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Abstract

Presence of minimal residual disease (MRD), detected by flow cytometry, is an impor-

tant prognostic biomarker in the management of B-cell precursor acute lymphoblastic

leukemia (BCP-ALL). However, data-analysis remains mainly expert-dependent. In

this study, we designed and validated an Automated Gating & Identification (AGI) tool
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for MRD analysis in BCP-ALL patients using the two tubes of the EuroFlow 8-color

MRD panel. The accuracy, repeatability, and reproducibility of the AGI tool was vali-

dated in a multicenter study using bone marrow follow-up samples from 174 BCP-

ALL patients, stained with the EuroFlow BCP-ALL MRD panel. In these patients,

MRD was assessed both by manual analysis and by AGI tool supported analysis. Com-

parison of MRD levels obtained between both approaches showed a concordance

rate of 83%, with comparable concordances between MRD tubes (tube 1, 2 or both),

treatment received (chemotherapy versus targeted therapy) and flow cytometers

(FACSCanto versus FACSLyric). After review of discordant cases by additional

experts, the concordance increased to 97%. Furthermore, the AGI tool showed excel-

lent intra-expert concordance (100%) and good inter-expert concordance (90%). In

addition to MRD levels, also percentages of normal cell populations showed excellent

concordance between manual and AGI tool analysis. We conclude that the AGI tool

may facilitate MRD analysis using the EuroFlow BCP-ALL MRD protocol and will con-

tribute to a more standardized and objective MRD assessment. However, appropriate

training is required for the correct analysis of MRD data.
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automation, B-cell differentiation, BCP-ALL, database, MRD

1 | INTRODUCTION

Minimal residual disease (MRD) is used as an important prognostic

biomarker in the management of B-cell precursor acute lymphoblastic

leukemia (BCP-ALL) (Gaipa et al., 2013). In current protocols, MRD is

either assessed by molecular analysis (e.g., B- and T-cell receptor gene

rearrangements) or by flow cytometry (van Dongen et al., 2015). A

standardized operating procedure (SOP) for 8-color next generation

flow cytometric MRD assessment in BCP-ALL was developed by the

EuroFlow consortium (Theunissen et al., 2017). This SOP includes pro-

tocols for standardized instrument settings, standardized sample pro-

cessing, data acquisition for >106 cells, and two standardized 8-color

antibody tubes (Theunissen et al., 2017). This SOP allows sensitive

MRD detection in virtually all BCP-ALL patients. However, data-

analysis remains mainly expert dependent and requires comprehen-

sive and extensive training to obtain concordant results (Maurer-

Granofszky et al., 2021). In addition, the EuroFlow protocols were

designed and optimized using patients treated with classical chemo-

therapy (Theunissen et al., 2017), while in the meantime novel tar-

geted therapies (mainly therapeutic antibodies and chimeric antigen

receptor (CAR) T-cells) have been developed for the treatment of

BCP-ALL patients (Lu et al., 2021; Singh et al., 2008). These novel

therapies result in a significantly improved outcome compared to che-

motherapy treated patients (Harris et al., 2021), but may also interfere

with the diagnostic antibodies in the BCP-ALL MRD panel (Mikhailova

et al., 2021). In addition, use of targeted therapies may result in the

outgrowth of CD19-negative ALL cells (Bueno et al., 2022; Libert

et al., 2020; Mikhailova et al., 2021), requiring alternative gating strat-

egies for appropriate MRD analysis (Verbeek et al., 2022). Altogether,

gating and identification of MRD cells becomes even more complex

and therefore software-supported data analysis may facilitate MRD

assessment.

In recent years, various software tools, including machine

learning-based algorithms, have been developed to (semi)automati-

cally analyze flow cytometry data (Lhermitte et al., 2021; Shopsowitz

et al., 2022). These algorithms use different approaches to identify

different hematopoietic cell subsets in flow cytometry data. Algo-

rithms have been designed using a combination of multiple Gaussian

Mixture Models (Reiter et al., 2019), neural network approaches

(Wodlinger et al., 2022), t-Distributed Stochastic Neighbor

Embedding-based methods (tSNE) (DiGiuseppe et al., 2015), radar

plots (Shopsowitz et al., 2022), hierarchical clustering (Fiser

et al., 2012) and database-based algorithms (Flores-Montero

et al., 2017; Lhermitte et al., 2021). With the database-based

approach, different cell clusters are first recognized and identified

within Flow Cytometry Standard (FCS) files, and subsequently com-

pared to the various normal cell populations stored in a database of

normal/regenerating bone marrow cells located in a multidimensional

space defined by their light scatter properties and the fluorescent

intensities of multiple markers in the individual cells in each cell popu-

lation in the database (Pedreira et al., 2013; Pedreira et al., 2019).

Such semi-automated identification of hematopoietic cell subsets will

result in a more objective and less expert-dependent analysis of flow

cytometry data (Flores-Montero et al., 2017; Lhermitte et al., 2021;

Reiter et al., 2019). Within the EuroFlow consortium, Automated Gat-

ing & Identification (AGI) tools have been developed, among other

applications, for the classification of acute leukemia's (Lhermitte

et al., 2021), plasma cell malignancies (Flores-Montero et al., 2017),
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chronic lymphoproliferative disorders (Flores-Montero et al., 2019),

primary immunodeficiencies, and multiple myeloma (MM) MRD in

both bone marrow and blood (Linskens et al., 2020). However, there

is no dedicated AGI tool developed for analysis of the 8-color BCP-

ALL MRD panel yet, while such tool may facilitate data analysis and

may also contribute to a more standardized analysis of flow cytometry

data. In this study we designed an AGI tool for identification of normal

hematopoietic cell subsets in bone marrow (BM) using the 8-color

BCP-ALL MRD panel. A reference database of normal BM samples

stained with the BCP-ALL MRD panel was built and the AGI tool was

validated in a multi-center validation cohort consisting of over

170 data files, obtained from patients treated with chemotherapy or

targeted therapies and acquired on FACSCanto or FACSLyric flow

cytometers.

2 | METHODS

2.1 | Normal FCS-files for the BCP-ALL MRD
database

For the construction of the BCP-ALL MRD database, FCS-files from

68 normal BM samples, processed and stained according to the Euro-

Flow BCP-ALL MRD protocol (Theunissen et al., 2017) in 10 partici-

pating centers, were used. FCS-files were included in the database if

the BM aspirate was obtained from a healthy volunteer or stem cell

donor (“healthy”, n = 29), patients without immunological or hemato-

logical diseases (“normal patient”, n = 4), leukemia/lymphoma

patients in long-term complete remission (“L/L patient in CR”, n = 13)

or patients with immunological disorders (e.g., immune thrombocyto-

penia) without a hematological malignancy (“other patient”, n = 21);

details from one case were unknown.

2.2 | Database building

A EuroFlow analysis profile was defined using Infinicyt software (ver-

sion 2.0.5; Cytognos, Salamanca, Spain). In this analysis profile, 15 cell

populations were included, defined according to their specific immu-

nophenotypic profile obtained using the BCP-ALL MRD EuroFlow

panel (Table S1). These included: pro-B-cells, pre-B1-cells, pre-

B2-cells, immature CD10+ B cells, mature B-cells, plasma cells, addi-

tional CD34+ precursors other than B-cell precursors, eosinophils,

neutrophils, monocytes, T and NK cells, nucleated red cells, mesen-

chymal stem cells, endothelial cells and unspecified nucleated cells

(including basophils and dendritic cells). In addition, cell debris and

doublets (mainly identified by their forward (FSC) and sideward (SSC)

light scatter characteristics) were defined. Each FCS-file was analyzed

using this profile and the technical quality of each file was evaluated

with the Infinicyt software to guarantee optimal quality of the files

(see Results). Finally, for each case included in the database, the age

of the donor was registered and three different age categories were

defined: <5 years, 5–15 years and >15 years. For one of the donors

age was not available, the data of this individual therefore were not

used for age-dependent analysis.

2.3 | Automated gating and identification tool

For the normal BM samples, the included files were stored in the data-

base module of the Infinicyt software; separate databases were con-

structed for tube 1, tube 2, and the merged tubes. Age-dependent

thresholds for alerts were calculated using 5–95 percentile statistics

of the percentage of populations and were introduced into the Infini-

cyt software. A profile containing numeric alerts and an automated

report was also designed. The AGI-supported analysis consists of dif-

ferent steps. First, the AGI tool is looking for clusters of cells. The

applied clustering algorithms used had the following characteristics:

≥10 events were required per cluster (i.e., K parameter) at a maximum

distance/dispersion within the cluster of 0.9 (i.e., S parameter, arbi-

trary units), as previously described in detail elsewhere (Rodriguez

et al., 2017). Next, the AGI tool compares the multidimensional immu-

nophenotypic patterns of the identified clusters with the immunophe-

notypic information stored in pre-defined canonical analysis (CA) for

all possible comparisons of each pair of the 15 normal cell populations

identifiable in normal bone marrow with the BCP-ALL MRD panel.

Depending on the degree of concordance, the AGI tool classified all

clusters of events by assigning each cluster that was identical to a cell

population in the database directly as phenotypically normal cells from

that cell population in the data base they are identical to. For all other

clusters that were not directly assigned to one of the pre-defined cell

populations in the normal (control) bone marrow database, because

despite being similar to a given cell population in the data base they

were not identical to it, they were on purpose, assigned as checks for

final review by an expert with an indication about the closest cell

populations in the database (Flores-Montero et al., 2017; Lhermitte

et al., 2021; Linskens et al., 2020). In the final step, the checks defined

by the AGI tool classified per cell population in the database had to be

reviewed by the expert-user for final assignment to either a normal

population or to the abnormal (ALL) population. In this step, the expert-

user evaluates the immunophenotype of the check population and

based on the characteristics of the cells (expression of B-cell markers,

expression of maturation markers, expression of aberrant markers) and

the experience/knowledge of the user the cells are either defined as

normal or abnormal, independently of the automated classification pro-

posed by the AGI tool. It is expected that the ALL cells will be included

in a cluster that is different from normal and typically similar to one of

the distinct populations of B-cell precursors in the database; conse-

quently they will be flagged as check population(s).

2.4 | Samples used to validate the AGI
software tool

To evaluate the accuracy of the AGI tool for BCP-ALL MRD analysis,

a validation cohort was created based on available data files from our
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previous studies (Theunissen et al., 2017; Verbeek et al., 2022),

extended with more recently collected cases acquired on FACS Lyric

flow cytometers (BD Biosciences, San Jose, CA). This validation

cohort was composed of FCS-files obtained from BCP-ALL patients

during follow-up and acquired using the EuroFlow BCP-ALL MRD

SOPs at the ten participating centers. Overall, 174 data files were

included: 125 samples were obtained from chemotherapy treated

patients, 42 from targeted therapy treated patients, from 7 patients

therapy was unknown; 127 samples were measured on FACSCanto II

and 47 on FACSLyric flow cytometers. All files were analyzed without

knowledge of patient therapy history, and flow cytometer used. In the

optimal situation, a BCP-ALL MRD sample is stained with both tube

1 and tube 2. In the real-life situation the number of cells is most of

the time insufficient to stain for both tubes since molecular MRD

analysis generally has priority. When this is the case, the tube with

the most informative antibody combination is used. In most cases

CD66c and CD123 (tube 1) are more informative than CD73 and

CD304 (tube 2), data obtained with tube 1 surpassed data obtained

with tube 2 (112 versus 47, respectively).

2.5 | Validation of the AGI software tool

To validate the AGI software tool, anonymized FCS-files were run

through the AGI tool, which was incorporated in the Infinicyt software

and the resulting CYT-files were subsequently distributed among the

ten participating centers. At these centers, all ‘checks’ were reviewed

and MRD levels were determined. The MRD levels achieved by using

the AGI tool plus expert review were compared with the original man-

ually analyzed MRD levels. Discordant cases were blindly re-analyzed

manually and by the AGI tool by four experts in eight different cen-

ters, without knowledge of previous results.

In addition, a selected number of cases (n = 25) was used for a

full manual analysis of all identifiable hematopoietic subsets, and

results (percent values) were compared with those obtained with the

AGI tool. Furthermore, the inter-expert reproducibility was evaluated

by analysis of ten AGI tool processed files by four experts from three

different centers. From this analysis, mean and percent coefficient of

variation (%CV) values were calculated. Finally, the repeatability

of the AGI tool was validated by repeated analysis of ten AGI tool pro-

cessed FCS-files five times by the same expert. Mean and %CV were

calculated from all ten samples. For both the manual analysis and for

the AGI-tool-supported analysis a similar sensitivity was reached, that

is, 10�5 if at least 4 million events were acquired.

2.6 | MRD report

A standardized report, including the cellular composition (with alerts

for percentages outside the age-dependent ranges) and immunophe-

notype of the abnormal population (if present) was designed and

included in the profile. After assigning all checks, this report is auto-

matically generated.

2.7 | Statistical analyses

All figures were generated in GraphPad Prism (version 9.0.0) and sta-

tistics were calculated with the incorporated tools of this software.

Differences between percentages of doublets and debris as defined

by both methods were calculated by paired t-tests. Correlations of

MRD levels and percent cell subsets between manual analysis and

AGI tool were calculated using the Pearson's correlation of log10

transformed MRD levels or other cell numbers, respectively. Differ-

ences between age groups and percentages of checks in selected

groups were evaluated by ANOVA with Tukey post-hoc tests. To

evaluate possible systematic differences, MRD levels determined by

manual analysis or the AGI tool were compared using Bland–Altman

analysis.

3 | RESULTS

3.1 | Database construction

Databases of normal BM samples stained and acquired according to

the EuroFlow BCP-ALL MRD SOP were built for tube 1, tube 2 and

for the combined tubes. The FCS-files from the 68 samples included

in the databases were manually analyzed using Infinicyt software and

all cases were critically reviewed. Subsequently, 44/68 (65%) cases

were excluded for the generation of the database since they did not

fulfill our stringent quality criteria due to the following issues:

(i) wrong scatter threshold and/or inappropriate scatter setting that

placed the lymphocytes in different positions than expected (n = 21),

(ii) compensation problems (often involving the APC-A750 channel)

(n = 11), (iii) possible pipetting errors of individual liquid reagents that

led to absence or diminished expression of expected markers on nor-

mal populations, particularly related to CD20, CD38 and CD81

(n = 13), (iv) unstable acquisition in time identified by visualizing

parameter vs. time and observing the gaps (n = 3). Furthermore, some

files were excluded because of the lack of or reduced numbers of spe-

cific cell populations (n = 7; see Table S2). Finally, a database was

constructed which consisted of 24 normal BM samples (Table S3).

Sample donors had a median age of 20 years (4 <5 years; 6 between

5 and 15 years; 14 >15 years and 1 unknown). Of the 24 normal BM

files, 18 FCS-files were obtained from FACSCanto II, and 6 FCS-files

were obtained from FACSLyric instruments.

3.2 | Review of the flow cytometric files in the
database

After generating the database and the clustering algorithms (see

Methods), the AGI tool was first tested against the same FCS-files

used for the generation of the database. As expected, virtually all

events in the data files (96.4% and 97.3% in tube 1 and tube 2 patient

data files) were automatically classified into one cell population, debris

or cell doublets, with very low percentages of checks for the tube

4 VERBEEK ET AL.
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1 files (mean: 3.6%, SD: 2.0%) and the tube 2 files (mean: 2.7%, SD

1.5%). Interestingly, the AGI tool-analyzed files showed slightly higher

levels of debris compared to the manual analysis for tube 1 files (9.2%

vs. 6.7%, p < 0.001) and tube 2 (7.4% vs. 5.4%, p < 0.001). Similar

results were found for the levels of doublets between files analyzed

with the AGI tool versus manual analysis for tube 1 (3.8% vs. 2.9%,

p < 0.001) and tube 2 (4.0% vs. 2.9%, p < 0.001). Most importantly,

the percentages of normal hematopoietic cell subsets as identified by

the AGI tool highly correlated with the percentages obtained by

manual analysis (Figure S1). These data show that the AGI tool appro-

priately gates and identifies normal cell subsets in control bone mar-

row samples with few checks classified per cell population to be

reviewed by the expert.

3.3 | Cellular composition of normal BM samples

The FCS-files used for the generation of the database allowed us to

determine the cellular composition of normal BM in relation to the

age of the subject. Subjects were divided in three groups: children

<5 years (which show substantial kinetics in B-cell numbers in periph-

eral blood), children between 5 and 15 years (with lower B-cell num-

bers almost comparable to adults), and subjects over 15 years of age

(Comans-Bitter et al., 1997). In control subjects over 15 years of age,

the proportion of total B-cells was significantly decreased compared

to controls <15 years of age (Figure 1). In more detail, pro-B, pre-

B1-cells, pre-B2-cells, immature CD10+, and mature B-cells showed

lower frequencies in subjects over 15 years of age compared to youn-

ger subjects (p < 0.05). In addition, the B-cell compartment of controls

>15 years of age showed a bias toward a more matured B-cell com-

partment compared to younger controls (Figure 1). Besides the differ-

ences in the B-cell compartment, the levels of monocytes were lowest

in subjects >15 years of age compared to younger controls (especially

those <5 years of age). Levels of endothelial cells were the lowest in

subjects >15 years of age compared to subjects aged 5–15 years

(Figure S2). In contrast, the levels of neutrophils were higher in con-

trols >15 years of age compared to the youngest group of controls.

No significant changes were found for the other cell subsets between

the different age groups (Figure S2). These data show that the cellular

composition of the BM is age-dependent, with increasing frequencies

of neutrophils and decreasing frequencies of monocytes, mature

B-cells and precursor-B-cells over time. Consequently, age-related

thresholds for alerts were incorporated in the AGI tool.

3.4 | Validation of the AGI tool

To validate the accuracy of the AGI tool, 174 BCP-ALL MRD FCS-files

were initially manually analyzed at one of the participating centers.

Subsequently, these FCS-files were processed by the BCP-ALL MRD

AGI tool and checks were reviewed by a different expert. One hun-

dred three samples were determined to be MRD positive; before

review, these MRD cells were assigned to the checks in all cases. In

57% of the MRD-positive files, MRD cells were marked as checks

with nearest counterpart being B-cells; in 27% of cases MRD cells

were assigned as checks nearest to debris; in the remaining 16%,

MRD cells were assigned to other nearest populations.

The MRD levels obtained by manual analysis were correlated with

MRD levels found by using the AGI tool. Eighty-nine files were

marked as MRD positive by both approaches and 55 files were MRD

negative by both approaches, resulting in an overall qualitative con-

cordance of 83%. Fourteen files were identified as MRD negative by

manual analysis but MRD positive by the AGI tool analysis. Con-

versely, 16 files were MRD positive by manual analysis but they were

scored negative by AGI tool MRD assessment. For the samples deter-

mined MRD positive by both methods, log10-transformed MRD levels

showed a good correlation (R2 = 0.8919, p < 0.0001; Figure 2a). A

Bland–Altman comparison showed a negligible bias of 0.001197

(SD = 1.157) between the manual analysis and the AGI tool and did

not show a bias in relation to the level of MRD (Figure S3a). If a cutoff

of 0.01% was used (as in some other studies (Reiter et al., 2019;

Shopsowitz et al., 2022)) the concordance between both methods

increased to 87%.

3.5 | Impact of type of therapy on the accuracy of
AGI analyses

To gain insight into the impact of treatment on the accuracy of the

BCP-ALL MRD AGI tool, correlations were calculated based on treat-

ment received by individual patients. One hundred twenty-five patients

had been treated with chemotherapy prior to the BM sampling and

42 patients were treated with targeted therapy (blinatumomab, rituxi-

mab, CD19 targeted CAR-T cells and/or inotuzumab). Sixty-five out of

the 125 files of the chemotherapy group (52%) were found to be

MRD-positive by both manual analysis and the AGI tool with a good

correlation between the levels of residual BCP-ALL identified

(R2 = 0.8178, p < 0.0001). Forty out of 125 files (32%) were concor-

dantly MRD-negative by both methods, resulting in an 84% qualitative

concordance between both methods (Figure 3a). In comparison, 21 out

of 42 targeted therapy treated patients (50%) were found to be MRD-

positive by both methods, with a strong correlation between the MRD

levels detected (R2 = 0.9158 p < 0.0001), 7 of these 21 MRD-positive

patients showed CD19-negative ALL cells. Finally, 13 out of 42 files

were found to be MRD negative by both manual and AGI tool analysis,

resulting in an 81% overall qualitative concordance between the two

methods (Figure 3b). These data show that the AGI tool is suitable for

both chemotherapy as well as targeted therapy treated patients.

3.6 | Impact of the BCP-ALL MRD antibody
combination and flow cytometer on the accuracy of
the AGI-tool

In addition to the distinction made based on treatment history, the

performance of the AGI-tool was evaluated separately for each of the

two antibody combinations (tubes) of the BCP-ALL MRD panel used.

In addition, it was evaluated if the AGI-tool is suitable for files
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obtained from FACSCanto and the more recently introduced FACSLy-

ric instruments, the rate of concordance and the degree of correlation

between MRD results, were calculated for the files in the validation

cohort dependent on the antibody combination and flow cytometer

used (see Supplemental information S1 and Figure S4). Our data

(Supplemental information S1 and Figure S4) indicate that the AGI

tool performed comparably for FCS-files from tube 1 and/or 2 and

show that the AGI tool performs equally well with data obtained from

both instruments, supporting the correct inter-laboratory standardiza-

tion of instrument settings according to EuroFlow protocols.

F IGURE 2 Correlation
between MRD levels obtained by
manual analysis vs. the AGI tool
based analysis. The correlation is
calculated by Pearson's
correlations from log10
transformed MRD levels of the
concordant positive files. (a) Data
from the initial analysis. (b) Data
after review of discordant cases
by additional experts.

F IGURE 1 Distribution of bone marrow hematopoietic cell subsets between control subjects of different age categories. Percentages of
different cell subsets relative to the total amount of nucleated cells are shown for subjects <5 years (n = 4), between 5 and 15 (n = 6), and
>15 years (n = 13). P-values calculated by ANOVA with Tukey post-hoc are shown *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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3.7 | Evaluation of discordant cases

In the first round of analysis, 30 FCS-files (17%) showed discordant

qualitative results between manual and AGI tool analysis. These dis-

cordant files were blindly reanalyzed by four other experts, both man-

ually as well as by the AGI tool, resulting in a total of five independent

measurements for both methods. Consensus between the five experts

(i.e., same MRD indications (pos/neg) in 4 out of 5 results) was

obtained for 12 cases by AGI tool (40%) and for 21 cases by manual

analysis (70%). Taken the consensus data into account, an overall

qualitative concordance between manual analysis and AGI tool was

reached in 168 cases (97%) (Figure 2b). Bland–Altman analysis

between two methods did show a minor systemic bias (0.02826,

SD = 0.5727) (Figure S3b). Overall these data indicate that MRD

assessment is comparable between manual analysis and the AGI tool

and that appropriate training is required for correct analysis of MRD

data, either by manual analysis or by AGI supported analysis.

3.8 | Percent checks in the validation cohort

For further evaluation of the AGI tool, the percentages of checks after

its application were reviewed. Percentages were obtained from files

from normal BM samples used to build the database, files from normal

BM samples which were rejected for the database, patient files from

the validation cohort which were MRD-negative, and files

from patients that were strongly positive (>1% MRD). As expected,

the normal BM files used to build the database had the highest per-

centages of directly classified events with the lowest percentages of

checks (Figure S5). These percentages were comparable with the per-

centages of checks in MRD-negative patient samples (3.6% vs. 6.4%,

p > 0.05). Files from rejected database files showed slightly higher

percentages of checks (8.8%) compared to the included database files

and the MRD-negative groups. FCS-files from patients with high

MRD levels showed significantly higher percentages of checks (10%)

compared to MRD-negative patient files and included, and excluded

database files. Rejected database files and MRD-negative patient files

showed several outliers with high percentages of checks (>10%).

Detailed analysis of these FCS-files showed poor sample quality or

the presence of abnormal cell subsets. Overall, these data indicate

that the great majority (>90%) of events in a BM data file are

automatically classified as normal cells by the AGI tool meaning that

the percentage of checks for expert-review is generally low (<10%),

except for the samples with high MRD levels or poor sample quality.

3.9 | Repeatability and reproducibility of the AGI
tool-based analysis

To validate the intra-expert variation of the BCP-ALL MRD AGI tool,

10 samples were analyzed five times by the same expert (i.e. AGI tool

was run, and cells in checks were assigned to the right population).

Mean MRD values of the five repeated analyses were correlated with

the original manual analysis of these 10 patient files (Figure 4a), and a

nearly perfect correlation was observed between the two analysis

strategies (R2 = 0.9999, p < 0.001). All samples showed %CV values

between 0.0% and 7.0% (median: 2.5%), indicating excellent repeat-

ability of the AGI tool when the AGI tool results are reviewed by the

same expert. In addition to the evaluation of the intra-expert variation

of the BCP-ALL MRD AGI tool, the inter-expert variation was evalu-

ated. Therefore, 10 patient FCS-files were reviewed after AGI tool

analysis by four different experts from multiple centers. Overall, these

samples showed a quantitative concordance of 90% (Figure 4b). In

total 36 out of 40 (90%) analyzes gave highly comparable results,

whereas four analyses (from three samples) had discordant results.

For the seven samples with full concordant qualitative results, the %

CV values were below 27% (range 0%–26.6%, median: 3.1%).

3.10 | Correlations between manual and AGI tool-
based analysis of normal cell populations in BCP-ALL
bone marrow samples

To evaluate the accuracy of the AGI tool for the identification of nor-

mal hematopoietic subsets in BM obtained from BCP-ALL patients

during follow-up, FCS-files from 25 patients were randomly selected.

Hematopoietic subsets were manually identified in these 25 FCS-files

and files were analyzed by the AGI tool followed by assignments of

the check populations. Of the B-cell subsets, pro-B-cells, pre-B1-cells,

pre-B2-cells, mature B-cells and plasma cells showed highly concor-

dant percentages of cell subsets between log10 transformed results

from manual analysis and AGI tool analysis (Figure 5). Also, most non-

F IGURE 3 Correlation
between MRD levels obtained by
manual analysis vs. the AGI tool
based analysis. Correlations are
calculated by Pearson's
correlations from log10
transformed MRD levels of the
concordant positive files.
Comparisons are shown for

(a) chemotherapy and
(b) targeted therapy treated
patients.
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B-cell subsets showed a good correlation between manual and AGI

tool analysis (Figure S6). However, poor correlations were found for

immature CD10+ B-cells (R2 = 0.1309, p = 0.8557), mesenchymal

stem cells (R2 = 0.2184, p = 0.092) and unspecified nucleated cells

(R2 = 0.2717, p = 0.737) (Figure S6).

4 | DISCUSSION

Most current treatment protocols for BCP-ALL are guided by MRD

data. Flow cytometric MRD analysis has been standardized, but the

data analysis still depends on individual expert interpretation of flow

cytometry data. In this study, we aimed to develop an AGI tool for the

identification of normal hematopoietic cell subsets or marked as

checks by the AGI tool. These checks may represent residual leukemic

cells with an aberrant immunophenotype. In addition, low quality BM

aspirates or non-optimally stained samples will result in an AGI tool

analysis with a large number of checks. Therefore, the number of

checks may be used as an alert for sample and staining quality or for

the presence of MRD. Using nBM samples, 96% of events could

immediately be assigned to a normal population, and only 4% of

events ended up being assigned to the checks. The AGI tool identifies

normal populations by comparing, in a multidimensional space, the

fluorescence intensities of the identified clusters of individual cells

F IGURE 4 Correlations between MRD levels obtained by manual analyses and the AGI tool in repeated measurements. Correlations between
log10 transformed MRD levels obtained by manual analysis and AGI tool with Pearson R2. (a) Intra-expert variation (one FCS-file was repeatedly
analyzed by the same expert). (b) Inter-expert variation (files were analyzed by four different laboratories).

F IGURE 5 Correlations of normal bone marrow cell subsets between manual analysis and AGI tool based analysis. Correlations between
percentages of each cell subset are shown with Pearson R2 of log10 transformed data.

8 VERBEEK ET AL.
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with the fluorescence intensities of normal cells stored in a database,

as previously done by EuroFlow for other antibody combinations

(Flores-Montero et al., 2017, 2019). The BCP-ALL MRD reference

database built here was composed of 24 normal BM FCS-files

obtained from subjects at different ages, and thereby provided insight

in the age-dependent cellular composition of normal BM decreasing

frequencies of (precursor) B-cells and monocytes and increasing fre-

quencies of neutrophils with increasing age. Whereas the relative dis-

tribution of populations may change with age, the immunophenotype

of the cells remained similar. Therefore, it is not expected that adding

more cases to the database will have a major impact on the percent-

age of checks, but it may improve the accuracy of the thresholds for

alerts. Although some previous reports evaluated the age-dependent

cellular composition of normal BM, these reports generally include

only childhood or adult subjects or both considered together (Heldrup

et al., 1992; Lin et al., 1998), and a few only compared individuals of

different age (Lucio et al., 1999; Orfao et al., 2019). Our database, in

spite of consisting of relatively low numbers, therefore, provides novel

important data on age-dependent changes in cellular composition of

normal bone marrow, concordant with a recently performed, compa-

rable study (Pont et al., 2018). The relatively limited number of

included cases in our study resulted from stringent quality control

of available samples: only optimal samples were included, the remain-

ing samples may still be evaluable since deviations were generally lim-

ited. This stringent quality control ensured that the database is

suitable for correct identification of the normal hematopoietic cells, as

confirmed by the low number of checks in the re-analysis of the data-

base files. It should be stressed that for normal use of the AGI tool,

also samples that do not undergo stringent QA, as our 174 MRD sam-

ples can be used as the aim of the AGI tool regarding identification of

clusters of events to be checked by an expert relies on facilitating

identification of potential technical problems, including cell carryover,

in addition to MRD cells.

We validated our AGI tool with a real-life cohort of 174 BCP-ALL

patient FCS-files. Of note in every MRD patient sample, the MRD

events were placed by the AGI tool as checks, confirming its high sen-

sitivity. Despite this, the first round of analysis showed a concordance

of 83% between manual and AGI supported analysis. Our results

showed lower concordances compared to different machine learning

algorithms (DiGiuseppe et al., 2015; Fiser et al., 2012; Reiter

et al., 2019; Shopsowitz et al., 2022; Wodlinger et al., 2022). How-

ever, other algorithms were generally validated with lower numbers of

patients (median 123; range 20–519) and/or samples with relatively

high MRD levels, and applying 0.01% as cut-off for MRD positivity. In

our evaluation of the AGI tool, patient files with MRD levels down to

10�5 were included and also at these low MRD levels good results

were obtained. In our study, the concordance between the AGI tool

and manual analysis increased to 87% when 0.01% was used as cut-

off, and increased to 93% using a cutoff of 0.1%. However, after

review of the discordant cases by additional experts, the concordance

increased to 97%, comparable to other studies. These data indicate

that appropriate training is crucial for the correct interpretation of

MRD data and that only after such training sufficiently robust data

that allow application in a diagnostic setting can be obtained. Impor-

tantly, the AGI tool was validated with both chemotherapy and tar-

geted therapy treated patients with comparable performance,

whereas other algorithms only have been validated with chemother-

apy treated patients. Altogether, these data show that the AGI tool is

able to recognize the ALL cells in every patient treated with targeted

therapies (and to mark them as checks) and that, in line with our previ-

ous findings (Verbeek et al., 2022), CD19 is not essential for identifi-

cation of B-cells in samples analyzed with the EuroFlow BCP-ALL

MRD panel. Likely, addition of extra B-cell markers, e.g. CD22 and/or

CD24 (Cherian et al., 2018; Mikhailova et al., 2022) may facilitate the

analysis; a 12-color EuroFlow panel including such markers is there-

fore being evaluated. Furthermore, in contrast to other algorithms,

the AGI tool-based analysis identified normal hematopoietic subsets,

as well as mesenchymal stem cells (MSCs) and endothelial cells (ECs).

Both populations of BM-derived stromal cells might thereby be used

as a measure of sample quality and hemodilution, as they are virtually

undetectable in blood at the 10�5 to 10�6 levels. Recent studies have

shown that these cells are associated with patient outcome and can

be used as a prognostic marker in BCP-ALL patients (Fallati

et al., 2022; Oliveira et al., 2022). CD10+ MSCs and CD34+ ECs are

generally not identified in manual analysis, and the lack of experience

with such cells may explain the overall lower concordance between

manual and AGI supported analysis. Thus, it can be expected that the

AGI tool will improve the correct identification of MSCs and ECs.

The reproducibility was determined for 10 samples which were

analyzed by four different experts from different centers. Seven sam-

ples showed highly reproducible results with low %CV (<27%),

whereas in three samples, one or two analyses were discordant,

resulting in a 90% qualitative concordance. In our previous study

(Theunissen et al., 2017), reproducibility was determined in 27 samples

by six experts and 98% concordance was obtained. Detailed analysis

of the cases used in this study compared to the previous study

showed that the FCS-files used in the current study had lower mean

MRD levels compared to the files in our previous study (0.039%–

0.798%), which might explain the somewhat lower concordance. The

data obtained in our accuracy study showed that discrepancies were

mainly caused by different interpretations by the expert, rather than

by issues caused by the AGI tool. Since the AGI tool supported MRD

assessment requires knowledge of the immunophenotype of normal

and malignant hematopoietic cells and still requires comprehensive

training to assign checks. This manual assignment of checks leads to

expert dependent interpretation of MRD assessment for AGI tool sup-

ported analysis. Discordance between manual analysis and AGI tool

supported analysis could be explained by the fact that the experts

have extensive experience in the manual analysis, while using the AGI

tool was new for most of them; clearly one needs to get used to such

other way of analysis. It should be noted that in the vast majority of

analyzed cases concordant results were obtained, and that only for

this limited set of FCS-files data analysis was less straight-forward.

Since the AGI tool is incorporated in the Infinicyt software, it is

suitable for usage without advanced bio-informatics and without spe-

cific bio-informatics expertise. The time to run the AGI-tool is mainly
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dependent on the quality of the computer that is used and the com-

plexity of the FCS-file (particularly the number of events). It should be

noted that the algorithm does not need manual supervision while run-

ning the AGI tool and therefore can be left unattended by the user for

example overnight. For an experienced user it takes about 10–15 min

to evaluate all checks and to complete the analysis, including a stan-

dardized (automated) report, which is at least as fast as manual analy-

sis (taking about 15–20 min). A major advantage of the AGI-tool is

that it results in a more standardized MRD assessment in addition to

the accurate identification of the great majority of cells (>90%) in

every MRD sample with the possibility to overlay each cluster of

events to be checked by the expert against the normal B cell precur-

sors identified in the same sample.

Future inclusion of reference BCP-ALL leukemia cells, in addition

to normal bone marrow cells, in the BCP-ALL MRD database, may fur-

ther reduce the expert-dependent interpretation and thereby, make

the MRD analysis even more objective. Till then, the AGI tool will,

with appropriate training, result in a more standardized MRD assess-

ment in BCP-ALL patients.
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