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Simple Summary: In acute myeloid leukemia (AML), minimal/measurable residual disease (MRD)
can be assessed based on molecular markers or immunophenotypic features evaluated at diagnosis,
through multiparameter flow cytometry (MFC) for the latter. New artificial intelligence tools allow to
perform unsupervised analysis of MFC data. The Flow-Self-Organizing-Maps (FlowSOM) tool was
used here to concomitantly compare MFC features of normal bone marrow together with diagnosis
and follow-up bone marrow samples from 40 AML patients for the evaluation of MRD. MFC results
were compared to molecular MRD, showing high concordance. This opens the road for a new easy
and objective way of assessing MRD even in AML patients without molecular markers.

Abstract: The assessment of minimal residual disease (MRD) is increasingly considered to monitor
response to therapy in hematological malignancies. In acute myeloblastic leukemia (AML), molecular
MRD (mMRD) is possible for about half the patients while multiparameter flow cytometry (MFC) is
more broadly available. However, MFC analysis strategies are highly operator-dependent. Recently,
new tools have been designed for unsupervised MFC analysis, segregating cell-clusters with the
same immunophenotypic characteristics. Here, the Flow-Self-Organizing-Maps (FlowSOM) tool
was applied to assess MFC-MRD in 96 bone marrow (BM) follow-up (FU) time-points from 40 AML
patients with available mMRD. A reference FlowSOM display was built from 19 healthy/normal
BM samples (NBM), then simultaneously compared to the patient’s diagnosis and FU samples
at each time-point. MRD clusters were characterized individually in terms of cell numbers and
immunophenotype. This strategy disclosed subclones with varying immunophenotype within single
diagnosis and FU samples including populations absent from NBM. Detectable MRD was as low as
0.09% in MFC and 0.051% for mMRD. The concordance between mMRD and MFC-MRD was 80.2%.
MFC yielded 85% specificity and 69% sensitivity compared to mMRD. Unsupervised MFC is shown
here to allow for an easy and robust assessment of MRD, applicable also to AML patients without
molecular markers.

Keywords: acute myeloid leukemia; molecular markers; multiparameter flow cytometry; mini-
mal/measurable residual disease; unsupervised analysis; FlowSOM
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1. Introduction

The prognosis of acute myeloblastic leukemia (AML) has considerably improved in
the past few years through progress in therapeutic schedules, emergence of new thera-
pies and a better definition of risk-groups. AMLs are very heterogeneous hematological
malignancies, but three prognostic risk groups have been defined by the European
LeukemiaNet (ELN) in 2017, respectively with favorable, intermediate and poor out-
come, taking into account cytogenetic and molecular criteria [1]. However, although
about 80% of patients reach complete remission (CR) after one cycle of chemotherapy,
nearly 50% of them will relapse [2,3]. The current definition of CR is still based on mor-
phological examination of a bone marrow (BM) smear disclosing less than 5% blasts [4].
It is however largely admitted that this threshold and this technique do not allow to
detect small numbers of persisting leukemic cells, called ”Measurable Residual Disease”
(MRD) and formerly “Minimal Residual Disease”.

MRD detection has become one of the major challenges to adapt therapy and progno-
sis. Several methods have been developed, allowing to reach very low detection thresholds:
reverse transcriptase-quantitative PCR (RT-qPCR), multiparameter flow cytometry (MFC),
next-generation sequencing (NGS) and, more recently, digital droplet PCR (ddPCR) [5].
These various techniques are complementary in the evaluation of MRD and ELN rec-
ommends to combine them [6]. RT-qPCR allows to track the decrease of PML-RARA
transcripts, NPM1 mutations, as well as RUNX1-RUNX1T1 and CBFB-MYH11 anomalies.
This method is very specific and sensitive but only relates to subgroups of AML, repre-
senting about 50% of the patients [7]. NGS requires great expertise in the interpretation of
bioinformatic data and the delays and costs of such analyses remain elevated. However,
recent publications [8,9], using NGS panels, report on the presence of at least one mutation
in more than 80% of AML patients.

MFC has been largely demonstrated to be a mandatory diagnostic tool as well as being
quite performing for the follow-up (FU) of any type of AML, independently of molecular
anomalies. There is a consensus about the fact that “different-from-normal (DfN)” and
“Leukemia-associated immunophenotype (LAIP)” approaches are congruent [6]. The “DfN”
approach, by using a fixed panel of antibodies, describes immunophenotypic aberrations
by comparison to physiological maturation profiles defined on normal BM (NBM) samples
and indeed covers the most frequent LAIP. The LAIP concept defines immunophenotypic
aberrations at diagnosis and tracks them during FU. The latter can be underexpression of a
given marker, overexpression, asynchronous expression or aberrant expression of a marker
usually expressed on another lineage [6]. Unfortunately, exhaustive identification of LAIP
could require a large number of conjugated-antibody combinations, possibly dramatically
increasing the cost of the method and complicating the comparison with enough NBM
counterparts. Moreover, the LAIP approach can be limited by immunophenotypic modula-
tion on blast cells or emergence of a sub-clone with potential for relapse, increasing the risk
of falsely negative MRD [10]. Of note, absence of systematic comparison with NBM may
also lead to the possibility of false positive MRD.

Thanks to the huge progress in MFC in the past 15 years, increasing numbers of
parameters can now be analyzed simultaneously on small samples. However, informa-
tion increases in parallel and makes classical bi-parametric interpretation more and more
complex. Gating of the blastic population of interest remains highly subjective and operator-
dependent as well as the potential observation of subclones. Thus, the major drawbacks
of universal MFC analysis of MRD are the increasing number of parameters to take into
account and lack of harmonization between panels. In 2018, the ELN produced recom-
mendations, and particularly a combined approach integrating “DfN” and “LAIP” [6].
Simultaneously, the ELN mentioned that the use of new software, based on non-supervised
analysis, should be considered in order to reduce interpretation subjectivity. Initially used
for mass-cytometry data, such new algorithms are based on a reduction of the number of
dimensions (principal component analysis (PCA), t-distributed stochastic neighbor embed-
ding (t-SNE), visualizing data using t-SNE (viSNE)) or on clustering methods (Spanning-
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tree Progression Analysis of Density-normalized Events (SPADE), Citrus, PhenoGraph,
Flow-Self Organizing Maps (FlowSOM)) [11–19]. Although most of them can be adapted
to treat classical MFC data, these different solutions are not well adapted to MRD analyses:
the number of events to process needs to be quite high to obtain a good sensitivity and
software-based analysis time can be very long, up to several hours and thus incompatible
with daily routine. Among these methods, the FlowSOM unsupervised solution, included
in the open-access R software (Bioconductor), appears to be the best adapted for routine
work and especially for MRD analysis in AML. It combines a short analysis time, a high
sensitivity [11] and complies to ELN recommendations by combining “DfN” and “LAIP”
approaches.

We have previously explored and published [13,15] how FlowSOM can be integrated
with such classical analysis software as Kaluza®. In this work, we aimed at appreciating
the performance of the FlowSOM solution together with Kaluza® in real-life for MRD
assessment. This was achieved by comparison to molecular analyses in the evaluation of
MRD in 40 AML patients who received a classical intensive chemotherapy treatment. A
total number of 96 follow-up (FU) points was analyzed, including FU1 (MRD1 at the end
of induction) for all 40 patients.

2. Materials and Methods
2.1. Patients and Samples

From the laboratory database of Bordeaux University Hospital (Bordeaux, France),
diagnosis data were selected from untreated AML (excluding promyelocytic AML) patients
who had been tested between April 2015 and March 2020 and carried a molecular marker
allowing for molecular FU. Diagnosis had been performed by morphologic examination
according to the WHO classification [20]. All patients were treated by an intensive classical
chemotherapy regimen based on a 3 + 7 backbone combining 3 days of anthracyclin
and 7 days of cytarabine [21]. Among these patients, only those who benefited from FU
by both molecular methods and MFC, at least for the post-induction time-point, were
retained. Whenever further matched FU points were available, they were also collected
and analyzed. Overall, 40 patients were included (24 men and 16 women, mean age
54 years old, Table 1 and Table S1), with 96 MRD points of FU assayed between 1- and
28-months post diagnosis. Written informed consent was obtained from all patients in
accordance with the Declaration of Helsinki, allowing the collection of bioclinical data in
the anonymized Bordeaux DATAML registry (authorization n◦915285). MFC analysis at
diagnosis and all time points was performed on whole BM samples collected on EDTA-K
in a stain-lysis-no wash fashion. Two 10 color antibody combinations were used, according
to recommendations of the GEIL (Groupe d’Etude Immunologique des Leucémies) as
published before [22,23]. A common backbone of CD33, CD34 and CD45 was present
in both tubes. One combination (tube 1) then associated CD65, CD14, CD13, CD117,
CD7, CD11b and CD16 and the other one (tube 2) comprised CD64, CD10, CD4, CD123,
CD56, CD19 and CD38. All antibodies were from Beckman-Coulter (Miami, FL, USA) and
samples were processed on Navios instruments (Beckman-Coulter) harmonized according
to Harmonemia recommendations [24].
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Table 1. Patient characteristics.

Characteristic Value or Numbers

Age in years
Median 54

Range 21–70
(+1 7yo child)

Gender
Male 24
Female 16

Type of AML (WHO)
AML with recurrent cytogenetic abnormalities 10
AML with BCR-ABL 2
AML with myelodysplasia-related changes 6
AML with mutated NPM1 (without maturation) 6
AML with mutated NPM1 (with maturation) 3
AML with mutated NPM1 (myelomonocytic) 8
AML with mutated NPM1 (monoblastic/monocytic) 5

Molecular markers used for mMRD
NPM1 A 24
NPM1 B 3
NPM1 D 2
RUNX1-RUNX1T1 6
CBFB-MYH11 4
BCR-ABL 1

Follow-up points
FU1 (post induction) 40
Total FU points 1, 2, 3, 4, 5, 6 12, 13, 6, 6, 2, 1

Italics: gene names.

In parallel, as reported previously [13], 19 NBM samples had been obtained and ana-
lyzed in MFC on the same instruments with the same antibody combinations to construct
reference unsupervised immunophenotypic patterns for both tubes.

2.2. Molecular Assays

Molecular anomalies used for FU involved 29 patients with NPM1 variant (24 type A,
3 type B, 2 type D), 6 with RUNX1-RUNX1T1, 4 with CBFB-MYH11 and 1 with BCR-ABL1
(Table 1).

RNAs were purified from BM mononuclear cells using Trizol reagent (Invitrogen-
Thermo Fischer, Carlsbad, CA, USA). Reverse transcription was performed using the
Transcriptor First Strand cDNA Synthesis Kit (Lifetechnologies-Thermo Fischer, Carlsbad,
CA, USA). Molecular residual disease was assessed for NPM1 variants, RUNX1-RUNX1T1,
CBFB-MYH11 and BCR-ABL1 fusion transcripts as previously described [25,26]. The
assessment of transcript levels was performed on a Light Cycler 480 (Roche LifeScience,
Penzberg, Germany) with a specific RQ-PCR assay for each transcript. MRD levels were
reported as the normalized values of fusion transcripts or NPM1mut copy number/ABL
copy number × 100 (%). The quantitative detection limit of the assays was 13 copies for
NPM1 mutations and 3 copies for fusion transcripts. The achievement of MRD levels below
these thresholds was defined as a negative MRD.

2.3. FlowSOM Process

For each antibody combination, all listmode (lmd) files were processed using the
FlowSOM module (Bioconductor version 3.3.2 with flowsom and flocore packages) inte-
grated to the analysis software Kaluza (Beckman Coulter) as reported [13]. In a first step,
compensations were checked and the 12 parameters of each lmd file were normalized.
Normalized files of the 19 NBM were then merged and processed to obtain a reference
minimal spanning tree (MST) of 100 nodes, called “FROZEN” [13]. The lmd file of merged
NBM was then processed together with the normalized diagnosis (AML Dg) and, one by
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one, each normalized FU (AML FU) lmd file for each patient, in the FlowSOM module.
Merge of these three files generated two types of MST. Three (respectively for NBM, Dg and
FU) were based on the reference NBM FROZEN MST and assigned Dg and FU populations
to the 100 nodes of this NBM MST. A second type of three MST (respectively for NBM,
Dg and FU) of 64 nodes was generated, called “FREE”. There, cell populations (nodes) of
the normal BM sample were redistributed according to the characteristics of the merged
samples of NBM, Dg and FU (Figure 1). The color codes [13] of the reference FROZEN
NBM MST were applied automatically to the FREE NBM MST. Both types of Dg and
FU MST were respectively colored powder blue and powder pink. These six trees were
displayed together. Additionally, according to what has been published previously [15],
a selection of nodes of interest (NOI) based on the progenitor area (i.e., “bermudes” as
per Arnoulet et al. [27]) was displayed on a different Kaluza sheet. Specific linked gates
were defined to track each single node concomitantly in the FREE and NOI displays, with
color backgating (in black) on the FROZEN MST and on respective CD45/SSC histograms
(Figure 1). As this tracking gate was moved from one node to the other, the respective
statistics of mean fluorescence intensity (MFI) for each marker and number of cells in the
considered node were displayed for NBM, Dg and FU (Figure 1). This allowed to detect
MRD nodes with both the «DfN» or «LAIP» approach.

Based on the criteria retained for NOI definition [15], MRD for any given node was
considered positive in a first approach if the percentage of cells in the FU sample was at
least twice that of the same node in NBM. As already published also [15], a valid FU node
had to represent at least 2% of the blast population. As a consequence, the percentage of
cells for this node in NBM had to be less than 1%. Finally, for samples with detectable MRD,
the sum of positive nodes for each tube was calculated. The highest value obtained in the
more generalist (and congruent with the ELN working group on AML MRD proposal [6])
tube 1 was retained unless MRD was only detected in tube 2.

Four investigators independently examined all FlowSOM processed samples with
a specific Kaluza® protocol automatically displaying the graphs and statistics described
above, compared their results and reached consensus for all time points. All MFC analyses
were performed without knowledge of molecular MRD results.

2.4. Statistical Analyses

In order to compare molecular and MFC results, we chose to consider molecular data
as gold standard, which allowed, after combination with MFC values, the definition of
True Positivity (TP) when both tests were positive, False Positivity (FP) when MFC was
positive in the absence of molecular MRD, False Negativity (FN) in the reverse situation
of absence of MFC MRD but presence of molecular MRD and True Negativity (TN) when
both tests were negative. This was achieved by building a complex matrix analysis (Excel;
Microsoft) taking into account MFC NBM and FU levels at all time points compared to
the positive or negative status of molecular MRD at the same FU points. The resulting
tables were computed with Youden and kappa tests in order to define the best threshold
for discriminative sensitivity and specificity of the MCF MRD assessment compared to
molecular MRD. This matrix also provided sensitivity, specificity, positive predictive (PPV)
and negative predictive (NPV) values.

For correlations between patient outcome and FU data, chi square tests were used
(Medcalc Ostend, Belgium).
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Figure 1. Typical FlowSOM/Kaluza displays. This figure shows, for 6 different patients (a–f), part of the comparative dashboard
allowing for the supervised search of MRD after FlowSOM unsupervised process, in the Kaluza software environment. For each
case, the first three plots in the upper row are the respective CD45/SSC biparametric histograms of merged normal bone marrow
(NBM), AML patient diagnosis (AML Dg) and follow-up (AML FU). As previously described [15], color codes show the major
sub-populations of NBM, all AML Dg cells (powder blue) and all AML FU cells (powder pink). The black color is used to single
out the FlowSOM node of interest and thus highlights its backgating on the three CD45/SSC graphs during supervision. The three
plots in the middle row display the FREE-FlowSOM MSTs generated as described in the method section, again focused on NBM,
AML Dg or AML FU. The same color precedence is used, in particular the black color for the FlowSOM node of interest during
supervision. The lower row shows the respective statistical tables corresponding to the characteristics of the black supervised
node in NBM, AML Dg and AML FU. Each table displays the normalized MFI ratio of the 9 markers of interest, number of events
analyzed, and node events (count, 10−2 (%), 10−3 or 10−4). (a) patient #37 is a true positive (TP, i.e., both molecular and flow
MRD) case of MRD > 10−3; in tube 1, the supervised FlowSOM AML FU node represents a residual minor clone (1.25% in AML
FU vs. 4.97% of the cells at diagnosis), however 10 times more abundant than in NBM. (b) patient #33 is another TP case of
high sensitivity MRD, with tube 2. The FlowSOM AML FU node represents a residual clone <10−3 (2x10−4), yet predominantly
represented at diagnosis (21.23% of the cells). Of note, its CD56+ LAIP, different from normal (DfN), is completely absent in the
merged NBM. (c) patient #34 is a third TP case, were the supervised AML FU node (tube 2) clearly shows a residual clone with a
CD56+ LAIP. The number of residual events detected in this FU is right at the detection limit (17 events for 345 522 total cells).
Acquisition of more events would have strengthened this positive MRD, especially since there are virtually no such events in
NBM. Moreover, this FU point was clearly positive in tube 1 (not shown). (d) patient #26 is a case of false positive (FP) MRD, with
undetectable molecular MRD. Yet, the supervised AML FU node (tube 1; 5.7x10−3) appears to be the residue of a minor clone
present at diagnosis (4.41% of cells), significantly more abundant than in NBM. It could be a population lacking the molecular
signature. (e) patient #31 is a case of false negative (FN) MRD: despite detectable molecular MRD, AML FU node supervision
(tube 1) fails to find a node with similar immunophenotypic characteristics than diagnostic blasts, with a quantity that would be
significantly greater than in the NBM. Of note MFC MRD is also negative at this time point with tube 2. (f) patient #31 is a case of
true negative (TN) MRD where neither molecular nor MFC analyses (tube 2 shown here, but also tube 1) detected residual blasts.
Of note, here again, AML Dg blasts displayed a CD56+ LAIP, absent from NBM and undetectable at FU.
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3. Results
3.1. MFC MRD Analyses

Data were available for all samples after MFC analysis with both Tube 1 and Tube 2
panels. Therefore, 192 samples and about 1000 potential MRD nodes were examined.

The global strategy adopted to investigate for MFC MRD was, as described above, to
set a tracking gate allowing for node-by-node exploration. Nodes of interest were provided
by the NOI strategy, completed in some instances by the exploration of a few nearby
nodes in the FREE display. Each retained node had to belong to the area of the Dg blast
population, confirmed by backgating on the CD45/SSC histogram displayed together with
the Dg MST (Figure 1). Cell numbers and percentages of each node in NBM, Dg and FU
displays were collected. In no instance did the number of NOI exceed 10 (median and
(range) for tubes 1 and 2 respectively 4 (1–9) and 5 (1–10)). In fine, the median number of
positive nodes were, for tubes 1 and 2, respectively 2 (1–6) and 2 (1–7).

3.2. Comparison between MFC and Molecular MRD

Table S2 provides detailed results of MFC and molecular analyses for each FU time-
point.

As mentioned in the methods section, the optimal concordance between molecular
and MFC MRD was determined using Youden and kappa tests instead of ROC curves. The
matrix program was run again after adding the molecular data for each FU time point in
terms of positivity or negativity. This demonstrated that the thresholds arbitrarily chosen
to establish MCF positivity or negativity could be refined to (i) 1.1% (instead of 1%) for the
maximal percentage of NBM cells in a given node and (ii) a FU/NBM ratio of 1.9 instead
of 2. This optimized threshold only modified previous results for 3 samples.

As shown in Figure 2, concordance between molecular and FlowSOM MFC detection
for the 96 FU time points was 80.2% considering both tubes together. PPV and NPV were
respectively of 86% and 67%, with specificity and sensitivity of respectively 85% and 69%.
Figure 2 also shows that when the comparison was restricted to the 40 post-induction
time-points (FU1, N = 40), the concordance reached 87.5% while PPV and NPV were 97%
and 43%, with specificity and sensitivity respectively reaching 89% and 75%.
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Figure S1 details the same data separately for tubes 1 and 2 and for the different
thresholds based on previous assumptions or after Youden and kappa tests (see above).
Figure S2 displays the same comparisons applied respectively to the subgroups of NPM1-
mutated AML and FAB AML4/5. In spite of the classically reported greater difficulty of
identifying MFC MRD in these subsets with monocytic differentiation, similar specificities
and sensitivities were obtained as compared to the 96 FU time points or 40 FU1 after
unsupervised processing.

3.3. Specificities of MFC MRD Analysis

Backgating on CD45/SSC histograms confirmed the similarity between FU and Dg
nodes, often disclosing a residual subclone after chemotherapy (Figure 1a,c). Two situations
were observed, respectively (i) FREE MST clearly identifying DfN nodes with absolutely
no counterpart in NBM (Figure 1b,f), (ii) FU nodes sharing NBM features yet present in
a significantly more important size than in NBM according to the thresholds determined
(Figure 1a). Of note, the lowest number of FU cells yielding a significant difference with
NBM was a cluster of 17 events (Figure 1c).

At variance with what is difficult to identify with classical gating strategies, the
FlowSOM unsupervised approach could self-segregate CD56+ and CD56− subclones in
the same sample as shown in Figure S3.

Finally, in a number of instances, a similar L-shaped pattern was observed for some
nodes in the concomitantly tested NBM and FU samples, absent in the concurrent Dg
sample (Figure 3). Examination of the immunophenotype of these nodes allowed to
conclude that they corresponded to a granulomonocytic maturation pattern, exacerbated
in regenerating FU BM, not to be mistaken for MRD.
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(powder pink) events while Dg sample (cyan) events are differently backgated.

3.4. Correlation between MRD and Clinical Outcome

Examination of the outcome of the 40 patients confirmed CR with negative MFC
MRD after induction in only 7 cases vs even less (n = 3 cases) with negative molecular
MRD (Table 2). These discrepant cases were 3 with persisting NPM1 mutation and 1 with
RUNX1-RUNX1T1 fusion transcript. Of the 7 patients with negative MFC FU1 at CR
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completion, 6 are still in CR. One patient (#31) relapsed and died after allogeneic stem cell
transplantation (Allo-SCT). For this patient, molecular MRD remained positive until post-
AlloSCT. MFC MRD became positive one month before relapse and returned to negativity
post-AlloSCT. Conversely, the large majority (N = 29) of CR patients retained both positive
post-induction MFC and molecular MRD. Induction failure (more than 5% of blasts in
BM at the end of aplasia), noted for 4 patients, correlated with positive MFC MRD for all
and with positive molecular MRD for 3. The patient with negative molecular MRD (#9)
likely had lost the molecular target (NPM1 mutation) and this discrepancy constitutes a
questionable FP MFC MRD.

Table 2. Clinical correlations at FU1.

MRD Status Induction Failure
N (%)

Complete Remission
N (%)

MFC MRD
Negative 0 (0) 7 (17.5)
Positive 4 (10) 29 (72.5)

Molecular MRD
Negative 1 (2.5) 3 (7.5)
Positive 3 (7.5) 33 (82.5)

All in all, with 17.5% of CR patients showing negative MRD, MFC could be more
sensitive to predict early chemosensitivity than molecular MRD detection (7.5%) at FU1.
Indeed, by testing transcripts, molecular methods may identify fewer cells with large
amounts of RNA. Only follow-up of the patients and larger series will ultimately allow to
conclude about the best predictor.

4. Discussion

This study demonstrates that an unsupervised analysis of MFC data allows to explore
MRD in AML patients with a high confidence in the populations observed. The setting of
this work was challenging, since it was decided to include only patients with a possible
concomitant molecular FU, known to represent only a proportion of AML patients. More-
over, NPM1 mutations are notably associated with myelomonocytic differentiation [28].
This is a real challenge as there is a continuum between monocytic blasts and normal
monocytes at diagnosis and normal reconstitution at FU is difficult to dissociate from
remaining tumor cells. No specific strategy has been published in the literature regarding
these specific populations [29]. Here, the position of MRD nodes was clearly related to
monocytic differentiation but the concomitant comparison with NBM greatly facilitated
their discrimination. This is consistent with the few examples in the literature of separating
blasts from hematopoiesis with non-supervised strategies in mass cytometry [14,30]. The
power of the combination of FlowSOM and Kaluza® allows to apply nodes assignment
to a mixed population of NBM, Dg and FU lmds which are thus treated in exactly the
same way, then to concomitantly display the result of the three MST side by side. This is
clearly completely different from the reference to a few (usually not shown) NBM samples
reported in many MRD studies. One of the first examples of this indirect comparison was
provided by the notion of “empty boxes” [31,32]. In this strategy, MFC analysis is set-up
so as to draw gates in the analysis of NBM (with full and empty boxes) and, in a second
step, apply the same template to Dg or FU samples. This has also been a strategy retained
for example by Kern et al. [33]. Of note, this imposes to use highly harmonized set-ups as
well as exactly the same panels of antibodies for the NBM and patient’s samples. This has
been demonstrated to be feasible, especially with the very stable current instruments and
validated strategies [24,34]. However, by definition, LAIP cannot be compared to NBM in
such separated analyses in the majority of cases.

Another advantage of the FlowSOM strategy is of course that the software identifies
populations that would have been difficult to select through sequential gating yet can be
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perfectly characterized during the supervised part of the analysis. To our great satisfaction,
FlowSOM allowed to straightforwardly demonstrate concepts taken into account as impor-
tant in the ELN proposal [6]. As shown in the examples provided, some nodes validated the
DfN concept, through blast populations completely absent in the concomitantly analyzed
NBM. LAIPs were also self-selected by the algorithm, with the amazing evidence of, in a
single Dg sample, subclones carrying or not the CD56 LAIP. This self-selection is liable
to take into account antigenic modulations that may escape the classical LAIP approach.
Finally, the recurrent question of regenerating BM, questioned when considering compari-
son of blasts with NBM, became self-illustrated in the evidence of matching hematopoietic
differentiation patterns in an FU node and its NBM counterpart. This specific pattern, but
also the systematic backgating of the nodes examined on a CD45/SSC histogram, reinforce
the importance of this representation [35,36].

FlowSOM concomitant analysis of NBM, Dg and FU further allowed to approach
the critical issue of significant threshold. As established in the definition of the FlowSOM
scripts [15], we chose to consider nodes displaying at least twice the percentage of cells
as the corresponding NBM node. This was confirmed here by the statistical analysis
comparing MFC and molecular final data, which yielded a 1.9 ratio between FU and NBM
as the most pertinent.

In our series, the lowest number of FU cells complying with this criterion was 17 cells.
This confirms the global opinion of considering clusters of 10–20 cells for limit of detection
(LOD) [6]. Of course, this is limited by the number of acquired cells. As we used retrospec-
tive data, but also because cell number limitations are inherent to the samples, some results
would certainly have been consolidated by the acquisition of more events. Nonetheless,
the robustness of this 15–20 events (or perhaps even 10 in case of truly DfN) validates that
the current accepted 10−3 threshold [6] can be improved down to 10−5 upon acquisition of
a sufficient number of cells for negative samples.

Another limitation of our study is that we chose molecular MRD as gold standard,
raising the question of the significance of FP data, i.e., positive MFC MRD and negative
molecular MRD. Nevertheless, the concordance obtained in the different conditions tested
(all time points, FU1 only, NPM1 only, AML4/5 only) appears quite satisfactory. These
types of comparison have been reported in a few cases in the literature with classical MFC
analyses. Kern et al. [33], in a cohort of 144 patients with 372 FU samples, reported a concor-
dance of 61% with equivalent proportions of FP and FN samples. In 2012, Rossi et al. [37],
for 23 patients at FU1, obtained a specificity of 53.8% and a sensitivity of 80% when compar-
ing molecular and MFC MRD assessments. More recently, the HOVON/SAKK AML 42A
study [9], in a series of 340 patients, compared a tailored NGS panel and MFC performed
according to Terwijn et al. [38]. This study displayed 69.1% of concordance and respectively
64 FP and 41 FN cases. Finally, in the GIMEMA AML1310 trial [39], a concordance of
43% was reported between molecular and MFC MRD assessment for 60 FU1 samples.
However, only patients with double positive MRD displayed a significantly lower OS and
PFS. Of interest, our evaluation in a phenotypically difficult series of AML yielded much
better results, probably comforting the expected superiority of unsupervised definition
of cell subsets. Applied to AML patients, even in the absence of a molecular marker, the
unsupervised strategy reported here would allow for MFC MRD assessment in all cases.
This has to be confirmed in an independent validation study.

5. Conclusions

Overall, this study demonstrates the power of the combined unsupervised FlowSOM
and Kaluza® software, to evaluate AML MRD. In the challenging set-up of this study, that
only considered patients with molecular MRD targets, MFC MRD assessment stood out as
a useful monitoring tool. It is thus likely that FlowSOM-assisted MFC MRD assessment,
using unsupervised treatment of .fcs files, will be applicable to all AML patients and
provide clinicians with useful hints for treatment options.
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