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ARTICLE INFO ABSTRACT
Keywords: Introduction: Recently, a flow cytometric (FC) based test has been developed for detection of
Kleihauer-Betke test circulating fetal cells to replace the less accurate and reproducible Kleihauer-Betke test.

Fetomaternal haemorrhage evaluation
High performance liquid chromatography
Flow cytometry

Haemoglobin-F

FC test is easier to perform, it can distinguish the origin of fetal cells, but it is expensive and
available in highly specialized laboratories. We evaluated the introduction of high-performance
liquid chromatography (HPLC) approach as initial screening to identify patients who need an
additional FC test to better discriminate the nature of haemoglobin-F (HbF) positive cells.
Methods: Blood samples from 130 pregnant women suspected to have fetomaternal haemorrhage
were analysed with HPLC and FC methods. The cut-off for HbF HPLC concentration was calcu-
lated. Statistical analyses for the evaluation of HPLC as a screening method were performed. The
positivity cut-off of HbF to be used as decision-making value to continue the investigation was
calculated.

Results: An excellent agreement (R? > 0.90) was observed between the percentage of HbF ob-
tained by HPLC and the percentage of fetal cells detected by FC. Results obtained from each assay
were compared to define the HPLC threshold below which it is not necessary to continue the
investigations, confirming the maternal nature of the HbF positive cells detected. Our study
demonstrated that a cut-off of 1.0 % HbF obtained by HPLC was associated with the lowest rate of
false negative results in our patient cohort.

Conclusions: This study provides a new FMH investigation approach that possibly leads to a
reduction in times and costs of the analysis.

1. Introduction

Fetomaternal haemorrhage (FMH) may occur at delivery or during pregnancy because of a sensitizing event causing fetal blood to
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enter maternal circulation, and leading to RhD immunisation if the mother is D-negative (RhD-) and the child is D-positive (RhD+).
This can result in medical complication in case of a subsequent pregnancy [1,2]. The current practice of administering a standard dose
of anti-D immunoglobulin to every RhD-pregnant woman at 28 weeks of gestation is associated with very low rate of Rh alloimmu-
nization [3]. Since this dose neutralises up to 30 mL of RhD + fetal blood or 15 mL of fetal red blood cells, quantification of FMH is
recommended to adapt the dose of anti-D in case of a massive FMH. It is therefore essential that an accurate identification and
quantification of fetal red blood cells (RBCs) in peripheral maternal blood is provided to prevent maternal alloimmunization [3,4].

The Kleihauer-Betke test (KBT) for the assessment of fetal blood in maternal circulation has been normally employed in the
diagnosis and prognosis of fetal anaemia and preterm labour, in case of intrauterine fetal demise and as a screening in the setting of
trauma, which could lead to a break in the placental barrier and the consequent mixing of fetal haemoglobin (HbF) with maternal
blood, as well as other events that can cause maternal immunisation [5]. Nevertheless, limitations in the sensitivity and precision
associated with this widely used manual test have induced an increased diffusion of flow cytometric (FC) methods for fetal RBCs
detection in maternal blood samples. Numerous studies confirmed that FC is more precise and easier to perform than the KBT, known
to have poor reproducibility, multiple sources of variability and to be susceptible to false positive results related to the content of adult
RBCs containing HbF, called F-cells, physiologically present at a range between 0.5 % and 0.7 % [6-13].

The two parameters FC assay currently used is based on the identification of fetal cells using a commercial kit containing anti-HbF
monoclonal antibodies and anti-carbonic anhydrase (CA) monoclonal antibodies [14]. Fetal RBCs and maternal F-cells differ in their
content of HbF [15-17], but an appropriate discrimination of these cells based only upon the weaker fluorescence intensity of adult
F-cells is difficult to achieve when targeting HbF alone. In contrast, CA expression reaches adult levels only 6 months after birth [18,
19]: in this way it is possible to distinguish fetal RBCs from adult F-cells containing HbF. Therefore, combining the expression of HbF
and CA, cells can be distinguished into fetal RBCs (HbF+, CA-), maternal F-cells (HbF+, CA+), and adult RBCs (HbF-, CA+) [14,20].

Although its advantages in terms of specificity and sensitivity, FC is expensive, time consuming, and it is not available in all care
settings. To minimize these limitations, a first-step test to screen for fetal cells and to subsequently quantify them more accurately with
FC in case of massive FMH.

High-performance liquid chromatography (HPLC), in particular cation-exchange HPLC, is accepted as the gold standard method for
haemoglobin disorders diagnosis. HPLC uses cation exchange chromatography to retain the major haemoglobin species on the column.
Separation is accomplished using an elution salt gradient and the retention times of the various haemoglobin species are visualized
with a chromatogram. This analytical method allows separation of haemoglobin in its different physiological fractions, with accurate
measurement of HbA2 and HbF, and sensitive detection of abnormal haemoglobin fractions for the diagnosis of haemoglobin variants.
A non-pathological haemoglobin profile has approximately 97 % Hb A, 2.5 % Hb A2, and <1 % Hb F in HPLC [21,22].

We have evaluated the utility of HPLC as initial screening approach for FMH investigation comparing data obtained analysing
samples in duplicate with FC and HPLC. The purposes of this investigation were: 1) to compare the ability of the two methods to detect
a fetomaternal bleeding in peripheral blood samples; 2) to evaluate whether there was a correlation between HbF percentage
determined by HPLC (HbF-HPLC) and fetal RBCs determined by FC (fetal RBCs-FC), and 3) to establish a HbF-HPLC cut-off as a
screening value to detect samples that require a FC evaluation to identify a clinically significant FMH volume.

2. Methods
2.1. Patients and specimen selection

The study included the retrospective analysis of 130 pregnant women who underwent FMH evaluation at the Flow Cytometry
Diagnostic Centre and Immunotherapy of the AOU Careggi of Florence, between May 2011 and January 2023.

All patients enrolled in the study were admitted for intrauterine fetal demise, fetal anaemia, caesarean delivery or trauma, and were
evaluated in our laboratory to ascertain whether a fetomaternal bleeding had occurred. The analysed cohort did not include patients
with sickle cell anaemia, heterozygosity for HbS or other Hb variant, or Hereditary Persistence of Fetal Haemoglobin (HPFH), all well-
known conditions that can induce an increase in HbF.

Samples of whole venous blood were collected into EDTA anticoagulant and analysed in duplicate using both FC and HPLC.

2.2. Ethics

Procedures on donors’ specimens were approved by the Careggi University Hospital Ethical Committee and were in accordance
with the declaration of Helsinki. Relevant demographic and diagnostic data were assembled through medical records review, including
laboratory test results and clinical notes, according to internal policy of privacy observance.

2.3. Quantification of HbF by high-performance liquid chromatography

High-performance liquid chromatography test was performed on EDTA-anticoagulated whole blood samples. Samples were ana-
lysed on Biorad variant II HPLC.

The separation of the haemoglobin fractions takes place by means of a gradient between two mobile phases differing in salt
concentration and pH. Physical characteristics, such as surface charge and the presence of hydrophilic and hydrophobic groups,
determine the elution rate of each fraction.

Samples are automatically haemolysed and injected into the column during the gradient flow of mobile phases 1 and 2. The
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haemoglobin fractions migrate through the column at a rate determined by their physical properties and, as they exit the column, they
pass through the spectrophotometric detector following the absorbance measurement at a wavelength of 413 nm + 2 nm.

The instrument is calibrated for HbA2 and HbF measurement and is able to separate physiological haemoglobin fractions and many
haemoglobin variants. The duration of the test is approximately 8 min for each sample.

All chromatograms were interpreted by determining HbA2 concentration for beta-thalassemia with also evaluating retention times,
area percentages and windows of all the other structural variants. In each chromatogram, there were peaks for HbA, HbA2, and HbF.
The lower limit of HbF detection is 0.4 %.

2.4. Quantification of fetal RBCs and maternal F cells by flow cytometry

The amount of fetal RBCs and adult F-cells in maternal whole blood samples was quantified by FC assay using a Fetal Cell Count™
Kit (IQ Products, Groningen, The Netherlands), including reagents for cell fixation, permeabilization, and antibodies for the fluo-
rescence staining (anti-human HbF R-PE and anti-human CA FITC). The manufacturer’s instructions were followed. To reduce the
background signal, samples analysed more than 12 h but within two days from withdrawal were previously washed with PBS. Briefly,
cells were fixed in the formaldehyde containing solution and then permeabilized before the fluorescent staining. RBCs suspension was
subsequently incubated with anti-human HbF R-PE and anti-human CA FITC. After incubation, cells were washed to remove unfixed
antibodies and resuspended in PBS for acquisition on a flow cytometer BD FACS Canto II (BD Biosciences, San Jose, CA, USA). A
minimum of 100 000 events was recorded within the region gated at the erythrocytes and analysed for the expression of HbF and CA.

The analysis of recorded samples was performed using the BD FACSDiva software (BD Biosciences, San Jose, CA, USA). The FMH
volume was estimated by taking into account the percentage of fetal RBCs (HbF+, CA-), maternal RBCs (HbF-, CA+) and maternal F-
cells (HbF+, CA+). FMH volume was calculated using a simplified version of Mollison’s formula [23] as reported by ANZSBT [24]:

fetal RBCs (%)
[mMRBCs (%) + F — cells (%)]

FMH volume (mL)(fetal RBCs) = x 2400 )
ANZSBT proposes the formula above to evaluate FMH volume in whole blood samples. This formula is a simplified version of the
formula described by Mollison. Abbreviations: FMH, fetomaternal haemorrhage; RBCs, red blood cells; mRBCs, maternal red blood
cells; F-cells, maternal F-cells.
A sample was considered contaminated when a minimum volume of bleeding of 5 mL could be estimated [5].

2.5. Statistical analysis

Linear regression was performed in order to evaluate whether there was a correlation between HbF-HPLC and fetal RBCs-FC [25].
The Receiver Operator Characteristic (ROC) curve was then determined, aiming to evaluate a HPLC cut-off helpful to determine
positive and negative samples [26].
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Fig. 1. Flow cytometric and high-performance liquid chromatography analysis of samples from two pregnant women. RBCs were analysed ac-
cording to the procedures described in Materials and Method section. Gating Strategy for RBC identification, FC dot plots (HbF-PE vs. CA-FITC)
divided into Q1, Q2, Q3 and Q4 gates containing fetal RBCs (HbF-+, CA-), maternal F-cells (HbF+, CA+), unstained cells (HbF-, CA-) and adult
RBCs (HbF-, CA+) and histograms obtained by HPLC analysis (black arrow corresponding to HbF peak) related to a negative (A) and a positive
sample (B), respectively.
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3. Results

The haemoglobin fractions detected by HPLC were visualized with a chromatogram, where HbF is represented by a specific peak
(Fig. 1-B).

The FC analysis provided a HbF/CA plot where fetal RBCs, maternal RBCs and maternal F-cells populations were distinctly
separated and located in the upper left, lower right, and upper right gates respectively (Fig. 1-A). This clear discrimination of fetal and
maternal cells allowed the quantification of fetal RBCs percentage and the precise evaluation of fetomaternal bleeding, as described in
the previous section.

Linear regression between FC and HPLC was performed in 130 samples. The distinction between positive and negative samples, 47
and 83 respectively, was made according to FMH volume estimated with the FC gold standard method, as described under the Methods
section.

We evaluated whether fetal RBCs-FC was related to HbF-HPLC. The regression analysis showed a linear correlation between the two
methods, with a positive slope and providing a R? value > 0.90 (y = 0.9062x + 0.5583) (Fig. 2).

The aim of our study was, beyond providing a linear correlation, to propose a HPLC cut-off that could both maximise the ability to
detect positive samples and minimize the proportion of false positive results. For this purpose, a ROC Curve was created with data
referring to HbF-HPLC and assuming FC as the gold standard method to differentiate between positive and negative samples. As shown
in Fig. 3, the chosen cut-off of HbF percentage is 1.0 %.

In order to achieve a higher negative predictive value for the HPLC screening test (which would bring to further diagnostic
investigation), the chosen cut-off is 1.0 %. Such value allows a sensitivity 0.98, specificity 0.89, positive predictive value 0.84, negative
predictive value 0.99 and accuracy 0.92.

We found only one discordant HbF-HPLC-/fetal RBCs-FC + result among the 130 analysed samples. In this case, HbF-HPLC was
<1.0 % and FC-estimated bleeding volume was 8.2 mL. The FC-estimated bleeding volume was higher than the 5 mL FC cut-off [5], but
it remained lower than the 15 mL threshold indicated by guidelines for additional anti-D administration [3,4], as further discussed.

4. Conclusions

Accurate detection and subsequent quantitation of FMH is fundamental in the management of pregnancy in the setting of diagnosis
and prognosis of fetal anaemia, intrauterine fetal demise, traumas that could lead to the presence of fetal haemoglobin in maternal
blood, and in case of suspected fetomaternal haemorrhage and maternal immunisation.

The well-established confirmatory test represented by FC [1], a method characterised by high sensitivity and specificity, is
expensive and requires trained technicians and special equipment that is not available in all care settings. Therefore, the employment
of a screening test would be a better option to avoid unnecessary FC testing. Although the manual KBT is still widely used for feto-
maternal bleeding assessment, it is based on the visual microscopic counting of fetal RBCs on a blood film; consequently, it suffers from
inter-observer and inter-laboratory variability. On the contrary, HPLC, although being less accurate than FC, is a fully automated
approach, which is easier to standardise among different laboratories. Furthermore, HPLC is a widespread analytical method to
measure Hbalc and for first level screening of thalassemia in diagnostic laboratories. For these reasons, we propose HPLC instead of
KBT as a first step test in the contest of FMH evaluation.

In this study, we aimed to evaluate the correlation between FC and HPLC, in order to determine a cut-off percentage of HbF that
could screen samples needing further investigation for FMH.

HPLC is currently used for separation and identification of the most common haemoglobin fractions. It can easily detect the
percentage of HbF in the sample, but it is not able to determine whether it is fetal or maternal in origin. Therefore, positive HPLC results
must be confirmed using FC for FMH assessment. FC exploits monoclonal antibodies against HbF and CA and leads to an accurate

Y =0.9062x +0.5583
R?=0.9022

High-performance liquid chromatography (HbF %)

Flow cytometry (fRBCs %)

O Results

Trendline (Results)  wrsseerse Identity line

Fig. 2. Regression analysis comparing high-performance liquid chromatography and flow cytometry performances in 130 samples. The correlation
between the percentage of HbF (HbF%) detected by HPLC and the percentage of fetal RBCS (fRBCs%) detected by FC was evaluated. Plot represents,
for each sample, values obtained with HPLC (Y axis) versus FC (X axis). The regression analysis showed a linear correlation, with a positive slope and
R? value > 0.90.
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Fig. 3. Threshold determination for the HPLC screening method. The black dot corresponds to 1.0 % cut-off value: the resulting sensitivity and
specificity are respectively 0.98 and 0.89.

quantification of adult RBCs, fetal RBCs, and adult F-cells.

Comparing results obtained with FC and HPLC, an excellent agreement (R? > 0.90) between HbF-HPLC and fetal RBCs-FC was
observed. These results demonstrate the correlation between FC and HPLC for the detection of HbF in peripheral blood, allowing the
application of the latter method as a screening of a potential FMH.

Furthermore, from the examination of data obtained through a ROC curve analysis, a HPLC threshold was proposed in order to
advise FC only for samples above this threshold.

From our retrospective study we observed that a cut-off value of 1.0 % HbF was associated to a very low rate of false negative
results: in our cohort, only a sample had a negative HbF-HPLC but a positive FC result with an estimated FMH volume of 8.2 mL, which
was notably below the 15 mL threshold indicated by guidelines as the decision-making value for recommending an increased dose of
the Rh immune globulin to prevent sensitisation [3,4]. Further studies involving a wider availability of clinical records will allow to
better analysing the origin of false negative results.

Since the 1.0 % HbF threshold is associated with a negative predictive value (NPV) of 0.99, it can be applied in HPLC analysis to
identify negative samples which do not need further testing, even if a certain percentage of false positive samples will require a FC
detailed study: indeed, in samples analysed in duplicate, we noticed that HbF values obtained by HPLC approach were usually higher
than fetal RBCs percentage obtained by FC. As described in literature, it is possible that physiological changes occurring during
pregnancy may increase F-cells number [9,15]. In this setting, a higher baseline F-cells number causes an overestimation of HbF-HPLC,
leading to a certain rate of false positive samples that need to be confirmed with FC. In spite of this, false positive results obtained with
HPLC screening were a relatively small proportion (9/130) of our patient cohort and do not invalidate the final FMH volume esti-
mation, because the following in-depth FC analysis can easily differentiate between maternal and fetal cells containing HbF.

In summary, HPLC employment as a screening approach appears to be useful in the laboratory routine as a first step to avoid
unnecessary FC testing: considering the restrictive aspects in terms of resource allocation and cost-effectiveness, FC seems to be best
suited as a confirmatory test for FMH.

Of note, many authors have investigated the correlation between analytical performances of different HPLC systems and capillary
electrophoresis (CE) in separating and measuring Hb fractions. Even if a standardization of Hba2 measurement is not yet available
[27], the performances of the two methods and different analytical platforms showed a good correlation [28], demonstrating that all
HPLC platforms or CE platforms may be used to measure HbF in this type of experimental setting.

Likewise, new generation FC with greater sensibility which allow faster acquisition of data and more standardised analysis are
already used in diagnostic routine; fetal RBCs-FC is a relatively simple FC test and validation in new instrument should be feasible.

In conclusion the application of HPLC as a screening test with an appropriate threshold could be a practical way to achieve a fully
automated, fast performing and less expensive approach to exclude a fetomaternal bleeding and advise FC only for HPLC positive
samples. A limitation in the present study is the impossibility to apply the described strategy to patients who suffer from sickle cell
anaemia, HPFH and other conditions associated with an increase in HbF, since they were not included in the analysed cohort. Further
studies involving a larger cohort of patients would be advantageous in clinical practice.
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