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ABSTRACT

Background: Fetomaternal hemorrhage (FMH) is a clinically significant event characterized by the transplacental
passage of fetal red blood cells into the maternal circulation. In RhD-negative mothers, even a small volume of FMH
can lead to alloimmunization, with subsequent pregnancies at risk of hemolytic disease of the fetus and newborn
(HDFN). Accurate quantification of FMH is therefore a cornerstone of perinatal transfusion medicine and clinical
pathology. Traditional laboratory approaches such as the Kleihauer-Betke acid elution test and the rosette
screening test have been employed for decades. However, these methods are fraught with limitations including
poor sensitivity, operator variability, and imprecision at clinically critical thresholds. The introduction of automated
flow cytometry has transformed the detection and quantification of FMH. By employing monoclonal antibodies
targeting fetal hemoglobin (HbF) or RhD antigens, flow cytometry allows rapid, reproducible, and highly sensitive
identification of fetal erythrocytes among large maternal cell populations. This not only improves diagnostic
confidence but also ensures precise calculation of the dose of anti-D immunoglobulin (Rhlg) required for
prophylaxis. From a chemical pathology perspective, the analytical specificity of biomarkers such as HbF enhances
the reliability of FMH estimation, while the integration of standardized flow cytometric protocols improves quality
control across laboratories. Flow cytometry also supports automation, allowing seamless integration into high-
throughput laboratories and minimizing subjective errors inherent to manual techniques. Despite its advantages,
the method faces certain challenges, including cost, instrument accessibility, and interpretive difficulties in cases
of maternal hereditary persistence of HbF. Future directions involve the refinement of multiparametric flow
cytometry, incorporation of digital pathology tools, and exploration of novel biomarkers to distinguish maternal from
fetal cells with greater accuracy. This review aims to examine automated flow cytometric approaches for FMH
quantification through a clinical and chemical pathology lens, highlighting methodological principles, clinical
implications, technical considerations, and future perspectives. By contrasting flow cytometry with conventional
methods, we seek to underscore its pivotal role in modern transfusion medicine and its potential to become the

reference standard for FMH evaluation in RhD-negative mothers postpartum.
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INTRODUCTION

Fetomaternal hemorrhage (FMH) occurs when fetal erythrocytes cross the placental barrier into
maternal circulation, a phenomenon that may occur physiologically in small amounts but can become
clinically significant during delivery, trauma, or invasive obstetric procedures. In RhD-negative
mothers carrying RhD-positive fetuses, even minor volumes of FMH can lead to alloimmunization and
subsequent hemolytic disease of the fetus and newborn (HDFN), a condition associated with
substantial morbidity and mortality [1]. Preventive strategies, particularly the timely administration of
anti-D immunoglobulin (Rhlg), are highly dependent on accurate quantification of FMH to determine
the appropriate dosage [2].

Historically, the Kleihauer—Betke test and the rosette assay have been the mainstay of FMH detection.
The Kleihauer—Betke test relies on the acid resistance of fetal hemoglobin (HbF), while the rosette
assay identifies D-positive fetal cells using anti-D antibodies. Both methods, however, suffer from
significant drawbacks. The Kleihauer—Betke test is highly operator-dependent, with poor
reproducibility and limited accuracy at low FMH volumes, while the rosette assay functions only as a
screening tool, requiring confirmation and quantification through additional techniques [3]. These
limitations have spurred the search for more reliable, standardized approaches.

Flow cytometry has emerged as a transformative tool in this field. Using fluorescently labeled
monoclonal antibodies, it enables objective identification of fetal cells with superior sensitivity and
specificity compared to conventional methods. Importantly, flow cytometry can distinguish and
quantify fetal erythrocytes within millions of maternal cells rapidly, thereby offering clinical
laboratories a robust, automated approach to FMH evaluation [4]. From a chemical pathology
perspective, this represents an analytical advancement in biomarker-based testing, while from a clinical
pathology standpoint, it translates directly into optimized patient care by guiding precise Rhlg
prophylaxis.

Despite its promise, flow cytometry is not yet universally implemented in all healthcare systems. Cost,
infrastructure requirements, and interpretive challenges, particularly in distinguishing maternal HbF-
containing cells from fetal erythrocytes, remain barriers to widespread adoption [5]. This review
therefore aims to provide an in-depth evaluation of automated flow cytometric approaches for FMH
quantification, examining methodological principles, clinical implications, analytical considerations,
and future directions from both clinical and chemical pathology perspectives.

Pathophysiology of Fetomaternal Hemorrhage

Fetomaternal hemorrhage (FMH) refers to the transfer of fetal erythrocytes into maternal circulation
across the placental barrier. This phenomenon can occur physiologically in small volumes, estimated

at <0.1 mL in most pregnancies, without clinical consequences. However, significant FMH, usually
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>0.3 mL of fetal blood, has the potential to trigger maternal alloimmunization in RhD-negative women

when the fetus is RhD-positive [6]. Alloimmunization initiates maternal antibody production against
the D antigen, resulting in hemolysis of fetal red blood cells in subsequent pregnancies, leading to
hemolytic disease of the fetus and newborn (HDFN)).

The mechanisms underlying FMH involve both mechanical and biological disruptions of the
fetoplacental interface. During normal gestation, microscopic leaks of fetal cells into maternal blood
are common. However, events such as trauma, invasive obstetric procedures (amniocentesis, chorionic
villus sampling), placental abruption, cesarean delivery, or manual removal of the placenta
significantly increase the likelihood of larger FMH [7]. Additionally, uterine contractions during labor
may transiently increase fetomaternal transfusion by exerting pressure on the intervillous spaces.

The immunological consequences of FMH depend on the volume of hemorrhage and the
immunogenicity of the transferred antigens. As little as 0.1 mL of RhD-positive fetal blood can
sensitize an RhD-negative mother, while hemorrhages exceeding 30 mL are considered massive and
necessitate additional doses of Rh immunoglobulin (Rhlg) prophylaxis [8]. Sensitization leads to
maternal IgG antibodies crossing the placenta in future pregnancies, causing extravascular hemolysis
in the fetus, progressive anemia, hydrops fetalis, or perinatal death if left untreated.

Chemical pathology perspectives highlight that fetal red cells differ biochemically from maternal cells,
most notably in hemoglobin content. Fetal erythrocytes contain predominantly hemoglobin F (HbF),
which is more resistant to acid elution than adult hemoglobin A. This biochemical distinction forms
the basis of laboratory detection methods such as the Kleihauer—Betke test and flow cytometry using
anti-HbF antibodies [9]. Clinically, these biochemical markers provide a critical link between
laboratory assays and patient management, ensuring the accurate detection of FMH to guide
prophylaxis.

It is important to recognize that maternal conditions such as hereditary persistence of HbF (HPFH) or
certain hemoglobinopathies complicate FMH detection. In such cases, maternal cells containing HbF
may mimic fetal erythrocytes, leading to overestimation of FMH by HbF-based methods [10]. This
underlines the importance of integrating chemical pathology expertise into FMH quantification,
ensuring analytical validity and appropriate interpretation within the broader clinical context.
Conventional Approaches for FMH Detection

The quantification of fetomaternal hemorrhage (FMH) has historically relied on two conventional
laboratory methods: the Kleihauer—Betke acid elution test and the rosette assay. While these techniques
have served as standard practice for decades, they are limited by methodological variability, subjective
interpretation, and poor reproducibility at low FMH volumes [11]. Despite these limitations, they
remain widely used in many clinical laboratories due to low cost and ease of implementation,

especially in resource-limited settings.
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The Kleihauer—Betke test (KBT) was first described in 1957 and is based on the principle that fetal red

blood cells containing hemoglobin F (HbF) are resistant to acid elution, whereas adult hemoglobin A
is eluted under acidic conditions. When blood smears are exposed to an acid buffer, maternal
erythrocytes appear as pale “ghost” cells while fetal cells retain a bright pink coloration when
counterstained with eosin. The proportion of fetal to maternal cells is then estimated microscopically,
and FMH volume is calculated accordingly [12]. Although simple in theory, KBT is highly operator-
dependent and suffers from significant interobserver variability, particularly at low fetal cell
concentrations.

The rosette test, introduced later, is designed as a qualitative screening tool for FMH. It involves
incubating maternal blood with anti-D antibodies, which bind to RhD-positive fetal erythrocytes. The
addition of indicator D-positive red cells forms rosettes around the fetal cells, which can be visualized
under a microscope. While the rosette test is more specific for RhD-positive fetuses, it lacks
quantification ability and is not useful in cases where the mother and fetus are both RhD-negative or
where the fetus has a weak D variant [13]. Thus, its clinical application is mainly restricted to
identifying RhD-positive FMH in RhD-negative mothers before proceeding to confirmatory
quantitation by KBT or flow cytometry.

Both conventional methods are limited in analytical sensitivity. The KBT can detect FMH volumes of
approximately 5 mL, but its accuracy declines at smaller volumes, which are often clinically
significant. Similarly, the rosette test reliably detects hemorrhages >10 mL but is unable to quantify
small but important fetal cell populations [14]. Furthermore, maternal conditions such as hereditary
persistence of HbF (HPFH) or elevated HbF due to hemoglobinopathies introduce false-positive errors
in KBT, complicating interpretation and potentially leading to inappropriate Rhlg dosing.

From a chemical pathology standpoint, both KBT and the rosette test rely on biochemical or antigenic
differences between fetal and maternal erythrocytes. While these principles are scientifically valid, the
lack of standardization in staining, slide preparation, and microscopic counting renders results
unreliable between laboratories. Clinical pathology experience further emphasizes that such
inaccuracies in FMH quantitation may compromise patient safety by underestimating hemorrhage and
underdosing Rhlg, thereby failing to prevent alloimmunization [15]. These limitations created the
impetus for the introduction of more objective and automated techniques, particularly flow cytometry,
which has since emerged as a superior diagnostic tool for FMH detection.

Principles of Flow Cytometry in FMH Quantification

Flow cytometry is a laser-based analytical technique that allows rapid and precise measurement of
cellular characteristics within large populations. Its application to fetomaternal hemorrhage (FMH)
quantification is based on the ability to identify and enumerate fetal red blood cells within maternal

blood samples using immunofluorescent labeling. Unlike the subjective microscopic evaluation of the
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Kleihauer—Betke test, flow cytometry provides an automated, objective, and reproducible approach to

distinguishing fetal from maternal erythrocytes [16].

The principle involves staining peripheral maternal blood with fluorescently labeled monoclonal
antibodies that target either fetal hemoglobin (HbF) or RhD antigen. Cells are then passed in a fluid
stream through a laser beam, where scattered light and emitted fluorescence are measured. Each cell
is analyzed individually, and distinct populations of maternal and fetal cells are displayed as separate
clusters on scatter plots or histograms. This permits accurate quantification of fetal cells, even when
present at very low frequencies, often below 0.1% of total red blood cells [17].

Two main immunophenotyping strategies are commonly employed. The first is based on anti-HbF
antibodies, which bind specifically to fetal red cells. This method is advantageous in cases where the
fetus is RhD-negative, ensuring universal applicability. However, its specificity can be compromised
by maternal persistence of HbF, leading to potential overestimation of FMH. The second strategy
utilizes anti-D monoclonal antibodies, which selectively identify RhD-positive fetal erythrocytes
within an RhD-negative maternal background. This approach is highly specific but limited in
pregnancies involving RhD-negative fetuses or variants with weak or partial D expression [18].
Automation is a key advantage of flow cytometry. Thousands of cells can be analyzed per second,
providing statistically robust results and minimizing human error. The high throughput capability
makes it particularly suitable for transfusion medicine and perinatal laboratories where timely
quantification is critical for Rh immunoglobulin (RhIg) dosing. Additionally, multiparameter flow
cytometry allows simultaneous assessment of multiple markers, enhancing discrimination between
true fetal cells and confounding maternal populations [19].

From a chemical pathology perspective, flow cytometry represents an evolution from qualitative to
quantitative biomarker detection. The analytical specificity of monoclonal antibodies, combined with
rigorous internal controls, enhances diagnostic confidence. Meanwhile, clinical pathology emphasizes
the impact of this precision on patient care: accurate FMH quantification ensures correct prophylaxis,
preventing alloimmunization and safeguarding outcomes in subsequent pregnancies. Thus, the
principles of flow cytometry bridge the gap between laboratory science and clinical practice more
effectively than conventional FMH assays [20].

Clinical Applications of Flow Cytometry in FMH

Flow cytometry has become increasingly recognized as the most accurate and clinically relevant
technique for quantifying fetomaternal hemorrhage (FMH). Its clinical utility lies in its ability to
provide precise measurements of fetal red cell volume in maternal circulation, thereby guiding
appropriate administration of Rh immunoglobulin (Rhlg) prophylaxis. Unlike conventional methods,

which may under- or overestimate FMH, flow cytometry offers reproducibility and sensitivity at
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clinically significant thresholds, reducing the risk of either alloimmunization or unnecessary excess

dosing of Rhlg [21].

One of the most important applications of flow cytometry in clinical pathology is in the postpartum
setting for RhD-negative mothers delivering RhD-positive infants. Here, the assay determines whether
a standard prophylactic dose of Rhlg (typically covering 30 mL of fetal whole blood) is sufficient or
whether additional dosing is required in cases of large hemorrhages. Studies have demonstrated that
flow cytometry can reliably detect FMH volumes as low as 0.1 mL, which is below the sensitization
threshold, making it highly valuable in preventive strategies against alloimmunization [22].

Another significant application is in high-risk obstetric situations, such as abdominal trauma, placenta
previa, placental abruption, or after invasive procedures like amniocentesis and chorionic villus
sampling. In these scenarios, undetected FMH may jeopardize fetal survival. Flow cytometry enables
timely and accurate quantification, ensuring that interventions such as intrauterine transfusions,
maternal transfusion support, or early Rhlg prophylaxis can be implemented when necessary [23].
From a transfusion medicine perspective, flow cytometry has also been employed to investigate
unexplained cases of neonatal anemia and hydrops fetalis. By confirming the presence of substantial
FMH, clinicians can differentiate between hemolytic disease due to alloimmunization and anemia
caused by massive fetal blood loss. This distinction is crucial for guiding management strategies, such
as whether to prioritize intrauterine transfusion or maternal Rhlg therapy [24].

Flow cytometry’s automation and high-throughput capacity further support its integration into routine
clinical workflows. Large perinatal centers and transfusion laboratories increasingly adopt this
technology, as it allows rapid turnaround time without compromising accuracy. From the clinical
pathology perspective, this represents a critical step toward evidence-based patient care, ensuring that
prophylactic and therapeutic interventions are based on reliable quantification rather than estimations
prone to variability [25].

Comparative Studies: Flow Cytometry vs Conventional Methods

Multiple comparative studies have highlighted the superiority of flow cytometry over conventional
methods such as the Kleihauer—Betke test (KBT) and the rosette assay. Flow cytometry consistently
demonstrates higher sensitivity, specificity, and reproducibility in identifying fetal red blood cells
within maternal circulation. In contrast, KBT results are highly operator-dependent, and
interlaboratory variability remains a persistent issue despite decades of use. Clinical studies have
shown that flow cytometry can detect FMH volumes as low as 0.1 mL, whereas KBT often
underestimates hemorrhages below 5 mL, a clinically significant limitation for prophylactic decision-
making [26].

The rosette test, while useful as a rapid screening assay, lacks quantification capability and can only

identify RhD-positive fetal cells in RhD-negative mothers. Several investigations comparing rosette
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test screening with flow cytometry confirm that false negatives occur in cases of weak D expression

or low-volume hemorrhage. These discrepancies underscore the importance of confirmatory
quantitation, for which flow cytometry provides a more reliable platform [27]. Furthermore, the rosette
test is ineffective in pregnancies with RhD-negative fetuses, limiting its universal applicability in
clinical practice.

In terms of reproducibility, flow cytometry offers significant advantages. A multicenter evaluation by
Davis et al. demonstrated that interobserver and interlaboratory variability was markedly reduced with
flow cytometry compared to KBT, owing to its objective fluorescence-based analysis. In contrast, KBT
results varied widely between operators, often leading to inconsistent Rhlg dosing recommendations.
The study concluded that flow cytometry should be considered the reference method in perinatal
transfusion medicine [28].

Another key comparative point relates to clinical outcomes. Several retrospective analyses revealed
that cases of alloimmunization despite prophylaxis were often associated with underestimated FMH
volumes by KBT. By contrast, the use of flow cytometry in similar clinical scenarios ensured correct
Rhlg dosing and reduced alloimmunization rates. These findings emphasize that the clinical utility of
flow cytometry is not only technical but directly linked to improved maternal and neonatal outcomes
[29].

Cost-effectiveness comparisons have also been explored. While flow cytometry requires higher initial
investment in equipment and training, long-term savings are achieved by reducing alloimmunization-
related complications, decreasing unnecessary Rhlg use, and improving laboratory efficiency. Studies
have shown that integrating flow cytometry into high-volume obstetric centers reduces both clinical
risks and overall healthcare costs, supporting its adoption as a standard of care despite upfront expenses
[30].

Technical and Analytical Considerations in Flow Cytometry

The successful application of flow cytometry in fetomaternal hemorrhage (FMH) quantification
requires careful attention to preanalytical, analytical, and postanalytical variables. One of the key
preanalytical considerations is sample collection. Maternal blood should ideally be collected within
two hours of delivery or suspected FMH to minimize cell degradation and ensure reliable enumeration.
Delayed sampling may lead to underestimation due to selective loss of fragile fetal erythrocytes [31].
Proper anticoagulation with EDTA and prompt processing are essential for preserving cell integrity.
Sample preparation is another critical step influencing test accuracy. Red blood cells must be
permeabilized for intracellular hemoglobin staining when anti-HbF antibodies are used. This requires
optimized fixation and permeabilization protocols to ensure adequate antibody penetration without

excessive background fluorescence. Similarly, when anti-D monoclonal antibodies are applied, the

2829 Nader M Mustafa et al. 2823-2839



Journal of Computational Analysis and Applications VOL. 33, NO. 6, 2024

10.48047/jocaaa.2024.33.06.113
specificity of staining depends on careful titration of reagents to avoid nonspecific binding or cross-

reactivity [32].

Antibody selection represents a major analytical decision. Anti-HbF antibodies offer universal
applicability, regardless of fetal RhD status, but are susceptible to interference from maternal
hereditary persistence of HbF (HPFH) or elevated HbF in conditions such as thalassemia or sickle cell
disease. On the other hand, anti-D antibodies provide excellent specificity in RhD-negative mothers
with RhD-positive fetuses, but their utility is limited in rare cases of weak D or partial D phenotypes.
Some laboratories therefore adopt dual-marker strategies, combining anti-HbF and anti-D staining to
improve diagnostic confidence [33].

Data acquisition and gating strategies require standardization to ensure reproducibility across
laboratories. Typically, a minimum of 50,000 to 100,000 events should be acquired to achieve
statistical robustness in detecting low-frequency fetal cells. Gating is used to exclude debris, doublets,
and nonerythroid populations, focusing only on intact red cells. Poor gating strategies can lead to
misclassification of maternal cells as fetal, producing spurious results. Hence, strict adherence to
standardized protocols, including the use of fluorescence calibration beads, is critical for accuracy [34].
Quality assurance remains a cornerstone of flow cytometry-based FMH testing. Internal controls, such
as known fetal cell admixtures, can validate assay performance. External quality assessment schemes,
though not universally implemented, are increasingly recognized as necessary to harmonize practices
between laboratories. From a chemical pathology perspective, assay validation includes determining
detection limits, linearity, and reproducibility, while clinical pathology emphasizes interpretation
within the clinical scenario to avoid over- or underestimation of FMH and inappropriate Rhlg
administration [35].

Chemical Pathology Perspective: Biomarkers and Analytical Validation

From a chemical pathology perspective, the quantification of fetomaternal hemorrhage (FMH) using
flow cytometry hinges on the identification of reliable biochemical and immunologic biomarkers that
differentiate fetal from maternal erythrocytes. Hemoglobin F (HbF) remains the cornerstone biomarker
because of its physiological predominance in fetal red blood cells and its acid resistance compared to
adult hemoglobin A. Flow cytometry leverages fluorescently labeled monoclonal antibodies against
HbF, providing a more objective and reproducible alternative to the Kleihauer—Betke test, which
depends on subjective staining intensity [36].

However, the analytical performance of HbF-based assays is influenced by conditions that increase
maternal HbF. For example, hereditary persistence of HbF (HPFH), thalassemia, and sickle cell disease
can elevate HbF in maternal erythrocytes, potentially confounding FMH measurement. In such cases,
the inability to distinguish between fetal HbF-positive cells and maternal HbF-positive cells can lead

to overestimation of FMH. To address this, chemical pathology laboratories have validated dual-
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marker approaches combining anti-HbF with anti-D staining, enhancing specificity when applicable

[37].

Analytical validation of flow cytometric assays includes assessing linearity, precision, accuracy, and
limits of detection. Studies have demonstrated that flow cytometry can reliably detect fetal red cells at
concentrations as low as 0.03%, far below the clinically significant threshold for alloimmunization. In
validation studies, coefficients of variation (CV) below 10% are achievable with standardized
protocols, ensuring reproducibility across repeated measurements [38]. From an analytical science
viewpoint, such metrics establish flow cytometry as a high-sensitivity assay suitable for critical clinical
decision-making.

Quality control is another critical element emphasized in chemical pathology. Internal quality control
measures include spiking maternal samples with known concentrations of cord blood to monitor assay
performance. External quality assurance programs, though not yet universally implemented, are
increasingly being adopted in transfusion laboratories to harmonize results across institutions. Such
programs ensure that analytical reliability translates into clinical safety, minimizing the risk of
underestimating FMH and underdosing Rh immunoglobulin (RhIg) [39].

Finally, chemical pathology contributes to defining reference ranges and thresholds for clinical
interpretation. While any FMH is biologically significant, the clinically relevant cut-off lies at
approximately 0.3 mL of fetal whole blood, the volume capable of sensitizing an RhD-negative mother.
Analytical validation studies have shown that flow cytometry reliably quantifies FMH both below and
above this threshold, providing a crucial link between laboratory precision and clinical decision-
making. This ensures that prophylaxis is not only administered but also appropriately tailored to the
magnitude of hemorrhage [40].

Diagnostic and Therapeutic Implications

From a clinical pathology standpoint, the central role of flow cytometry in fetomaternal hemorrhage
(FMH) lies 1n its ability to provide actionable data for patient care. The accurate quantification of fetal
red blood cells in maternal circulation directly informs the dosing of Rh immunoglobulin (Rhlg), the
cornerstone of preventing Rh alloimmunization in RhD-negative mothers. A standard prophylactic
dose of Rhlg covers 30 mL of fetal whole blood; however, in cases of large FMH, underestimation
could leave residual sensitizing antigen, increasing the risk of maternal immunization and subsequent
hemolytic disease of the fetus and newborn (HDFN). Flow cytometry ensures that dosing decisions
are based on objective and precise measurements, reducing clinical risk [41].

Beyond prophylaxis, flow cytometry provides valuable diagnostic insights in obstetric emergencies.
In cases of antepartum hemorrhage, placental abruption, or maternal trauma, quantification of FMH
helps clinicians assess the extent of fetoplacental injury. Large hemorrhages detected by flow

cytometry may guide obstetricians toward urgent interventions, such as expedited delivery, intrauterine
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transfusion, or maternal transfusion support. Thus, FMH measurement not only aids in prevention but

also contributes to acute clinical decision-making [42].

Flow cytometry also plays a diagnostic role in explaining unexplained perinatal outcomes. Cases of
intrauterine fetal demise, neonatal anemia, or hydrops fetalis sometimes arise from massive undetected
FMH rather than immunologic hemolysis. In such cases, retrospective testing with flow cytometry can
confirm the diagnosis, helping clinicians counsel families and plan for future pregnancies. This
reinforces the importance of FMH quantitation as part of the broader clinical pathology toolkit [43].
Another important implication is in monitoring the effectiveness of Rhlg administration. After
prophylaxis, flow cytometry can confirm clearance of fetal cells from maternal circulation, ensuring
adequate dosing and identifying cases where supplemental Rhlg is required. This monitoring capacity
enhances patient safety by preventing both underdosing, which risks sensitization, and unnecessary
overdosing, which wastes resources and may increase adverse reactions [44].

Finally, clinical pathology emphasizes integration of FMH results into multidisciplinary care. Flow
cytometry data are interpreted alongside obstetric history, neonatal outcomes, and maternal antibody
screening results. This holistic approach ensures that laboratory findings are not viewed in isolation
but contextualized within clinical practice. The ultimate therapeutic implication is improved maternal
and neonatal outcomes through precise laboratory-guided interventions, making flow cytometry a
bridge between diagnostics and therapeutic decision-making in modern obstetric care [45].
Automation and Laboratory Workflow Integration

One of the greatest strengths of flow cytometry in fetomaternal hemorrhage (FMH) testing is its
compatibility with automation, which aligns with modern laboratory medicine’s emphasis on
efficiency, standardization, and high-throughput analysis. Unlike the Kleihauer—Betke test, which
relies on manual slide preparation and microscopic counting, flow cytometry integrates seamlessly
into automated laboratory workflows, minimizing human subjectivity and ensuring reproducible
results. This makes it particularly advantageous in tertiary care centers and high-volume obstetric
hospitals where rapid and reliable FMH quantification is critical [46].

Automation reduces turnaround time, a vital consideration when clinical decisions such as Rh
immunoglobulin (RhIg) administration or obstetric intervention must be made urgently. Modern flow
cytometers are capable of analyzing tens of thousands of cells per second, providing results within
hours compared to the more labor-intensive Kleihauer—Betke test. This rapid availability of data
supports timely prophylaxis, minimizing the risk of alloimmunization. From a workflow perspective,
the high throughput of automated cytometers allows simultaneous processing of multiple maternal
samples, improving laboratory efficiency and resource utilization [47].

The integration of flow cytometry into laboratory information systems (LIS) further enhances

workflow. Results can be automatically calculated, verified, and transmitted to clinicians, reducing
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transcription errors and ensuring immediate availability of quantified FMH volumes. Many

instruments now include built-in software capable of automated gating and calculation, decreasing
reliance on operator expertise and making the technology more accessible to laboratories with varying
levels of staff training [48].

Cost-effectiveness is another consideration in automation. While the initial investment in flow
cytometry instruments and staff training is higher than conventional methods, studies demonstrate
long-term savings through reduced alloimmunization-related complications, decreased inappropriate
Rhlg use, and enhanced efficiency. Automated systems also allow laboratories to expand the clinical
utility of flow cytometry beyond FMH, applying the same platforms to immunophenotyping, stem cell
enumeration, and minimal residual disease monitoring, thereby distributing costs across multiple
diagnostic applications [49].

From a clinical pathology perspective, the integration of automated flow cytometry into routine
laboratory workflows represents a paradigm shift. It transforms FMH testing from a subjective,
operator-dependent assay into an objective, standardized diagnostic procedure that can be scaled to
meet increasing clinical demand. This alignment with the broader goals of laboratory medicine—
precision, efficiency, and reproducibility—solidifies flow cytometry as not only a superior diagnostic
tool for FMH but also a cornerstone of modern automated pathology services [50].

Limitations and Challenges of Flow Cytometry in FMH

Despite its clear advantages, flow cytometry for fetomaternal hemorrhage (FMH) quantification faces
several limitations that affect its widespread adoption. The first barrier is cost and infrastructure. Flow
cytometers are expensive instruments requiring significant capital investment, ongoing maintenance,
and trained personnel. In low-resource settings, these financial and technical demands make
conventional methods like the Kleihauer—Betke test more accessible, despite their drawbacks. Thus,
global implementation of flow cytometry remains uneven, with advanced healthcare systems more
likely to adopt it compared to developing regions [51].

Another significant challenge lies in the interpretation of results when maternal hemoglobin F (HbF)
levels are elevated. Conditions such as hereditary persistence of fetal hemoglobin (HPFH), sickle cell
disease, and B-thalassemia can lead to the presence of HbF-containing maternal erythrocytes that are
indistinguishable from true fetal cells in anti-HbF-based assays. This creates the risk of overestimating
FMH and unnecessarily increasing Rh immunoglobulin (Rhlg) dosing. While dual-marker approaches
using anti-HbF and anti-D antibodies can mitigate this, they cannot be universally applied, especially
in RhD-negative pregnancies with RhD-negative fetuses [52].

Technical expertise also poses challenges. Accurate gating strategies are essential to distinguish fetal
erythrocytes from debris, doublets, or maternal HbF-positive cells. Laboratories lacking experience in

flow cytometric analysis may struggle with data interpretation, potentially leading to false results.
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Although newer instruments include semi-automated gating algorithms, expert review is still

recommended, underscoring the need for specialized training and quality assurance programs in
clinical laboratories [53].

Availability and turnaround time can be another limitation in certain institutions. Not all hospitals have
in-house flow cytometry facilities, and sending samples to reference laboratories may delay results.
Since Rhlg prophylaxis is time-sensitive, particularly postpartum, logistical barriers can diminish the
clinical utility of flow cytometry despite its superior accuracy. This is especially problematic in
emergency scenarios such as trauma or placental abruption, where rapid quantification of FMH is
critical for maternal and fetal outcomes [54].

Finally, flow cytometry, like all laboratory tests, is not immune to analytical pitfalls. Nonspecific
antibody binding, sample degradation, and instrument calibration errors may produce misleading
results if strict quality control is not maintained. Moreover, the absence of universally standardized
protocols for FMH quantification across laboratories creates variability in reported results.
Establishing international guidelines and interlaboratory comparison programs will be essential to
overcome these challenges and ensure that flow cytometry fulfills its potential as the reference standard
for FMH testing [55].

Future Directions in FMH Quantification

Future developments in fetomaternal hemorrhage (FMH) quantification aim to overcome current
limitations and further enhance accuracy, speed, and accessibility. One promising avenue is the
refinement of multiparametric flow cytometry, which allows simultaneous staining of cells with
multiple antibodies. By combining markers such as anti-HbF, anti-D, and additional fetal erythrocyte
surface antigens, multiparametric approaches can distinguish fetal cells from maternal HbF-positive
cells, reducing false positives in conditions such as hereditary persistence of fetal hemoglobin (HPFH).
This multiplexing strategy has the potential to increase diagnostic confidence and provide more
detailed cellular characterization [56].

Another direction is the incorporation of digital imaging and machine learning into FMH testing.
Automated image analysis and artificial intelligence (Al)-driven algorithms may improve gating
strategies, reducing operator dependency and standardizing interpretation across laboratories. Early
studies using Al-assisted flow cytometry have demonstrated enhanced discrimination between true
fetal populations and background noise, suggesting a role for computational pathology in the next
generation of FMH diagnostics [57].

Molecular approaches also hold potential for future FMH quantification. Cell-free fetal DNA
(cftDNA) in maternal plasma is already utilized for non-invasive prenatal testing (NIPT), and similar
strategies may be adapted for FMH estimation. Quantifying cffDNA levels could provide an indirect

biomarker of FMH severity, particularly when combined with flow cytometry for confirmatory
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analysis. Although currently experimental, such molecular techniques may eventually complement or

even replace cellular assays in selected clinical scenarios [58].

In terms of laboratory implementation, future advances will likely emphasize point-of-care testing.
Miniaturized flow cytometry platforms or rapid immunoassays designed for bedside use could allow
immediate FMH detection in obstetric wards, emergency departments, and resource-limited settings.
The development of portable cytometers and microfluidic devices is ongoing, with potential to
transform FMH testing from a centralized laboratory assay into a decentralized, near-patient diagnostic
tool [59].

Finally, standardization and global guidelines will be critical in shaping the future of FMH testing.
The establishment of international consensus protocols for sample preparation, antibody panels, gating
strategies, and reporting will ensure comparability of results across institutions. Clinical trials
evaluating patient outcomes with different testing modalities are also needed to strengthen the evidence
base and guide practice. Such standardization efforts will allow flow cytometry and emerging
technologies to achieve their full potential in reducing Rh alloimmunization and improving maternal-
fetal outcomes [60].

Conclusion

Fetomaternal hemorrhage (FMH) remains a critical challenge in obstetric and transfusion medicine,
with potentially devastating consequences if not accurately detected and quantified. For RhD-negative
mothers, even small volumes of fetal blood can trigger alloimmunization, resulting in hemolytic
disease of the fetus and newborn (HDFN) in subsequent pregnancies. Historically, conventional assays
such as the Kleihauer—Betke test and the rosette assay provided the mainstay for FMH detection, but
their limitations in sensitivity, reproducibility, and standardization have left significant diagnostic gaps
[61].

Flow cytometry has emerged as a superior solution, offering precise, reproducible, and high-
throughput quantification of fetal erythrocytes in maternal circulation. By leveraging monoclonal
antibodies directed against fetal hemoglobin (HbF) or RhD antigen, this technique provides clinically
actionable data that directly guides Rh immunoglobulin (Rhlg) prophylaxis. From a chemical
pathology standpoint, flow cytometry exemplifies biomarker-driven diagnostics with validated
analytical performance. From a clinical pathology perspective, it represents a practical tool that bridges
laboratory accuracy with improved maternal and neonatal outcomes [62].

Despite its advantages, widespread implementation of flow cytometry is limited by cost, infrastructure,
and the need for technical expertise. Challenges such as interference from maternal HbF and the
absence of global standardization remain barriers to universal adoption. However, ongoing

innovations—including multiparametric flow cytometry, artificial intelligence-assisted analysis,
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molecular biomarkers such as cell-free fetal DNA, and point-of-care diagnostic platforms—promise

to expand the accessibility and accuracy of FMH testing in the near future [63].

The integration of flow cytometry into automated laboratory workflows has already transformed FMH
testing in advanced healthcare systems, ensuring efficiency and reducing interobserver variability. The
next step lies in global harmonization of protocols and guidelines, ensuring that patients in diverse
healthcare settings benefit from this technological advancement. Ultimately, the clinical and chemical
pathology perspectives converge on a single conclusion: accurate quantification of FMH through flow
cytometry is not merely a laboratory refinement but a pivotal intervention in preventing
alloimmunization and safeguarding maternal-fetal health [64].

In summary, automated flow cytometric quantitation of FMH represents a paradigm shift in perinatal
medicine. While conventional methods still play a role in resource-limited environments, the future
clearly points toward flow cytometry as the reference standard. By integrating scientific precision with
clinical relevance, this approach embodies the evolving role of pathology in advancing maternal-fetal

care and reducing the burden of Rh disease worldwide [65].
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