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Introduction
EuroFlow consortium
Measurable Residual Disease (MRD)

From PCR methods to next generation flow (NGF)



European networks for laboratory diagnostics

Participants: Based on experience and participation in (inter)national 
clinical trails

Since 1996
BMH4-CT98-3936 CA

FP4 BIOMED-2 program

Since 2001
BMH-CMT94-1675 CA

FP2 BIOMED-1 program
+ I-BFM-SG and Pre-BMT-SG

Since 2006
LSHB-CT-2006-018708
FP6 STREP LSH-2004



EuroFlow: independent scientific consortium, 
aiming at innovation in flow cytometry

for improvement of diagnostic patient care

Chairmen: 
J.J.M. van Dongen &  A. Orfao

20 institutes (23 laboratories)
in 11 countries

www.EuroFlow.org
January 2024

- Initiated in 2004 (FP6 STREP LSH-2004)
- Formal project duration: April 2006-Oct 2009 (LSHB-CT-2006-018708)
- Sustained based on collective IP and patents and collective revenues



Aims of the EuroFlow consortium

1. Research & Innovation of diagnostic patient care  
Development and standardization of fast, accurate, and highly sensitive flow cytometric tests for 

diagnosis and prognostic (sub)classification as well as for evaluation of treatment effectiveness 
during follow-up.

• Hematological malignancies
• Immune disorders, including immunodeficiencies
• Immune monitoring in different medical conditions, including immunotherapies
• Solid tumors (STOT tube)

2. Standardization of laboratory diagnostics
All protocols/standard operating procedures (SOPs) that are developed and standardized by 

EuroFlow are freely available (https://euroflow.org/)

3. Quality Assessment, including QA evaluation meetings 
external Quality Assessment program
Current aim to get ISO 17043 Accreditation for organisation of EQA programs 

4. Continuous education: Seminars, Workshops, and Trainings

https://euroflow.org/


Diagnostics for hematological malignancies

1. Making the diagnosis
Normal ↔ reactive/regenerating ↔ malignant
Annually > 300,000 new patients with a hematological malignancy in developed countries. 
Consequently at least 4-fold more patients are annually being checked for exclusion of such 
malignancy!

2. Classification of hematopoietic malignancies
Relation with prognosis: relevance of risk-group definition
Based on differentiation characteristics and chromosome aberrations, resulting in fusion gene 
transcripts or aberrantly (over) expressed genes

3. Evaluation of treatment effectiveness (MRD):
MRD-based risk-group stratification (treatment reduction or escalation)
Annually > 400,000 follow-up samples in protocol-based leukemia patients (ALL, AML, CML); 
patients with CLL and NHL will follow soon (> 1,000,000 follow-up samples )

EUROFLOW MRD APPLICATIONS7 /

Screening tubes

Classification tubes

MRD tubes



EuroFlow antibody panels for standardized n-dimensional flow 
cytometric immunophenotyping of normal, reactive and 
malignant leukocytes

VOETTEKST8 /

van Dongen JJM et al. EuroFlow antibody panels for standardized n-dimensional flow cytometric immunophenotyping of normal, reactive and malignant leukocytes. Leukemia 2021

Screening tubes

Classification tubes



New therapies warrant extensive patient monitoring 
in many different diseases
auto-immune diseases, infectious diseases, cardiovascular diseases, oncology

Changes in diagnostic strategies
Many new therapeutics for targeted (immune) therapies are being developed

EUROFLOW MRD APPLICATIONS9 /

Many B-cell targets  CD19, CD20, CD22, CD38, CD47, BCMA, …

Jabbour et al. Blood 2015; Sawalha Y and Maddocks K. BMJ 2022; https://www.rapidnovor.com/what-are-monoclonal-antibodies/



New therapies warrant extensive patient monitoring 
in many different diseases
Most new immune-therapeutics block 

or manipulate specific molecules.
• Frequently this leads to disease control 

with significant increase of QOF (not 
necessarily cure).

The more targeted the therapy, the 
more chance of mutation-induced 
resistance

• Early detection of therapy resistance will 
become increasingly important (for new 
therapy to start).

VOETTEKST10 /

https://lymphomahub.com/medical-information/educational-theme-or-tumor-intrinsic-resistance-mechanisms-to-car-t-cell-therapy-in-lymphomas 



Detection of minimal/measurable residual disease
(MRD)
Complete remission (CR): less than 5% of 

residual blast in BM and normalization of CBC

Measurable residual disease (MRD) is the 
number of leukemic cells that remain after the 
treatment. 
Dependent on the sensitivity of the technique 

used
A good MRD approach should be 

• Sensitive 
• Highly specific
• Reproducible 
• Standardized procedure with ideally a wide 

interinstitutional validation. 
In theory, if the sensitivity increases to a maximum, 

then there will be higher chances of achieving a 
longer relapse free survival (RFS) and potentially 
achieve a cure.

EUROFLOW MRD APPLICATIONS11 /

Short N et al. Am. J. Hematology 2018; Letetsu R et al Leukemia 2020; JJM van Dongen et al. The Lancet 1998



Clinical VALUE of MRD detection

Kinetics: 
tumor load reduction during and after induction treatment provides crucial information about the 

response to treatment

Prognosis:
Predictor (independent prognosticator) of outcome of patients with leukemia
Prediction of relapse
Prognostic relevance of patients undergoing stem cell transplantation

Treatment:
Surrogate endpoint to define response to treatment and to define treatment allocation. 
MRD-based stratification: identification of low-risk (therapy reduction), intermediate and high-risk 

(therapy intensification) patients

VOETTEKST12 /



MRD as prognostic marker

EUROFLOW MRD APPLICATIONS13 /

Short N et al. Am. J. Hematology 2018; Letetsu R et al Leukemia 2020; JJM van Dongen et al. The Lancet 1998

Relapse-free survival of the three MRD-based risk groups in childhood ALL



Van Dongen et al, Lancet 1998; Van der Velden et al. Leukemia 2007; Van der Velden et al., Leukemia 2009

MRD as surrogate endpoint to define treatment 
response and treatment allocation 

MRD-based treatment intervention
Low-risk: significant treatment reduction
High risk: treatment intensification

Pieters & Van Dongen et al. J Clin Oncol 2016



MRD incorporation in clinical trials

EUROFLOW MRD APPLICATIONS15 /

Kaspers GJL, ASH abstract 2023

Chip-AML22 Master Protocol: An Open-Label Clinical Trial in Newly Diagnosed Pediatric De Novo Acute Myeloid 
Leukemia (AML) Patients Including a Linked Phase II Trial with Quizartinib in FLT3-ITD/ NPM1wt Patients - a Study By the 
NOPHO-DB-SHIP Consortium

MRD MRD



VOETTEKST16 /

Comparison of different MRD techniques
 ALL as example

Saygin C et al Measurable residual disease in acute lymphoblastic leukemia: methods and clinical context in adult patients. Haematologica, 2022



Major limitations of MRD by flow cytometry

Heterogeneity of blast cells, especially in AML (# subpopulations in ~75% of AML patients)
Sensitivity and specificity depend on the discriminatory level of the LAIPs
Expertise and knowledge required for LAIP recognition
LAIP not always present at diagnosis
Low frequency of LAIP expression on normal regenerative BM (reduced sensitivity)

sensitivity depends on the numbers of cells analyzed (sample volume and cell concentration)
Difficult to standardize > many laboratories/groups use their own MFC-MRD assay
Analysis and interpretation of data require relevant expertise
How to quantify residual MRD?
percentage per MNC
Percentage per leukocytes; including erythroid precursors?
Log reduction of blasts? 
Correction of % LAIP at diagnosis?

VOETTEKST17 /



Solution: 
EuroFlow Next Generation Flow cytometry (NGF)

18

Theunis s en P, Standardized flow cytometry for highly s ens itive MRD meas urements  in B-cell acute lymphoblas tic leukemia. Blood. 2017
Flores -Montero J  et al. Next Generation Flow for highly s ens itive and s tandardized detection of minimal res idual dis eas e in multiple myeloma. Leukemia 2017



Classical Flow Cytometry versus Next Generation FCM

19



Technical aspects of FCM MRD

From bone marrow samples to bulk lysis procedure and data analysis



Technical aspects
of FCM MRD
Sample preparation
Bone marrow sampling
Sample transport
Sample processing

Flow cytometry
Monoclonal antibody panels
Cytometer settings
Sample running 
Selection of control samples 

Data analysis
Gating strategy
Data analysis and interpretation
Report

Standardization



Bone marrow vs peripheral blood sampling

Early microscopic MRD studies in T-ALL suggested that blood samples might be used instead 
of more invasive and traumatic BM samples samples in both BCP-ALL and T-ALL.

Studies in T-ALL confirmed that blood MRD levels in 
T-ALL patients were comparable or up to 1 log lower 
than in BM.

In BCP-ALL patients, blood MRD levels were 1 to 3 logs 
lower than in BM, making MRD studies via blood 
sampling impossible in BCP-ALL patients.

Consequently, for both BCP-ALL and T-ALL 
patients, BM sampling is a prerequisite

VOETTEKST22 /

Van Dongen JJM et al. Minimal residual disease diagnostics in acute lymphoblastic leukemia: need for sensitive, fast, and standardized technologies, Blood 2015 



Bone marrow vs peripheral blood sampling (2)

VOETTEKST23 /

Godwin CD et al. Acute myeloid leukemia meas urable res idual dis eas e detection by flow cytometry in peripheral blood vs  bone marrow, Blood, 2021

AML 
PB MFC testing could facilitate serial 
monitoring, thereby providing AML patients 
and providers with additional information 
to guide discussions of prognosis and 
treatment



Analytical sensitivity

Rare event analysis = sensitivity
Limit of detection (LoD)
Limit of quantitation (LoQ)

Calculation LOD and LOQ depends on the total number of cells analyzed
Smallest homogeneous population than can be detected is 20 events (10 events more liberal?)
19 events = maximum # of events < LOD
95% confidence interval for a count of 19 events = 11 - 30 events.
Thus, the LOD can be estimated as (30/total number of cells analyzed) × 100%
Similarly, it is also widely accepted that more than 50 (40?) events is a standard threshold for reproducible enumeration. 

Consequently, the LOQ = (50/total number of cells analyzed) × 100%

VOETTEKST24 /



The sensitivity of the assay is important

VOETTEKST25 /

• Complete molecular 
remission (MolCR) is 
defined as MRD 
negativity with an 
assay sensitivity of at 
least 10-4 

• High sensitivity 
needed for optimal risk 
stratification

Prognostic value of MRD in Ph–adult ALL

Brüggeman M and Kotrova M. Minimal res idual dis eas e in adult ALL: Technical as pects  and implications  for correct clinical interpretation, Blood Adv. 2017



Performance of FCM-MRD vs PCR-based MRD is 
dependent on the number of acquired cells. 

VOETTEKST26 /

Theunis s en P, Standardized flow cytometry for highly s ens itive MRD meas urements  in B-cell acute lymphoblas tic leukemia. Blood. 2017



Number of cells for MRD 
diagnostics during follow-
up:
- RQ-PCR: 2x10

6
cells for ≥6μg of 

DNA (attention: recovery is 50% of 
13μg)
- NGS: 1x10

6
cells for ≥3μg of DNA 

-EuroFlow-based FCM MRD: 
5 to 10 x10

6
cells for below 10-5

sensitivity (40 cells)

5x10
6
cells

2x10
6
cells

Advise: Only use the first aspirate to have high cellularity (without hemodilution)
   Collect ≥ 2½ ml, but not more than 5 ml of first aspirate (avoid hemodilution)
   Include clear descriptions and guidelines in diagnostic protocols.

Brüggeman M and Kotrova M. Minimal res idual dis eas e in adult ALL: Technical as pects  and implications  for correct clinical interpretation, Blood Adv. 2017

Bone marrow sampling 



Impact of hemodilution on FCM based MRD 
assessment in acute myeloid leukemia
 Hemodilution can yield 

false-negative MRD results
in AML 

VOETTEKST28 /

Tettero J M et al. Impact of hemodilution on flow cytometry bas ed meas urable res idual dis eas e as s es s ment in acute myeloid leukemia, Leukemia 2024



How to assess BM 
hemodilution

VOETTEKST29 /

Different formula tested
Best from the test:
The percentages of CD16dim 

granulocytic population (scarce in BM) 
> 90%

CD117high mast cells (exclusive to BM)
< 0,002% 

Tettero J M et al. Impact of hemodilution on flow cytometry bas ed meas urable res idual dis eas e as s es s ment in acute myeloid leukemia, Leukemia 2024



Sample processing: Bulk lysis

VOETTEKST30 /

Theunis s en P, Standardized flow cytometry for highly s ens itive MRD meas urements  in B-cell acute lymphoblas tic leukemia. Blood. 2017

Using Bulk-lysis, on average 
12-fold more leukocytes 
could be acquired 
(P < .0001)

Bulk-lysis resulted in
• Less debris (P = .032)
• More leukocytes (P = .03)

Each of the BM samples (day 15: n = 15; day 33: n = 15; day 78: n = 12) was processed 
according to the standard EuroFlow protocol (FL) and in parallel according to the 
EuroFlow bulk-lysis protocol (BL)



Data analysis

Dependent on the tubes

LAIP
Identification of Leukemia Associated Immuno-Phenotype or 

LAIPs, based on immunophenotypic aberrancies
Different from normal approach (DfN)



The quality of a LAIP

1) Specificity
depends on the percentage of LAIP expression on normal cells

2) Sensitivity
depends on the percentage of LAIP expression on the leukemic 
blast population at diagnosis (minimal 10%) and the number of 
cells analyzed

3) Stability
phenotypic shifts can results in fals-negativity (especially dim 
expression of markers is susceptible)



Choice of LAIP is important 
• Background of LAIP in normal and regenerating BM

NOT every LAIP = leukemic specific
Sensitivity and specificity is variable

VOETTEKST33 /

Aberant marker expression on 
normal BM: % of primitive 

marker compartment (CD34 or 
CD117)

Feller et al, Blood Cancer Journal 2013



• Enormous increase in number of data by merging and 
calculations

• Automated method for analysis of flow cytometry
immunophenotypic data

• Reference picture will facilitate MRD analysis
• Reducing expert-based data-analysis 

Flow cytometry: Improvement of data analysis

• Based on visualization of multiple bi-dimensional plots
• Operator’s selection of population of interest (subjective)
• Depending on the expertise of the operator 

Conventional methods of manual data analysis

FlowSom



AG&I tool
Infinicyt

35

1. Database construction

2. Analysis of individual 
patient samples 

3. Analyze checks
4. Individual report



Performance of the AG&I tool in BCP-ALL 

36

Com parison  of MRD leve ls be tween  m anual 
and  AG&I showed  a  concordance  ra te  of 83%. 
Afte r review of d iscordan t cases by add itiona l 
expe rts, the  concordance  increased  to  97%. 

Furthe rm ore , the  AGI tool showed  exce llen t 
in tra -expe rt concordance  (100%) and  good  
in te r-expe rt concordance  (90%). 

In  add ition  to  MRD leve ls, a lso pe rcen tages of 
norm al ce ll popu la tions showed  exce llen t 
concordance  be tween  m anual and  AGI tool 
ana lysis. 

Verbeek M et al. Minimal res idual dis eas e as s es s ment in B-cell precurs or acute lymphoblas tic leukemia by s emi-automated identification of normal hematopoietic 
cells : A EuroFlow s tudy. Clinical Cytometry 2023



Automated detection of measurable residual 
disease in acute lymphoblastic leukemia
 Three ML models to tackle MRD detection in B-ALL

37

Automate d de te ction of
me asurable  re sidual dise ase  in
acute  lymphoblastic le uke mia

Masterthesis Sofie Ellegiers



1. MRD technique requirements:
- Broad availability, easy implementation and affordable
- Applicability in vast majority of patients (preferably ≥95%)
- Sufficient sensitivity (Quantitative range ≤10

_4, preferably ≤10
_5)

- Fast (short turn-around time: 1-2 days) 
- Standardization (≠ harmonization) with international QA programs + Education

2. Flow-based MRD is stepwise being introduced

3. Sample requirements should be better defined
1. MRD should be assessed from a small volume (<5mL) of the first pull of a bone marrow aspirate to prevent hemodilution

2. Store at ambient condition and analyze within 72 hours after collection 
and processed using bulk lysis procedure

3. For clinical decision-making, MRD assessment should be performed with a qualified assay, including adequate LOB, LOD, and LLOQ 
with a harmonized use of the integrated LAIP and DfN strategy

4. EuroFlow-based MRD measurements:
- Broad availability, easy implementation and affordable
- Applicability in vast majority of patients (≥95%)
- High sensitivity (down to ≤10

_5)
- Fast: 3-4 hours (MRD report on the same day or next day) 
- Fully standardization with EQA program

5. Attention: many cells required for reaching high sensitivity (5-10 x10
6
)! 

Conclusion



ALL

39



MRD detection in BCP-ALL by NGF

VOETTEKST40 /

Theunis s en P, Standardized flow cytometry for highly s ens itive MRD meas urements  in B-cell acute lymphoblas tic leukemia. Blood. 2017



MRD based on maturation – new software tools

Normal B-cell differentiation pathways

Theunis s en PMJ  et al. Detailed immunophenotyping of B-cell precurs ors  in regenerating bone marrow of acute lymphoblas tic leukaemia patients : implications  
for minimal res idual dis eas e detection BJ H 2017  



Dissection of  normal precursor-B-cell differentiation
implications for MRD monitoring

VOETTEKST42 /

Theunis s en PMJ  et al. Detailed immunophenotyping of B-cell precurs ors  in regenerating bone marrow of acute lymphoblas tic leukaemia patients : implications  
for minimal res idual dis eas e detection BJ H 2017  



New concept for differentiation pathway analysis

VOETTEKST43 /

Early maturation 
stages

Late maturation 
stages

Dissection of normal BM 

Early maturation 
stages

Late maturation 
stages

Regenerating BCP cells ALL blast cells

The immunophenotypic maturation of regenerating BCPs 
differs from that of normal BCPs and from ALL blasts



NGF-MRD

Insights in the full normal BCP 
pathway in BM
Better define the degree of IF 

deviation of BCP-ALL cells from
normal BCP, also in regenerating
BM
Visualization in multtivariate 

analysis plots

VOETTEKST44 /



Reference profile of normal and regenerating BM 
samples



Gating strategy for MRD in ALL

Use correct and standard profile
General principes: 
Dismiss debris (FSC-A/SSC-A) and doublettes (FSC-A/FSC-H) 

Define normal precursor B-cells
 proB: CD19-/CD34+/CD10-/CD20- ;   

 pre BI:CD19+/CD34+/CD10+/CD20- ; 
 Pre BII: CD19+/CD34-/CD10+/CD20- ;     
 immature transitional B CD10+: CD19+/CD34-/CD10+/CD20+  

 mature B: CD19+/CD34-/CD10-/CD20+ (CD38w/CD81w). 

Important to look back at CD45/SSC-A plot; during maturation CD45 expressing
gradually increases

VOETTEKST46 /

All CD38/CD81 
STRONG positive



Early MRD timepoints: beware of phenotypic shifts

VOETTEKST47 /

Analyze an early
timepoint (D15)

During treatment:
CD45 ↑
CD10 ↓
CD20 ↑
CD34 ↓
Correlate with

aberrant markers

APS view



Example 1 en 2

VOETTEKST48 /



EuroFlow NGF MRD ALL approach for detection of 
CD19- leukemic cells

49

Verbeek MWC. Flow cytometric minimal res idual dis eas e as s es s ment in B-cell precurs or acute lymphoblas tic leukaemia patients  treated with CD19-targeted 
therapies  —a EuroFlow s tudy. BJ H, 2021



EuroFlow NGF MRD ALL approach for detection of 
CD19- leukemic cells

50

Example 3



MM MRD

VOETTEKST 51 /



MRD detection in Multiple Myeloma by NGF

VOETTEKST52 /



NGF MRD vs conventional 2nd generation (8-color) 
flow-MRD 

VOETTEKST53 /



2016 IMWG criteria for MRD in MM

VOETTEKST54 /



MRD in MM

VOETTEKST55 /

Cavo M et al. Prognos tic value of minimal res idual dis eas e negativity in myeloma: combined analys is  of POLLUX, CASTOR, ALCYONE, and MAIA. Blood 2022



Examples AG&I

GHE_003
GHE_004
MM_MRD_2023_II_1

VOETTEKST56 /



Conclusions

VOETTEKST 57 /



Next Generation Flow Cytometry (NGF)
A

dv
an

ta
ge

s

 Fast (within 3-4 h)
 Highly Standardized with automated gating
 Efficient data storage/management with easy data comparison and review
 Accurate quantification
 Increased sensitivity (10-5 – 10-6

 Information on normal and malignant cells (sample quality and reconstitution
of normal compartments)

 Ready for IVD development
 Further purification/characterization of MRD cells

Li
m

ita
tio

ns • Education and training still required
• Many cells needed to reach the required sensitivity, 

(e.g. 5 x 106, if quantification down to 10-5 is needed)
• Fresh (<24h) samples
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