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1 | INTRODUCTION
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Abstract

Introduction: The Kleihauer-Betke (KB) test is the diagnostic standard for the quan-
tification of fetomaternal hemorrhage (FMH). Manual analysis of KB slides suffers
from inter-observer and inter-laboratory variability and low efficiency. Flow cytom-
etry provides accurate quantification of FMH with high efficiency but is not available
in all hospitals or at all times. We have developed an automated KB counting system
that uses machine learning to identify and distinguish fetal and maternal red blood
cells (RBCs). In this study, we aimed to evaluate and compare the accuracy, precision,
and efficiency of the automated KB counting system with manual KB counting and
flow cytometry.

Methods: The ratio of fetal RBCs of the same blood sample was quantified by manual
KB counting, automated KB counting, and flow cytometry, respectively. Forty pa-
tients were enrolled in this comparison study.

Results: Comparing the automated KB counting system with flow cytometry, the
mean bias in measuring the ratio of fetal RBCs was 0.0048%, with limits of agreement
ranging from -0.22% to 0.23%. Using flow cytometry results as a benchmark, results
of automated KB counting were more accurate than those from manual counting,
with a lower mean bias and narrower limits of agreement. The precision of automated
KB counting was higher than that of manual KB counting (intraclass correlation coef-
ficient 0.996 vs 0.79). The efficiency of automated KB counting was 200 times that
of manual counting by the certified technologists.

Conclusion: Automated KB counting provides accurate and precise FMH quantifica-

tion results with high efficiency.
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hemorrhage or FMH) due to obstetric complications, trauma, fall, acci-

dent, domestic abuse, placental abruption, or sometimes no identified

In North America, there are over 6 million pregnancies annually.
Approximately 10% are of a Rhesus D (RhD)-negative woman with
an RhD-positive baby. During pregnancy or childbirth, small amounts

of fetal blood can enter the maternal circulation (fetomaternal

causes and finally grow into alloimmunization with a high risk.>2 In sub-
sequent pregnancies, red blood cell (RBC) alloimmunization will lead to
fetal hydrops, severe fetal anemia, heart failure, or even fetal death.>*

Therefore, reliable detection and quantification of FMH are necessary
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for physicians to make treatment decisions, for instance, the admin-
istration of an appropriate therapeutic dose of RhD immune globulin
(RhIG) to prevent immunization of the patient.5'6

Fetomaternal hemorrhage quantification requires the determi-
nation of the ratio of fetal to total RBCs in a blood sample. The task
involves the accurate identification of the low number of fetal RBCs
and the counting of the total number of RBCs. The most reliable way
to identify and count fetal RBCs is by flow cytometry.”? Sample
preparation and the operation of flow cytometry have strict skill re-
quirements, and due to the high demand of flow cytometry in hos-
pitals, its use for FMH quantification is restricted or limited (in less
than 5% laboratories in the US™¥). Additionally, flow cytometry lab-
oratories are not always operational at nights or on weekends. For
these reasons, most hospitals still use the Kleihauer-Betke (KB) test
for FMH quantification, which is based on differential resistance of
fetal and adult hemoglobin (ie, HbF and HbA) to acid (HbF is signifi-
cantly more resistant). Because of the resistance to acid, fetal RBCs
show a slightly brighter red color than maternal RBCs. A certified
lab technologist places the prepared KB slide on a microscope stage
and looks through the eyepieces to count the RBCs. Typically, the
technologist counts approximately 2000 RBCs, in 15 ~ 20 minutes,
and calculates the percentage of fetal RBCs.

In practice, counting is a difficult task because the technologist,
while counting, must make quick judgment to differentiate a fetal
RBC from maternal RBCs based on differences in color, size, and
texture. As shown in Figure 1, a typical KB slide may also contain
neutrophils, contaminants, and overlapping cells, making manual
KB counting challenging and subjective. Thus, the results of manual
counting heavily depend on the experience of technologists. High
inter-observer and inter-laboratory variability has been shown,112
calling for the reduction of human involvement and automated
counting of KB slides.

132%in which

Attempts have been made to automate KB counting,
automation referred to the use of a motorized microscope stage to
scan the KB slide and capture cell images. Fetal RBCs were still man-
ually identified and distinguished from maternal RBCs by technol-

ogists based on intensity and distribution patterns of staining. The
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total number of cells was also manually estimated (vs counted). To
date, no system exists that is capable of automated counting of fetal
and maternal RBCs.

We have developed a fully automated system for reading KB
slides and quantifying the fetal RBC ratio in a blood sample.!® The
system was built on a standard upright microscope with a motorized
microscope stage and a digital camera to automatically capture im-
ages of different fields of view of a KB slide. The system uses com-
puter vision algorithms to extract cell features, including the pixel
value, color, gradient, area, and roundness of the cell, and then uses
a machine learning model to distinguish fetal RBCs from maternal
RBCs. The system was trained to separate RBCs that overlap, iden-
tify cases of neutrophils and contaminants, and reject these cases
from the determination of fetal RBC ratio.

Here, we report the results of a comparison study using ran-
domly selected clinical blood samples from patients at risk of FMH.
The aim was to assess the accuracy, precision, and efficiency of
the automated KB counting system. Flow cytometry was used as
a benchmark for evaluating the accuracy of automated and manual
KB counting. The precision and efficiency of the automated system

were compared with those of manual KB counting.

2 | MATERIALS AND METHODS

2.1 | Blood sample preparation

Blood samples were collected from the patients who were being
investigated for FMH during pregnancy or postpartum at Mount
Sinai Hospital, Toronto. Collection and analysis of blood sam-
ples were approved by the Research Ethics Board of Mount Sinai
Hospital, and informed consent was obtained from all subjects. All
samples were processed within 4 hours of collection. Forty pa-
tients were enrolled in the study. The sample size achieved a power
of 0.9 for method comparison (see “Sample Size” in Supplementary
Information). No blood samples were voted out or excluded from
the study.
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(A) An ideal clinical Kleihauer-Betke (KB) slide image of fetal and maternal red blood cells (RBCs). Fetal RBCs show brighter red

color than maternal RBCs. A typical clinical KB slide may also contain (B) neutrophils, (C) contaminant, and (D) overlapping cells, making it a
challenging task to read/count KB slides [Colour figure can be viewed at wileyonlinelibrary.com]
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2.2 | Flow cytometry analysis

Flow cytometry analysis used mouse monoclonal antibody spe-
cific to human fetal hemoglobin (Phycoerythrin-conjugated anti-
HbF clone HbF-1; Invitrogen). Blood specimens were diluted with
PBS according to RBC counts as determined on an automated
hematology analyzer (Sysmex XE 2100; Sysmex Lincolnshire). An
aliquot of 20 pL of whole blood (approximately 2.5 x 107 RBCs)
was fixed in 1 mL cold 0.05% glutaraldehyde in PBS, mixed by vor-
tex, and incubated at room temperature for 10 minutes. 100 pL
of the mixture was then treated in 0.4 mL of cold 0.1% Triton
X-100 (Sigma-Aldrich) in 0.1% BSA-PBS at room temperature for
5 minutes. 10 pL of the permeabilized sample was incubated with
anti-HbF antibody in a total volume of 100 pL in the dark at room
temperature for 15 minutes. The mixture was added to 0.5 mL of
1% formaldehyde in 0.1% BSA-PBS, and the suspension was used
for flow cytometry analysis. A total of 50 000 cell events were
acquired from each sample on a flow cytometer (FC500; Beckman
Coulter). The RBC area was gated by the measurements of for-
ward scatter (FSC), side scatter (SSC), log orange fluorescence, and
log green fluorescence for autofluorescence. The regions of fetal
RBCs and adult RBCs were set based on three levels of control
cells (FETALtrol; Trillium Diagnostics) that were used in each test
of patient samples. Data analysis was performed with the CXP
Software (Beckman Coulter).

2.3 | Preparation of KB slides

Each KB slide was made with 2 ~ 3 pL of the diluted whole blood with
equal volume of saline. The slides were air-dried, fixed in 80% etha-
nol for 5 minutes, and rinsed twice with deionized water. Acid elution
was performed by immersing slides in citric acid/phosphate buffer,
pH 3.2, at 37°C for 5 minutes. The citric buffer was freshly prepared
by mixing stock solutions of 147 mL 0.1 M citric acid (C,Hg0,-H,0,
MW 210.14) and 53 mL 0.2 M disodium phosphate (Na,HPO,, MW
141.96). The slides were rinsed with deionized water, first stained
with hematoxylin at room temperature for 5 minutes, washed again,
and then placed in 0.5% eosin Y solution at room temperature for
5 minutes. The slide preparation was complete following final wash
and air-dry, and ready for microscopic analysis. Control samples of
normal adult blood spiked with cord blood were included in each test
of patient samples to validate the KB procedure.

2.4 | Manual KB counting

Each KB slide was counted independently by three certified technol-
ogists. Fetal cells and adult ghost cells were counted and recorded
on the entire field until 2000 cells were counted in total. The total
time for counting 2000 cells in each KB slide was recorded. The per-
centage of fetal cells was calculated by dividing the number of fetal

cells by the total number of cells.

2.5 | Automated KB counting

The same KB slides were put on the automated system. For each
KB slide, the system automatically controlled the motorized stage to
capture 60 fields of view of the KB slide, which typically contained
more than 20 000 cells. The 60 images were then automatically ana-
lyzed to calculate the ratio of fetal RBCs. The total time for count-
ing each KB slide, including image capture and image analysis, was
recorded. A supervised machine learning model was trained to use
the extracted features as input to classify each cell into fetal RBC or
maternal RBC. The training dataset contained images of 10 000 fetal
RBCs (as identified and agreed upon by the three certified technolo-
gists) and another 10 000 as non-fetal RBCs (see Supplementary
Information).

2.6 | Statistical analysis

Passing-Bablok analysis and Bland-Altman analysis were performed
to calculate the agreement between two methods, that is, auto-
mated KB counting versus flow cytometry, and manual KB count-
ing versus flow cytometry. The intraclass correlation coefficient was
calculated to evaluate the precision of automated KB counting and
manual KB counting, respectively. For all statistical analyses, P < .05
was considered significant difference. All statistical analyses were
performed using MedCalc 18.11.3.

3 | RESULTS

3.1 | Automated KB counting provides as accurate
FMH results as flow cytometry

To evaluate the accuracy of the automated KB counting system in
measuring the ratio of fetal RBCs, we first compared the count-
ing results by the automated KB counting system to that by the
gold-standard flow cytometry. Passing-Bablok regression analy-
sis (n = 40) showed a slope value of 1.03 with a 95% confidence
interval (CI) of 0.98 to 1.08, and an intercept value of -0.010%
with a Cl of -0.011% to -0.0032% (Figure 2A). The Cusum test
for linearity showed no significant deviation from linearity with
P = .38. Bland-Altman analysis (n = 40) comparing the automated
KB counting results and flow cytometry results showed a mean
bias of 0.0048% with a Cl of -0.032% to 0.042%. The limits of
agreement ranged from -0.22% to 0.23% (Figure 2B). Further
regression analysis of the difference in Bland-Altman analysis
showed an insignificant trend of increasing/decreasing (slope
value: -0.022 with a Cl of -0.055 to 0.011, P = .18), indicating
that the differences between the two methods did not increase
or decrease with the measured ratio of fetal RBCs. Collectively,
these results showed that there were no fixed differences be-
tween the automated KB counting and flow cytometry in measur-
ing the ratio of fetal RBCs.
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FIGURE 2 Comparison of the ratio of fetal red blood cells (RBCs) from 40 patients measured by (A-B) automated Kleihauer-Betke (KB)
counting vs flow cytometry, and (C-D) manual KB counting vs flow cytometry. The means of counting results from three technologists were
calculated to represent manual KB counting. (A,C) Passing-Bablok regression analyses. The solid red line represents the regression line, and
the dashed lines represent the 95% confidence bands. (B,D) Bland-Altman analyses. The solid red line represents the mean bias between the
two methods, and the dashed yellow lines represent the limit of agreements. The arrows A and B label points that fall outside of the limits of

agreements [Colour figure can be viewed at wileyonlinelibrary.com]

To further evaluate the diagnostic accuracy, the 40 samples were
divided into FMH positive (fetal RBCs > 0.1%'%) and FHM negative
(fetal RBCs < 0.1%% according to the results from flow cytometry.
Among the 40 samples, the automated KB counting gave 15 true
positive and 25 true negatives (Table 1). No false positive or false

negative results were given by the automated KB counting system.
3.2 | Automated KB counting provides more
accurate and precise results than manual KB counting

The accuracies in measuring the ratio of fetal RBCs by automated KB

counting and by manual KB counting were both benchmarked to flow

cytometry. The results from the three technologists were averaged as
mean of manual KB counting. Passing-Bablok regression analysis and
Bland-Altman analysis were performed on both mean of manual KB
counting and on results from each technologist (Figure 2C-D). Note that
averaging the results from the three technologists significantly reduced
the bias and narrowed the limits of agreement in manual measurement
(Figure S4 and Table S1 in Supplementary Information). Even compared
to the mean of manual KB counting, automated KB counting showed a
smaller bias and narrower limits of agreement in measuring the ratio of
fetal RBC (Figure 2). Collectively, the data showed that the automated
system provided more accurate counting results than manual counting.

When analyzing the same KB slide, each of the -certi-

fied technologist showed a different mean bias and different
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Flow cytometry

TABLE 1 Contingency table comparing
automated Kleihauer-Betke (KB) counting,

Negative Positive Accuracy manual KB counting, and flow cytometry
Automated KB counting Negative 25 0 100%
Positive 0 15
Mean of manual KB Negative 24 0 97.5%
EEL Positive 1 15
Technologist 1 Negative 23 1 92.5%
Positive 2 14
Technologist 2 Negative 24 0 97.5%
Positive 1 15
Technologist 3 Negative 22 3 85%
Positive 3 12

Automated KB counting

Precision (Intraclass correlation 0.996 (Cl: 0.994-0.998)

coefficient)
Number of cells counted ~20 000
Time to count a KB slide 1 min

Efficiency/Speed ~20 000 cells/min

limits of agreement to flow cytometry (Figure S4 and Table S1 in
Supplementary Information). Each technologist also achieved a dif-
ferent diagnostic accuracy (Table 1), indicating the subjectivity in
manual KB counting. To evaluate and compare counting precision,
we calculated the intraclass correlation coefficient (ICC) for both
manual KB counting and automated KB counting. As shown in
Table 2, the ICC for manual KB counting was 0.79 with a Cl of 0.68
to 0.87. The automated system also counted each of the KB slide for
three times and showed a higher ICC of 0.996 (Cl: 0.994 to 0.998).

3.3 | Automated KB counting is more efficient than
manual KB counting

Besides accuracy and precision improvement to manual KB count-
ing, the automated KB counting system also showed a higher ef-
ficiency than manual counting. For each KB slide, the automated
system was able to analyze an order of magnitude higher number
of cells (20 000 cells vs 2000 cells) in a shorter time (~1 minute vs
~20 minutes) than manual counting (Table 2). The efficiency of the
automated system was two orders of magnitude (approximately 200

times) that of manual KB counting.

4 | DISCUSSION

In this study, we evaluated the accuracy, precision, and efficiency of
the automated KB counting system for the quantification of FMH.
The results of automated KB counting were in strong agreement with
the benchmarking flow cytometry results. A wide range of the fetal
RBC ratios was covered (from 0.00% to 5.70%), and the difference

Manual KB counting

0.79 (Cl: 0.68-0.87)

TABLE 2 Comparison of precision and
efficiency of automated Kleihauer-Betke
(KB) counting and manual KB counting

~2000
~20 min
~100 cells/min

between the two methods did not significantly increase/decrease
with the ratio of fetal RBCs. This suggests that the automated KB
counting system could be used as an alternative to the state-of-the-
art flow cytometry quantification of FMH.

Compared to manual KB counting, automated KB counting showed
an improvement in accuracy. The improvement could, in part, be at-
tributed to the higher number of cells analyzed by the automated system.
For samples where the ratio of fetal RBCs was low (eg, <0.1%), manually
counting a low number of cells (eg, 2000) resulted in a low incidence of
fetal RBCs (eg, <2 cells); thus, the counting result was less tolerant to
errors in classifying each cell. Another potential reason for the improved
accuracy could be the high data quality in training the machine learning
classification model of the automated system. Indeed, the performance
of the machine learning-based classification depends on the quality of
labeling in the training dataset. In the automated system, the training
dataset was independently labeled by the three certified technologists.
A cell was labeled as a fetal RBC only when all the three technologists
agreed that the cell was a fetal RBC. The data were discarded when the
three technologists had conflicting labeling results. This helped mitigate
the effect of subjective manual judgment in training the classification
model and avoided “garbage in, garbage out” in machine learning.X®

The automated KB counting system uses manually stained and
prepared KB slides, and the quality of staining could influence the
results of KB test. For instance, for point A in Figure 2B, the auto-
mated KB counting system overestimated the ratio of fetal RBCs
by ~0.5%. We re-evaluated the slide and observed that the stained
maternal RBCs appeared darker than surrounding cells and had
a high chance of being falsely identified as fetal RBCs. Analyzing
the same slide, the majority of the three technologists also gave a
higher ratio of fetal RBCs than flow cytometry. Poor staining qual-
ity could also cause underestimation of the ratio of fetal RBCs. For
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instance, for point B in Figure 2B, the colors of some fetal RBCs
appeared much lighter than typical fetal RBCs shown in Figure 1.
These fetal RBCs were identified to be maternal RBCs by both
manual and automated KB counting, resulting in a lower ratio of
fetal RBCs. To ensure consistent staining quality, techniques could
be developed to automate the staining and KB slide preparation
process, which is beyond the scope of this study.

Automation enables higher efficiency and reproducibility/
precision than manual KB counting. The automated system could
free laboratory technologists from the labor-intense KB counting
task while providing more accurate results than manual counting.
Different from flow cytometry, the automated KB counting system
only requires minor modifications (ie, installing a motorized stage) to
the standard setup for counting/reading KB slides and reduces the
infrastructure cost along with operating and reagent costs in flow
cytometry. More importantly, automated KB counting provides eas-
ier access than flow cytometry which is only available for the quan-
tification of FMH in less than 5% laboratories in the United States.
The automated KB counting system has the potential to standardize
how RBCs are counted in clinical KB test and the potential to provide

better diagnostics and patient care to pregnant women.
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