemia or an immune-mediated process superimposed on alloimmunization.[17] 

Methodologically, the DAT is performed by isolating the patient’s RBCs and directly adding antihuman 

globulin (AHG) reagent, then observing for agglutination. A positive reaction occurs when RBCs are 

already coated with IgG and/or complement so that AHG can bridge adjacent cells through binding to those 

surface-bound immune components, producing visible agglutination.[16] Because the DAT is designed to 

detect very small amounts of bound immunoglobulin or complement, careful technique is essential to avoid 

false results. An important interpretive safeguard is the recommendation that all positive DAT samples be 

tested with an inert control, such as saline or 6% albumin, before concluding that the DAT is truly 

positive.[16] This step helps exclude nonspecific agglutination and other artifacts that could mimic a 

positive reaction, particularly in samples with abnormal plasma proteins, rouleaux, or other factors that can 

produce misleading clumping unrelated to AHG-mediated bridging. A critical aspect of DAT performance 

is the selection of AHG reagent. Multiple preparations of AHG sera exist, and the appropriate choice 

depends on the clinical question, the testing format, and whether the laboratory intends to detect RBC 

sensitization by IgG, complement, or both.[18] Polyspecific AHG reagents contain antibodies against 

human IgG and complement components such as C3d, making them useful for broad screening of immune 

RBC coating. Monospecific AHG reagents, by contrast, target only IgG or only complement, allowing 

laboratories to refine interpretation and distinguish IgG-mediated processes from complement-driven 

hemolysis. This distinction is clinically meaningful because complement involvement may suggest 

different etiologies and may correlate with differences in hemolysis severity or pattern. For example, some 

immune hemolytic processes are dominated by IgG with minimal complement fixation, whereas others 

involve complement activation and may demonstrate stronger intravascular components. While the DAT 

interrogates the RBC surface for in vivo sensitization, the indirect antiglobulin test (IAT) evaluates whether 

antibodies present in serum or plasma will bind to RBC antigens under laboratory conditions, regardless of 

whether the antibodies fix complement. The IAT is therefore a cornerstone of pretransfusion testing because 

it identifies clinically significant alloantibodies that could cause hemolytic reactions if incompatible blood 
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is transfused. Laboratory indications for the IAT include antibody screening to detect unexpected 

antibodies, compatibility testing during crossmatch, antibody identification panels to define specificity, 

antibody titration—particularly relevant in obstetrics for monitoring clinically significant alloantibody 

levels—and RBC phenotyping or antigen typing where AHG-enhanced methods are required for accurate 

detection.[19] Because the IAT models the antigen–antibody interaction that could occur in vivo after 

transfusion, it is fundamentally a predictive assay, helping clinicians avoid exposures that would trigger 

immune hemolysis [19]. 

The core principle of the IAT is controlled incubation of patient serum with reagent RBCs that carry known 

antigen profiles. During incubation, antibodies in the serum bind to corresponding antigens on the RBC 

surface if present. After incubation, the RBCs are washed to remove unbound antibodies, and AHG is added. 

If antibody has bound to the RBCs, AHG will bridge the IgG molecules and produce agglutination. Unlike 

the DAT, where RBCs are already sensitized in the patient, the IAT sensitizes RBCs in the laboratory, 

allowing detection of free circulating antibodies capable of binding RBC antigens. Antiglobulin testing can 

be conducted using multiple platforms, including traditional test tubes, capillary tubes, microtiter plates, or 

gel microtube techniques.[19] Each method has distinct workflow advantages, sensitivity characteristics, 

and standardization features, but all share the same immunologic foundation: antibody binding followed by 

AHG-mediated agglutination. Because antiglobulin tests are highly sensitive and because a false-negative 

result can have serious consequences in transfusion practice, quality control is essential. To standardize 

AHG reagents and confirm that a negative antiglobulin reaction is truly negative, laboratories routinely use 

control RBCs coated with IgG and/or complement. These are often prepared using known antibodies; Rh 

antibodies are commonly used to sensitize RBCs with IgG, creating reliable IgG-coated control cells.[17] 

The quality control cells used for antiglobulin testing are widely referred to as check cells or Coombs 

control cells. Their role is especially important in validating negative test results. In a true-negative 

antiglobulin test, free, active AHG reagent should remain in the test system because no patient antibody is 

bound to RBCs to consume the reagent. By adding check cells—RBCs sensitized with IgG or 

complement—to all negative tests and centrifuging, the laboratory can confirm that AHG is present and 

reactive: hemagglutination of the check cells demonstrates that the AHG reagent is functional and that the 

washing step was adequate, thereby validating the negative result.[20] If the control cells fail to agglutinate 

in any tube or test well, the test is considered invalid and must be repeated, because the absence of check 

cell agglutination indicates that AHG may have been omitted, neutralized, or otherwise rendered 

ineffective, creating the risk of a false-negative interpretation.[20] In transfusion medicine, where the 

clinical consequences of missing an alloantibody can include hemolytic reactions, this validation step is not 

merely procedural—it is a patient safety measure. 

Despite the high sensitivity of antiglobulin testing, interpretation requires an appreciation of its limitations. 

A negative DAT or IAT does not categorically exclude immune involvement, because small quantities of 

bound IgG or C3 may fall below the threshold of detection.[16] In vivo, RBCs can sometimes be coated 

with low levels of antibody or complement that still contribute to clinically meaningful hemolysis, 

particularly when clearance mechanisms are efficient or when antibodies are of certain affinities. Similarly, 

the performance of AHG reagents is influenced by immunoglobulin subclass specificity. AHG sera may 

demonstrate greater activity against some IgG subclasses than others, meaning that RBCs coated 

predominantly by a subclass that is less efficiently detected by a given AHG preparation can yield negative 

results even when immunoglobulin is present.[21] This phenomenon underscores why serologic test 

interpretation must be integrated with the broader clinical picture. When hemolysis is strongly suspected 

clinically—based on falling hemoglobin, elevated lactate dehydrogenase, indirect hyperbilirubinemia, 

reduced haptoglobin, or hemoglobinuria—additional testing or alternative methodologies may be warranted 

even if standard antiglobulin tests are negative. Moreover, technical factors such as inadequate washing, 

improper centrifugation, delayed testing, or sample degradation can further influence results, reinforcing 

the necessity of rigorous laboratory standards and quality control. In sum, the DAT and IAT represent 

fundamental diagnostic tools that operationalize immunologic principles for clinical decision-making. The 

DAT establishes whether RBCs are sensitized in vivo by IgG and/or complement, supporting the 

investigation of immune-mediated hemolysis in transfusion reactions, neonatal disease, autoimmune 
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hemolysis, and drug-related hemolysis.[16][17] The IAT identifies antibodies capable of binding RBC 

antigens in vitro, supporting crossmatch compatibility, antibody screening and identification, titration, and 

phenotyping workflows essential for safe transfusion and obstetric risk management.[19] Quality control 

through check cells provides assurance that negative results are valid and not artifacts of reagent failure or 

procedural error.[20] Finally, the recognized limitations of antiglobulin testing—including the possibility 

of low-level sensitization and IgG subclass variability—highlight the importance of integrating test results 

with clinical context and using confirmatory or adjunctive methods when suspicion persists.[16][21] 

Testing Procedures 

Rh blood group testing is a fundamental laboratory process in transfusion medicine and obstetric practice, 

primarily because it identifies the presence or absence of the D antigen on the surface of red blood cells 

(RBCs). In its conceptual design, Rh typing parallels ABO forward typing: the patient’s RBCs are directly 

tested with a reagent antibody of known specificity, and the presence or absence of hemagglutination is 

interpreted as antigen positivity or negativity. During Rh typing, the patient’s RBCs are combined with 

reagent anti-D antibodies. If agglutination occurs, the RBCs are interpreted as expressing the D antigen and 

the patient is categorized as Rh “positive.” If no agglutination occurs, the RBCs are categorized as Rh 

“negative.”[22] This apparently simple binary classification is clinically powerful, yet it is also vulnerable 

to biologic and technical complexity because D antigen expression can be reduced, altered, or variant in 

ways that complicate routine serologic interpretation. Although standard Rh typing is usually sufficient for 

most pretransfusion testing, additional serologic evaluation for weak D or partial D phenotypes becomes 

important when typing results are ambiguous, when initial reactions are discrepant or unusually weak, or 

when the current result conflicts with an established historical record.[23] Such discrepancies carry real 

clinical consequences: misclassifying a patient who is capable of forming anti-D as “D-positive” can 

increase risk of alloimmunization in transfusion or pregnancy, whereas misclassifying a patient who can 

safely be managed as D-positive as “D-negative” can unnecessarily limit blood availability and increase 

use of scarce D-negative units. In cases where the initial test suggests Rh negativity but clinical context 

raises concern for variant expression, serologic assessment for weak or partial D is performed by enhancing 

the detection system using anti-human globulin (AHG). This approach increases analytic sensitivity by 

enabling detection of otherwise undetectable IgG-coated RBCs. If agglutination occurs after AHG 

enhancement, a weak or partial D phenotype is suspected, but serology alone cannot definitively distinguish 

between weak D genotypes that should be managed as D-positive and partial D phenotypes that may still 

produce anti-D. Consequently, molecular genotyping is used when definitive classification is required, 

allowing prediction of the true D antigen phenotype and guiding transfusion and obstetric prophylaxis 

decisions.[24] 

Most Rh testing methods rely on hemagglutination, a visible phenomenon that reflects a specific molecular 

sequence of antigen–antibody interaction. The hemagglutination process can be conceptualized in two 

stages. The first stage, often described as sensitization, is the reversible binding of antibody paratopes to 

antigen epitopes on the RBC surface; this interaction follows the law of mass action and is governed by an 

equilibrium constant reflecting binding affinity and available antigen density. Noncovalent forces—

including electrostatic interactions, hydrogen bonding, van der Waals forces, and hydrophobic effects—

stabilize the antigen–antibody complex at this stage. The second stage is lattice formation, in which 

antibodies bound to adjacent cells create bridges that link RBCs together, generating macroscopic 

clumping. It is this latticework—rather than mere binding—that produces the visible agglutination readout 

used in routine serology.[26] Factors that influence either stage, such as antigen density, antibody class and 

subclass, ionic strength, temperature, and reagent potentiators, can significantly affect test sensitivity and 

interpretation. Because reagents and platforms differ, testing procedures must be matched carefully to the 

reagent instructions and the performance characteristics of the method used. Anti-D reagents used in slide, 

tube, microplate, automated, and gel testing may vary substantially in formulation. Different products may 

contain distinct antibody clones, potentiators, additives, diluents, or preservatives; even when the same 

clone is used, the antibody concentration and preservative system may differ across manufacturers. These 

variations can produce differences in reactivity with weak D or partial D phenotypes, and they can also 

affect susceptibility to nonspecific reactions. For this reason, laboratory personnel must follow 
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manufacturer instructions precisely, including specified incubation times, temperatures, centrifugation 

parameters, and interpretation criteria, to ensure accurate and reproducible results.[27] 

Slide testing represents one of the oldest approaches to Rh typing and is primarily used when rapid, low-

resource testing is needed, though it is less favored in modern transfusion services due to lower sensitivity 

and challenges with standardization. In the slide method, a drop of a concentrated RBC suspension—often 

described as a 40% to 50% suspension in serum or plasma—is mixed with a drop of anti-D reagent on a 

glass slide. The slide is then placed on a heated Rh viewing box and tilted continuously for approximately 

two minutes while the technologist observes for agglutination.[28] The viewing box temperature is typically 

maintained between 40°C and 50°C to rapidly warm materials to an effective reaction temperature near 

37°C, facilitating antibody binding and lattice formation. A positive result is recorded when the patient 

sample shows visible agglutination while the control remains a smooth suspension, supporting the 

conclusion that D antigen is present.[28] Despite its speed, slide testing has relatively low sensitivity and 

is readily affected by variability in droplet size, suspension concentration, mixing technique, drying 

artifacts, ambient humidity, and subjective interpretation, making consistent standardization difficult across 

operators and settings.[29] As a result, many laboratories reserve slide testing for limited scenarios and 

confirm results with more reliable methods. Tube testing remains a foundational technique because it is 

sensitive, adaptable, relatively economical, and capable of both forward and reverse immunohematologic 

workflows. It is particularly useful for first-time blood group typing, confirmatory testing, and urgent 

settings where robust interpretation is required. Tube testing can be performed in two general orientations. 

In one approach, a patient’s antibody-containing plasma is mixed with reagent RBCs of known antigen 

profile to detect antibodies (a principle used in antibody screening and crossmatch). In the other, the 

patient’s RBCs are mixed with reagent antibodies of known specificity, such as anti-D, to detect antigens 

(the core approach for Rh typing). The mixture undergoes controlled steps of incubation and centrifugation, 

and agglutination is assessed visually. Reaction strength is graded on a semi-quantitative scale, typically 

from negative to 4+. A 4+ reaction reflects a strong, essentially nondissociable clump of RBCs that remains 

intact when the tube is gently agitated, whereas a negative reaction disperses completely into individual 

RBCs. Intermediate grades represent partial agglutination along this spectrum and can provide important 

clues regarding weak antigen expression or technical issues.[30] The tube method allows modification of 

conditions—such as using AHG enhancement, altering incubation temperature, or adding potentiators—to 

investigate weak D or resolve discrepancies, which makes it highly valuable for complex serologic 

problem-solving. 

Gel testing has become widely adopted because it improves standardization, enhances result stability, and 

reduces subjectivity in interpretation compared with traditional tube methods. Gel technology uses 

microtube columns filled with dextran acrylamide gel in a plastic card format.[31] The patient sample and 

reagent RBCs or antisera are combined in a reaction chamber above the gel column, and the card is 

centrifuged so that RBCs migrate downward through the gel matrix. The gel acts as a size-selective sieve: 

unagglutinated RBCs move more freely and settle toward the bottom, while agglutinated RBC clusters are 

trapped higher in the column. Many gel systems incorporate AHG within the gel, facilitating antiglobulin-

based reactions and enabling detection of IgG sensitization without separate washing steps. The endpoint 

is read by observing the distribution of RBCs within the column, and the visible “stopping point” 

corresponds to reaction strength.[25] Gel testing can be automated, offering high throughput, improved 

reproducibility, and a more objective scale for grading reactions than tube testing, which is especially 

beneficial for busy transfusion services and for maintaining consistent interpretation across multiple 

technologists and shifts. Microplate agglutination testing represents a further evolution toward automation 

and standardization. In microplate systems, reactants are dispensed into wells, incubated and centrifuged 

under controlled conditions, and then interpreted by automated optical or imaging systems.[26] This 

approach supports large-scale antibody screening and antigen typing by reducing manual variability and 

enabling electronic result capture. For ABO/Rh(D) typing, the platform reads agglutination patterns and 

assigns blood groups according to programmed algorithms. However, the antiserum must be specifically 

formulated for automation or microplate Rh testing, and some systems require collection in specific 

anticoagulants or adherence to strict specimen preparation protocols to ensure consistent cell concentration 
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and reaction kinetics.[25] When properly implemented, microplate testing can improve efficiency and 

reduce transcription errors, though laboratories must remain attentive to platform-specific limitations, 

reagent lot performance, and the potential for automated misinterpretation in unusual phenotypes or in the 

presence of interfering substances. 

Across all methods, awareness of interfering factors is essential because false-positive and false-negative 

results can lead to clinically dangerous misclassification. Multiple preanalytical and analytical issues can 

distort test outcomes, including improper technique, contaminated materials, omission of reagents or 

antisera, delays in reading tests, inadequate incubation time or incorrect temperature, inappropriate 

centrifugation speed or duration, and inappropriate or prolonged storage of RBCs that alters membrane 

integrity and antigen reactivity.[32] Patient-related factors can also interfere. Autoantibodies may cause 

nonspecific agglutination, obscuring true antigen–antibody reactions and complicating interpretation. High 

protein states or rouleaux can mimic agglutination in some settings, particularly in slide-based or tube 

methods without appropriate controls. Conversely, weak antigen expression, low antibody avidity, or 

reagent variability may produce false-negative reactions if sensitivity is insufficient or if enhancement steps 

are not applied when indicated. These risks underscore why quality systems are integral to Rh testing: 

proper specimen labeling, adherence to validated protocols, control testing, reagent verification, and 

correlation with historical records all serve as safeguards against error. In clinical practice, Rh typing is 

therefore more than a binary test. It is a structured process that combines antigen detection principles with 

method-specific procedural rigor, supported by confirmatory strategies for weak or discrepant results. 

Routine testing identifies D antigen status efficiently for most patients.[22] When ambiguity arises, 

enhanced serologic testing and, when necessary, molecular genotyping provide a pathway to definitive 

classification, ensuring that transfusion and obstetric management align with the patient’s true 

immunohematologic risk.[23][24] By understanding the immunologic basis of hemagglutination, the 

procedural strengths and weaknesses of different testing platforms, and the sources of interference that can 

distort results, laboratories can deliver reliable Rh typing that underpins safe transfusion practice and 

effective prevention of Rh-mediated complications.[26][27][32] 

Results, Reporting, and Critical Findings 

Accurate reporting of Rh typing results is a core patient-safety function in transfusion medicine because 

the interpretation directly influences blood selection, Rh immune globulin prophylaxis decisions, and the 

assessment of alloimmunization risk. Results must therefore be reported using standardized terminology, 

typically as Rh(D) positive or Rh(D) negative, and they should be documented in a manner that supports 

traceability, auditability, and comparison with historical records. A fundamental principle of safe reporting 

is that any apparent change in Rh status—such as a patient or donor previously documented as Rh(D) 

positive but now testing Rh(D) negative, or the reverse—must be treated as a critical discrepancy until 

proven otherwise. Such a finding should prompt immediate investigation, because the most common causes 

are not biologic changes in antigen expression, but rather identification errors, specimen mislabeling, 

clerical mistakes, transcription issues, or data-entry/recording failures.[32] In practice, laboratories should 

halt final release of discrepant results until verification steps are completed. The first corrective action is to 

obtain a new, independently collected sample and repeat testing to confirm whether the discrepancy 

persists.[32] This “new draw” requirement is particularly important in transfusion workflows, where 

wrong-blood-in-tube errors can lead to incompatible transfusion and catastrophic hemolytic reactions. 

When a discrepancy exists between current and historical Rh typing results, laboratories must consider both 

preanalytical sources of error and legitimate methodological explanations. Differences may arise because 

of the specific testing method used, the testing phase, the reagent formulation, or manufacturer-related 

variability.[33] For example, a result obtained by slide testing may not match one obtained by tube, gel, or 

automated microplate systems because of differing sensitivities and interpretive thresholds. Similarly, 

discrepancies may reflect whether testing was performed as a direct antigen-detection reaction or within an 

antiglobulin-enhanced context. In ambiguous cases, the phase of testing is particularly relevant because 

weak or partial D phenotypes may appear negative on immediate-spin testing yet demonstrate reactivity 

when antiglobulin enhancement is applied. If historical testing incorporated an AHG phase or a method 
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with greater analytic sensitivity, a newly performed test using a less sensitive platform might yield an 

apparently contradictory result that is, in fact, a methodological artifact rather than a true biologic change. 

Reagent characteristics are another major contributor to discrepant findings. Anti-D reagents vary 

substantially, including whether they are polyclonal or monoclonal, the antibody clone(s) used, the 

concentration of the antibody, and the presence of potentiators or additives designed to enhance 

reactivity.[33] Different antibody clones may recognize distinct D epitopes with variable affinity, meaning 

that a weak D or partial D variant may react strongly with one reagent and weakly—or not at all—with 

another. Consequently, when a discrepancy persists after repeat sampling, performing parallel typing using 

multiple anti-D reagents from different manufacturers can be a practical and informative troubleshooting 

strategy.[34] This approach can help clarify whether the issue reflects clone-dependent epitope recognition 

rather than specimen or procedural error, and it can guide decisions about whether additional testing—such 

as weak D testing with AHG enhancement or molecular genotyping—is indicated. Clinical context, 

including ancestry and ethnicity, can also assist in discrepancy resolution because the prevalence of specific 

weak D and partial D variants differs across populations. Knowledge of patient or donor ethnicity can 

therefore provide supportive evidence when evaluating whether an unusual phenotype is plausible and may 

help laboratories select appropriate confirmatory strategies, especially in settings where certain variants are 

overrepresented.[34] Ultimately, critical findings in Rh testing are those that create risk for inappropriate 

blood selection or incorrect obstetric management. Laboratories should escalate unresolved discrepancies 

through established transfusion service protocols, document all investigative steps, and ensure that the final 

reported interpretation clearly reflects the confirmed Rh status and any relevant variant considerations to 

protect patient safety.[32][33][34] 

Clinical Significance 

The clinical importance of the Rh blood group system derives from its strong immunogenicity and its 

capacity to provoke clinically consequential antibody formation after exposure through pregnancy or 

transfusion. Rh antigens—particularly the D antigen—are among the most potent red cell alloantigens, 

meaning that antigen-negative individuals can readily develop antibodies when exposed to antigen-positive 

red blood cells (RBCs). Once formed, these antibodies are typically IgG and can persist for years, creating 

long-term clinical implications that extend well beyond the inciting exposure. The downstream effects of 

Rh alloimmunization are most visible in three major domains: hemolytic disease of the newborn, hemolytic 

transfusion reactions, and immune-mediated hemolytic anemia. Each entity illustrates a distinct clinical 

context in which antibodies interact with red cell antigens to produce hemolysis, and each underscores why 

accurate Rh typing, antibody screening, and compatibility testing remain foundational to safe obstetric and 

transfusion practice. Hemolytic disease of the newborn (HDN), also referred to as erythroblastosis fetalis, 

is a prototypical Rh-mediated condition and remains one of the most clinically consequential outcomes of 

maternal alloimmunization. HDN is defined by maternal antibodies—classically anti-D—crossing the 

placenta and attacking fetal RBCs when an Rh-negative gravida carries an Rh-positive fetus.[35] Although 

HDN was described centuries ago, including an early account by a French midwife in 1609, its immunologic 

basis was not understood until the mid-twentieth century.[36] Historically, the burden of HDN was 

substantial: before immunoprophylaxis became available, approximately 1% of all pregnancies resulted in 

fetal death attributable to HDN. Modern preventive strategies have dramatically reduced this risk, and HDN 

is now estimated to affect approximately 3 to 8 per 100,000 pregnancies, reflecting the profound impact of 

systematic screening and prophylactic interventions. 

The pathogenesis of HDN begins with maternal sensitization. In the classic scenario, the gravida is D-

negative, and the fetus is D-positive due to inheritance of the paternal D antigen, consistent with autosomal 

dominant transmission. Fetomaternal hemorrhage exposes the maternal immune system to fetal RBCs, 

enabling antigen processing and antibody formation. Although small degrees of fetal–maternal blood 

mixing can occur throughout gestation, the most common and clinically significant exposure event occurs 

during labor and delivery, when placental separation and uterine contractions increase transfer of fetal cells 

into maternal circulation. Once exposure occurs, the mother begins producing anti-D antibodies, 

establishing alloimmunization because the antigen is foreign to her immune system. The early antibody 

response is typically IgM, which is clinically relevant because IgM does not cross the placenta. The major 
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risk emerges when isotype switching and affinity maturation occur, yielding IgG antibodies that readily 

cross the placental barrier. Because significant fetal–maternal mixing often occurs late in pregnancy and 

because IgG production may be delayed, the first Rh-positive pregnancy is frequently unaffected. In 

subsequent pregnancies with an Rh-positive fetus, however, memory immune responses enable rapid IgG 

production, and these antibodies bind fetal RBCs, driving hemolysis and progressive fetal anemia.[35] The 

clinical manifestations of HDN reflect both the degree of hemolysis and the fetus’s limited capacity to 

compensate. Hemolysis produces hyperbilirubinemia; after birth, impaired bilirubin clearance can lead to 

jaundice and, in severe cases, kernicterus with permanent neurologic injury. In utero, severe anemia triggers 

high-output cardiac failure, generalized edema, and hydrops fetalis, which may progress to intrauterine 

death without timely intervention such as intrauterine transfusion. Even when fetal survival is achieved, 

severe HDN can be associated with long-term sequelae, including developmental delay, hearing loss, and 

hypotonia, emphasizing that Rh alloimmunization is not merely an acute perinatal issue but a condition 

with potential lifelong consequences.[35] Thus, the clinical significance of Rh incompatibility in pregnancy 

lies in its predictable immunology, preventable sensitization, and high morbidity when prevention fails. 

Hemolytic transfusion reactions (HTRs) represent another major arena in which red cell antigen–antibody 

interactions translate into clinical harm. Although HTRs are uncommon, they are among the most serious 

transfusion complications because they can range from mild delayed hemolysis to fulminant intravascular 

destruction of transfused RBCs with shock, organ failure, and death. HTRs are reported to occur at an 

incidence of approximately 1:70,000 per unit transfused, highlighting their rarity but also their persistent 

relevance to transfusion safety systems.[37][38] Fundamentally, HTRs arise when there is an immunologic 

mismatch between donor RBC antigens and recipient antibodies, leading to immune-mediated RBC 

destruction.[37] Hemolysis may occur intravascularly, via complement-mediated RBC lysis, or 

extravascularly, via opsonization and macrophage-mediated clearance in the spleen and liver. Intravascular 

reactions are typically more dramatic and clinically severe, whereas extravascular reactions are often slower 

and may present subtly.[39] HTRs are commonly categorized by timing (acute versus delayed) and by 

severity. The intensity of the reaction is shaped by the antibody class and subclass, complement-binding 

capacity, the antigen density on donor RBCs, and the antibody titer or concentration in the recipient.[40] 

Acute, severe HTRs most classically occur with ABO incompatibility, often due to clerical or identification 

error rather than laboratory test failure. In such reactions, naturally occurring IgM—sometimes 

accompanied by IgG—binds ABO antigens on transfused RBCs and efficiently activates complement, 

producing rapid intravascular hemolysis. The sudden release of free hemoglobin and inflammatory 

mediators can precipitate hypotension, hemoglobinuria, acute kidney injury, disseminated intravascular 

coagulation (DIC), and death, making ABO mismatch one of the most feared preventable transfusion 

events. While Rh antibodies more commonly produce delayed, extravascular reactions because they are 

typically IgG and may not activate complement as efficiently, clinically significant delayed hemolytic 

transfusion reactions can still occur with Rh and other non-ABO antibodies, particularly when antibody 

titers rise after an anamnestic response. 

Extravascular HTRs, which are more typical of IgG alloantibodies such as many Rh antibodies, occur when 

antibody-coated RBCs are recognized by Fc receptors on macrophages in the reticuloendothelial system. 

The spleen and liver sequester and gradually clear these cells, producing a slower decline in hemoglobin. 

Because hemoglobin is processed intracellularly within macrophages, the clinical picture may be less 

explosive than intravascular hemolysis, but patients can still experience fever, jaundice, hyperbilirubinemia, 

and, in severe cases, renal dysfunction or worsening anemia.[39] The slower tempo of extravascular 

hemolysis is clinically important because delayed reactions may be misattributed to other causes unless 

clinicians maintain vigilance, review transfusion history, and correlate symptoms with laboratory indicators 

of hemolysis. Immune-mediated hemolytic anemia provides a third illustration of the clinical relevance of 

antibody interactions with RBCs, though the immunologic target differs from alloimmune conditions. In 

immune-mediated hemolytic anemia, autoantibodies bind the patient’s own RBCs, leading to hemolysis 

and potential anemia. The autoantibodies are most commonly IgG, though IgM and IgA have also been 

described, and the pathogenicity varies by antibody subclass.[41] IgG1 and IgG3 are considered particularly 

destructive because they bind efficiently to macrophage Fc receptors and can fix complement at higher 
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rates, increasing hemolytic potential. The predominant mechanism of RBC removal is extravascular 

clearance through the reticuloendothelial system, but intravascular hemolysis may occur in more severe or 

complement-rich cases, producing a more dramatic clinical presentation. 

As with many autoimmune processes, immune-mediated hemolytic anemia is frequently associated with an 

underlying precipitating condition. Viral infections, autoimmune disease, immunodeficiency states, and 

pregnancy are recognized triggers, reflecting immune dysregulation and loss of tolerance.[42] In addition, 

a wide spectrum of less common associations has been documented, including medication-related immune 

reactions, envenomation such as spider bites, sickle cell disease, babesiosis, and organ transplantation.[42] 

This broad range of triggers is clinically significant because it requires clinicians and laboratory teams to 

interpret hemolysis within a comprehensive diagnostic context rather than attributing anemia solely to 

bleeding or marrow failure. In the laboratory, the DAT is often central to confirming in vivo RBC coating, 

while broader immunohematologic testing distinguishes autoantibodies from alloantibodies, especially in 

patients with transfusion histories where both processes may coexist. Collectively, these conditions 

demonstrate why the Rh system remains clinically central despite advances in molecular typing and 

transfusion practices. HDN illustrates the obstetric consequence of maternal alloimmunization and the 

unique ability of IgG antibodies to cross the placenta and damage fetal RBCs.[35] HTRs highlight the 

transfusion consequences of antigen–antibody mismatch and the spectrum from delayed extravascular 

hemolysis to catastrophic intravascular reactions influenced by antibody class, complement activation, and 

titer.[37][39][40] Immune-mediated hemolytic anemia underscores that RBC-directed hemolysis can also 

be autoimmune, triggered by diverse systemic conditions, and mediated by antibody subclasses with 

differing destructive capacity.[41][42] In each setting, the clinical burden is reduced when laboratories 

perform accurate Rh typing, detect clinically significant antibodies, investigate discrepancies rigorously, 

and communicate results effectively to guide prophylaxis, compatibility selection, and timely intervention. 

Quality Control and Lab Safety 

Quality control and laboratory safety in transfusion services and immunohematology laboratories are 

inseparable from patient safety. Every blood center, hospital blood bank, and collection facility is expected 

to build and maintain a comprehensive quality management system that aligns with established standards, 

guidelines, and foundational quality principles. Such a system is not limited to technical performance; it 

includes governance structures, documentation practices, personnel competency, equipment control, 

reagent verification, proficiency testing, and a culture of safety and accountability. Importantly, 

responsibility for quality is not confined to bench staff alone. Management bears the obligation to define 

organizational structure clearly and ensure that each member of staff has a written job description that 

specifies scope of practice, reporting relationships, lines of authority, and assigned responsibilities.[43] This 

clarity is essential in high-stakes environments such as blood banking, where a single clerical or technical 

error can propagate through multiple downstream processes and result in incompatible transfusion, failure 

to administer appropriate prophylaxis, or release of unsuitable blood components. A cornerstone of quality 

management is personnel competency. Each individual must be appropriately trained and objectively 

assessed to demonstrate competence in assigned procedures before being permitted to perform those 

procedures independently. This requirement applies broadly—from specimen accessioning and labeling 

verification to ABO/Rh typing, antibody screening and identification, component preparation, issuance 

processes, and reaction workups. Competency is not a one-time milestone but a structured process that 

includes initial training, supervised practice, formal assessment, periodic reassessment, and corrective 

retraining when deficiencies are identified. Documentation is equally critical: records of training activities, 

competency evaluations, and authorizations must be created, retained, and systematically maintained as 

part of the quality system.[44] This documentation serves not only regulatory compliance, but also 

operational continuity, allowing laboratories to verify who is qualified to perform tasks and to trace potential 

error sources during incident investigations. 

Quality assurance must also extend to equipment and materials because analytical accuracy and component 

integrity depend on reliable infrastructure. All critical equipment that could affect the quality of testing or 

blood components must be used within defined specifications, maintained according to schedule, and 

monitored through calibration, preventive maintenance, and performance verification. Temperature-
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dependent devices—such as refrigerators, freezers, platelet incubators, water baths, and centrifuges—

require particular scrutiny because deviations can compromise reagent stability, affect reaction kinetics in 

serologic testing, or damage blood products. Materials used in laboratory testing and processing must be 

appropriately validated, ensuring that new lots, new suppliers, or new platforms perform as expected under 

the laboratory’s conditions. In parallel, reagent control is non-negotiable. Reagents must be used and stored 

according to manufacturer instructions, and laboratories must implement standardized approaches for lot-

to-lot evaluation and ongoing verification. Anti-sera, in particular, require careful inspection and control 

because their performance directly determines the accuracy of ABO/Rh results and antibody testing 

outcomes. All anti-sera should be visually inspected for signs of contamination or deterioration, including 

discoloration, cloudiness, turbidity, or particulate matter. The inspection process must be documented, 

capturing the inspection findings, reagent lot number, expiry date, inspection date, and the identity of the 

staff member who performed the inspection.[45] Beyond appearance, expiry control is essential: the expiry 

date must be checked for each reagent at the time of use, and reagents must never be used beyond 

expiration.[45] Because visual inspection cannot detect subtle loss of potency, functional checks are 

required as well. Blood grouping reagent reactivity should be confirmed daily using control testing with 

known antigen-positive and antigen-negative red cells, providing assurance that reagents are capable of 

detecting the intended antigen and are not producing nonspecific reactivity.[46] These control practices 

create an internal “early warning system” that detects reagent failure before it can affect patient results. 

External performance verification is another pillar of quality, and in many jurisdictions it is reinforced 

through regulatory frameworks. Under CLIA requirements, laboratories performing non-waived testing 

must enroll in proficiency testing (PT) through a CMS-approved provider. PT programs typically provide 

a defined number of unknown samples per event and require participation multiple times per year. In 

immunohematology PT, the performance expectations are particularly stringent because blood group errors 

have direct patient harm potential. Programs are required to provide at least five samples per event with 

multiple events annually, and satisfactory performance for ABO group and Rh(D) typing is commonly 

defined as a perfect score for each analyte and overall testing event.[47] PT participation is more than a 

regulatory obligation; it is a structured mechanism for benchmarking laboratory performance, detecting 

systematic weaknesses, and triggering corrective actions when performance falls below standards. 

Laboratory safety and security policies must operate alongside quality systems to protect personnel, 

specimens, and the integrity of operations. Blood centers and hospital blood banks should establish formal 

safety and security policies and procedures, overseen by relevant committees tasked with continuous 

evaluation and improvement.[48] Physical security measures include restricting access to laboratory areas 

so that only authorized personnel can enter, reducing the risk of specimen mishandling, theft, sabotage, or 

untrained individuals interacting with hazardous materials. Within the laboratory, professional attire and 

barrier precautions are part of both safety and contamination control. Staff should wear laboratory coats or 

protective garments upon entering work areas and remove them before leaving to prevent transfer of 

contaminants to non-laboratory settings. Environmental discipline matters: laboratories should be 

maintained in a clean, organized state, retaining only essential items at benches to minimize cross-

contamination and errors during high-volume workflows. Food and personal items must not be stored in 

laboratory areas, particularly in main work zones, because of contamination and infection risk. Hand 

hygiene remains a basic but critical practice; staff should wash hands with soap and water before leaving 

the laboratory environment. 

Behavioral safety rules are equally strict. Eating, drinking, smoking, and cosmetic application are prohibited 

in laboratory spaces because they increase the likelihood of ingestion or mucosal exposure to infectious 

material. Aerosol and splash prevention is a key hazard control strategy in blood handling, given that many 

laboratory procedures can generate droplets or fine particulate aerosols if performed improperly. Because 

blood and body fluids may contain pathogens even when patients appear clinically well, all specimens must 

be treated as potentially infectious. When spills occur, they require immediate and appropriate 

decontamination. Spillage, waste, and reusable materials should be disinfected using bleach solutions 

according to institutional protocols before disposal or reprocessing.[45] Sharps safety is a high-priority 

domain because needlestick injuries are among the most significant occupational risks in clinical 
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laboratories. Needles and lancets must be disposed of immediately into secure, puncture-resistant sharps 

containers positioned as close as practical to the point of use, and then handled as infectious waste.[45] 

Together, these practices reduce occupational exposure, prevent environmental contamination, and preserve 

the reliability of testing by minimizing preventable disruptions and hazards. In sum, quality control and 

laboratory safety are continuous systems rather than isolated tasks. Clear governance and defined roles 

support accountability.[43] Robust training and competency documentation ensure that staff can execute 

complex immunohematologic procedures reliably.[44] Equipment control, reagent inspection, expiry 

verification, and daily functional controls protect analytic accuracy.[45][46] Proficiency testing provides 

external validation and drives continuous improvement.[47] Finally, security and biosafety measures 

protect staff and specimens and sustain the operational integrity of transfusion services.[48] In a clinical 

discipline where errors can have immediate and irreversible consequences, these integrated safeguards are 

essential to delivering trustworthy results and safe blood products. 

Enhancing Healthcare Team Outcomes 

Optimizing outcomes for patients with known Rh antibodies depends on coordinated interprofessional 

practice that spans laboratory medicine, bedside clinical care, and longitudinal follow-up. Once a patient 

develops clinically significant Rh alloantibodies, transfusion support becomes more complex because 

routine “type and screen” workflows may be insufficient to guarantee compatibility. These patients often 

require additional serologic evaluation, including extended antibody identification, antigen-negative unit 

selection, and crossmatching strategies tailored to the specificity and strength of the antibody. In selected 

cases—particularly when serology is inconclusive, when multiple antibodies are present, or when the 

patient is chronically transfused—molecular testing such as red cell genotyping can be critical to accurately 

define antigen status and improve the ability to source compatible units. Effective teams therefore recognize 

that the laboratory is not merely a testing service, but an essential clinical partner whose findings directly 

influence patient safety. Clinicians, nurses, and transfusion medicine professionals must maintain 

heightened vigilance for transfusion reactions and evolving antibody profiles. Patients who receive chronic 

transfusions, such as those with hemoglobinopathies or bone marrow failure syndromes, are at particular 

risk for developing new alloantibodies over time, including antibodies to less common or variant Rh 

antigens. Because newly formed antibodies may emerge after recent exposures or may become detectable 

only during an anamnestic response, clinicians should understand that a “previously compatible” history 

does not preclude future incompatibility. This reality reinforces the need for institutional protocols that 

standardize escalation pathways—such as repeating antibody investigations after suspected reactions, 

involving transfusion medicine early when compatibility is difficult, and consulting hematology when 

transfusion requirements are recurrent or complex. A hematologist or transfusion medicine specialist can 

assist in balancing the urgency of transfusion against immunologic risk, guiding alternatives such as iron 

therapy, erythropoiesis-stimulating agents, or procedural interventions when appropriate, and supporting 

planning for anticipated future transfusion needs [44][45]. 

A crucial component of improved outcomes is transfusion stewardship. Clinicians must ensure transfusions 

are truly indicated, because every exposure to donor RBC antigens carries a cumulative risk of additional 

alloimmunization, which can further restrict future compatibility and increase the likelihood of delayed 

hemolytic transfusion reactions. Applying evidence-based transfusion thresholds, correcting reversible 

causes of anemia, and anticipating needs in elective procedures can reduce unnecessary transfusion 

exposure and preserve long-term options for patients with existing antibodies. Finally, communication at 

the point of care is the most immediate safeguard against preventable harm. Safe transfusion requires 

closed-loop verification that the correct blood component is delivered to the correct patient at the correct 

time, using formal bedside identification checks and adherence to institutional transfusion policies. Equally 

important is information continuity: all team members should have access to and actively consider the 

patient’s transfusion history, documented antibodies, prior reactions, allergies, and relevant comorbidities 

that affect transfusion risk. When laboratories, clinicians, and nursing staff share timely information and 

follow standardized protocols, patients with Rh antibodies can receive transfusions more safely, 

complications can be recognized earlier, and overall outcomes can be improved through coordinated, 

patient-centered care [44]. 
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Conclusion: 

The Rh blood group system exemplifies the intersection of molecular genetics, immunology, and clinical 

practice. Its complexity arises from the high immunogenicity of Rh antigens, particularly D, and the 

presence of variant phenotypes that challenge routine serologic testing. Failure to accurately identify Rh 

status can lead to severe complications, including hemolytic disease of the fetus and newborn and delayed 

hemolytic transfusion reactions. Advances in laboratory techniques—such as antiglobulin testing, gel 

technology, and molecular genotyping—have improved diagnostic precision, enabling better management 

of weak and partial D phenotypes. However, technology alone cannot guarantee safety; rigorous quality 

control, reagent validation, and adherence to standardized protocols remain essential. Preventive strategies, 

notably Rh immune globulin prophylaxis, have dramatically reduced the incidence of HDFN, underscoring 

the importance of proactive care. In transfusion medicine, minimizing unnecessary exposure to donor 

antigens and ensuring compatibility through extended matching are critical for patients with chronic 

transfusion needs. Ultimately, the Rh system serves as a model for how genetic diversity translates into 

clinical risk and why multidisciplinary collaboration—spanning laboratory science, clinical decision-

making, and patient education—is vital for optimizing outcomes and safeguarding patient health. 

 

 

References: 
1. Avent ND, Reid ME. The Rh blood group system: a review. Blood. 2000 Jan 15:95(2):375-87      

2. Cartron JP. Defining the Rh blood group antigens. Biochemistry and molecular genetics. Blood reviews. 1994 

Dec:8(4):199-212      

3. Levine P, Stetson RE. Landmark article July 8, 1939. An unusual case of intra-group agglutination. By Philip 

Levine and Rufus E Stetson. JAMA. 1984 Mar 9:251(10):1316-7      

4. Landsteiner K, Wiener AS. STUDIES ON AN AGGLUTINOGEN (Rh) IN HUMAN BLOOD REACTING WITH 

ANTI-RHESUS SERA AND WITH HUMAN ISOANTIBODIES. The Journal of experimental medicine. 1941 Sep 

30:74(4):309-20      

5. LEVINE P, CELANO MJ, WALLACE J, SANGER R. A human "D-like" antibody. Nature. 1963 May 

11:198():596-7      

6. Van Kim CL, Colin Y, Cartron JP. Rh proteins: key structural and functional components of the red cell membrane. 

Blood reviews. 2006 Mar:20(2):93-110      

7. Avent ND, Ridgwell K, Tanner MJ, Anstee DJ. cDNA cloning of a 30 kDa erythrocyte membrane protein 

associated with Rh (Rhesus)-blood-group-antigen expression. The Biochemical journal. 1990 Nov 1:271(3):821-5      

8. Westhoff CM. The Rh blood group system in review: a new face for the next decade. Transfusion. 2004 

Nov:44(11):1663-73      

9. Tormey CA, Hendrickson JE. Transfusion-related red blood cell alloantibodies: induction and consequences. 

Blood. 2019 Apr 25:133(17):1821-1830. doi: 10.1182/blood-2018-08-833962.  

10. Sandler SG, Queenan JT. A Guide to Terminology for Rh Immunoprophylaxis. Obstetrics and gynecology. 2017 

Sep:130(3):633-635. doi: 10.1097/AOG.0000000000002190.  

11. Sandler SG, Flegel WA, Westhoff CM, Denomme GA, Delaney M, Keller MA, Johnson ST, Katz L, Queenan JT, 

Vassallo RR, Simon CD, College of American Pathologists Transfusion Medicine Resource Committee Work Group. 

It's time to phase in RHD genotyping for patients with a serologic weak D phenotype. College of American 

Pathologists Transfusion Medicine Resource Committee Work Group. Transfusion. 2015 Mar:55(3):680-9. doi: 

10.1111/trf.12941.  

12. Mouro I, Colin Y, Chérif-Zahar B, Cartron JP, Le Van Kim C. Molecular genetic basis of the human Rhesus blood 

group system. Nature genetics. 1993 Sep:5(1):62-5   

13. Chou ST, Jackson T, Vege S, Smith-Whitley K, Friedman DF, Westhoff CM. High prevalence of red blood cell 

alloimmunization in sickle cell disease despite transfusion from Rh-matched minority donors. Blood. 2013 Aug 

8:122(6):1062-71. doi: 10.1182/blood-2013-03-490623.  

14. Flegel WA. The genetics of the Rhesus blood group system. Blood transfusion = Trasfusione del sangue. 2007 

Apr:5(2):50-7. doi: 10.2450/2007.0011-07.  

15. Anderson DR, Wiseman J, MacLeod J, Burton E, Zayed E. Evaluation of polyethylene terephthalate for ABO and 

Rh typing and alloantibody screening. Transfusion. 2000 Jun:40(6):669-72      

16. Parker V, Tormey CA. The Direct Antiglobulin Test: Indications, Interpretation, and Pitfalls. Archives of pathology 

& laboratory medicine. 2017 Feb:141(2):305-310. doi: 10.5858/arpa.2015-0444-RS.  

http://www.diabeticstudies.org/


The Review of DIABETIC STUDIES 
Vol. 20 No. S7 2024 

 

WWW.DIABETICSTUDIES.ORG                                                                                                               399 

17. Zantek ND, Koepsell SA, Tharp DR Jr, Cohn CS. The direct antiglobulin test: a critical step in the evaluation of 

hemolysis. American journal of hematology. 2012 Jul:87(7):707-9. doi: 10.1002/ajh.23218.  

18. Bıçakçı Z, Öztürkmen S, Akyay A, Olcay L. False positive result of the direct antiglobulin test (DAT): the role of 

the elevated level of immunoglobulin G. Pediatric hematology and oncology. 2012 Oct:29(7):611-9      

19. Sigdel A, Chalise G, Bolideei M, Malla SS. Comparison between the Manual Method of Indirect Coombs via Gel 

Technology and Solid Phase Red Cell Adherence. Maedica. 2021 Jun:16(2):200-206. doi: 

10.26574/maedica.2021.16.2.200.  

20. Devignes J, Le Pennec PY, Gien D, Mannessier L, Rouger P. [The direct antiglobulin and elution tests: evaluation 

of quality control in Blood Transfusion Centers]. Transfusion clinique et biologique : journal de la Societe francaise 

de transfusion sanguine. 1996:3(4):241-6      

21. Vidarsson G, Dekkers G, Rispens T. IgG subclasses and allotypes: from structure to effector functions. Frontiers 

in immunology. 2014:5():520. doi: 10.3389/fimmu.2014.00520.  

22. Mitra R, Mishra N, Rath GP. Blood groups systems. Indian journal of anaesthesia. 2014 Sep:58(5):524-8. doi: 

10.4103/0019-5049.144645.  

23. Rizzo C, Castiglia L, Arena E, Gangi S, Mazzola G, Caruso C, Vasto S. Weak D and partial D: our experience in 

daily activity. Blood transfusion = Trasfusione del sangue. 2012 Apr:10(2):235-6. doi: 10.2450/2012.0060-11.  

24. Westhoff CM. Review: the Rh blood group D antigen... dominant, diverse, and difficult. Immunohematology. 

2005:21(4):155-63      

25. Li HY, Guo K. Blood Group Testing. Frontiers in medicine. 2022:9():827619. doi: 10.3389/fmed.2022.827619.  

26. Quraishy N, Sapatnekar S. Advances in Blood Typing. Advances in clinical chemistry. 2016:77():221-269. doi: 

10.1016/bs.acc.2016.06.006.  

27. Liu SH, Xu H, Wu HT, Zhao YQ, Fan M. [Quality control of indispensable reagent RBC for ABO typing]. 

Zhongguo shi yan xue ye xue za zhi. 2007 Dec:15(6):1289-92      

28. Mujahid A, Dickert FL. Blood Group Typing: From Classical Strategies to the Application of Synthetic Antibodies 

Generated by Molecular Imprinting. Sensors (Basel, Switzerland). 2015 Dec 31:16(1):. doi: 10.3390/s16010051.  

29. Malomgré W, Neumeister B. Recent and future trends in blood group typing. Analytical and bioanalytical 

chemistry. 2009 Mar:393(5):1443-51. doi: 10.1007/s00216-008-2411-3.  

30. Makarovska-Bojadzieva T, Blagoevska M, Kolevski P, Kostovska S. Optimal blood grouping and antibody 

screening for safe transfusion. Prilozi. 2009 Jul:30(1):119-28     

31. Langston MM, Procter JL, Cipolone KM, Stroncek DF. Evaluation of the gel system for ABO grouping and D 

typing. Transfusion. 1999 Mar:39(3):300-5      

32. Menegati SFP, Santos TD, Macedo MD, Castilho L. Discrepancies between red cell phenotyping and genotyping 

in daily immunohematology laboratory practice. Transfusion and apheresis science : official journal of the World 

Apheresis Association : official journal of the European Society for Haemapheresis. 2020 Feb:59(1):102585. doi: 

10.1016/j.transci.2019.06.020.  

33. Javadzadeh Shahshahani H, Hayati A. Blood Group Discrepancies at a Regional Blood Center. International 

journal of hematology-oncology and stem cell research. 2020 Jan 1:14(1):38-44      

34. Kaur G, Kaur P, Basu S, Kaur R. Blood group discrepancies at a tertiary care centre - analysis and resolution. 

International journal of laboratory hematology. 2014 Aug:36(4):481-7. doi: 10.1111/ijlh.12176.  

35. Myle AK, Al-Khattabi GH. Hemolytic Disease of the Newborn: A Review of Current Trends and Prospects. 

Pediatric health, medicine and therapeutics. 2021:12():491-498. doi: 10.2147/PHMT.S327032.  

36. Jackson ME, Baker JM. Hemolytic Disease of the Fetus and Newborn: Historical and Current State. Clinics in 

laboratory medicine. 2021 Mar:41(1):133-151. doi: 10.1016/j.cll.2020.10.009.  

37. Strobel E. Hemolytic Transfusion Reactions. Transfusion medicine and hemotherapy : offizielles Organ der 

Deutschen Gesellschaft fur Transfusionsmedizin und Immunhamatologie. 2008:35(5):346-353      

38. Harewood J, Ramsey A, Master SR. Hemolytic Transfusion Reaction. StatPearls. 2023 Jan:():       

39. Panch SR, Montemayor-Garcia C, Klein HG. Hemolytic Transfusion Reactions. The New England journal of 

medicine. 2019 Jul 11:381(2):150-162. doi: 10.1056/NEJMra1802338.  

40. Brand A. Immunological complications of blood transfusions. Presse medicale (Paris, France : 1983). 2016 Jul-

Aug:45(7-8 Pt 2):e313-24. doi: 10.1016/j.lpm.2016.06.024 

41. Brodsky RA. Warm Autoimmune Hemolytic Anemia. The New England journal of medicine. 2019 Aug 

15:381(7):647-654. doi: 10.1056/NEJMcp1900554.  

42. Michalak SS, Olewicz-Gawlik A, Rupa-Matysek J, Wolny-Rokicka E, Nowakowska E, Gil L. Autoimmune 

hemolytic anemia: current knowledge and perspectives. Immunity & ageing : I & A. 2020 Nov 20:17(1):38. doi: 

10.1186/s12979-020-00208-7.  

43. Smit-Sibinga CT. Total quality management in blood transfusion. Vox sanguinis. 2000:78 Suppl 2():281-6      

http://www.diabeticstudies.org/


The Review of DIABETIC STUDIES 
Vol. 20 No. S7 2024 

 

WWW.DIABETICSTUDIES.ORG                                                                                                               400 

44. Mueller MM, Seifried E. Blood transfusion in Europe: basic principles for initial and continuous training in 

transfusion medicine: an approach to an European harmonisation. Transfusion clinique et biologique : journal de la 

Societe francaise de transfusion sanguine. 2006 Nov:13(5):282-5; quiz 286-9      

45. Chevrolle F. [Quality assurance in blood transfusion]. Annales pharmaceutiques francaises. 2002 Sep:60(5):318-

25      

46. Cabaud JJ. [Training, skill and competences' follow-up]. Transfusion clinique et biologique : journal de la Societe 

francaise de transfusion sanguine. 2007 May:14(1):152-6      

47. Chaudhary R, Das SS, Ojha S, Khetan D, Sonker A. The external quality assessment scheme: Five years experience 

as a participating laboratory. Asian journal of transfusion science. 2010 Jan:4(1):28-30. doi: 10.4103/0973-

6247.59388.  

48. Haddad A, Elgemmezi T, Chaїb M, Bou Assi T, Abu Helu R, Hmida S, Benajiba M, Ba K, Alqudah M, Abi Hanna 

P, Najjar O, Garraud O. Quality and safety measures in transfusion practice: The experience of eight southern/eastern 

Mediterranean countries. Vox sanguinis. 2020 Jul:115(5):405-423. doi: 10.1111/vox.12903. 

 

http://www.diabeticstudies.org/

