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� Abstract
Flow cytometry is broadly used for the identification, characterization, and monitoring
of hematological malignancies. However, the use of clinical flow cytometry is restricted
by its lack of reproducibility across multiple centers. Since 2006, the EuroFlow consor-
tium has been developing a standardized procedure detailing the whole process from
instrument settings to data analysis. The FranceFlow group was created in 2010 with
the intention to educate participating centers in France about the standardized instru-
ment setting protocol (SOP) developed by the EuroFlow consortium and to organise
several rounds of quality controls (QCs) in order to evaluate the feasibility of its appli-
cation and its results. Here, we report the 5 year experience of the FranceFlow group
and the results of the seven QCs of 23 instruments, involving up to 19 centers, in
France and in Belgium. The FranceFlow group demonstrates that both the distribution
and applicability of the SOP have been successful. Intercenter reproducibility was eval-
uated using both normal and pathological blood samples. Coefficients of variation
(CVs) across the centers were <7% for the percentages of cell subsets and <30% for the
median fluorescence intensities (MFIs) of the markers tested. Intracenter reproducibil-
ity provided similar results with CVs of <3% for the percentages of the majority of cell
subsets, and CVs of <20% for the MFI values for the majority of markers. Altogether,
the FranceFlow group show that the 19 participating labs might be considered as one
unique laboratory with 23 identical flow cytometers able to reproduce identical results.
Therefore, SOP significantly improves reproducibility of clinical flow in hematology
and opens new avenues by providing a robust companion diagnostic tool for clinical
trials in hematology. © 2019 International Society for Advancement of Cytometry
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FLOW cytometric immunophenotyping has proven essential in clinical laboratories for
the diagnosis, classification, and monitoring of hematological diseases (1). However, flow
cytometry (FC) is often challenged as it is commonly recognized as a highly expert-
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dependent technique with little reproducibility across multiple
centers (2). Therefore, its use in translational medicine and clini-
cal trials has mainly been hampered because not considered as a
robust companion diagnostic tool when used in a multicenter
setting.

There was a critical need to overcome this handicap by
reducing (harmonization) or eradicating (standardization)
variability (3). Major work was made to propose harmo-
nized or standardized procedures for panel design, anti-
bodies and fluorochromes choice, sample preparation,
instrument settings, data analysis, and interpretation of the
results (2,4–14).

The EuroFlow consortium started in 2006 and aimed to
support the development and standardization of fast, accu-
rate, and highly sensitive approaches for diagnosis and classi-
fication of hematological malignancies, as well as for the
evaluation of treatment effectiveness (http://www.euroflow.
org/). The results of their work were published 6 years later,
with two major articles regarding the standardization of anti-
body panels and FC protocols (15,16).

The FranceFlow group was created in October 2010 to share
the knowledge resulting from the EuroFlow project with multiple
laboratories involved in the immunophenotyping of hematological
diseases in France and Belgium. It was initially composed of 15 par-
ticipating centers and progressively expanded to 32 centers to

the date of writing. FranceFlow had two primary objectives:
(1) train the participating centers to standardize instrument
settings along with the EuroFlow recommendations and (2) evalu-
ate the standardization with several rounds of quality con-
trols (QCs).

To reach these aims, regular meetings were organized
and the QCs were set up. To date, the group met 13 times
from October 28, 2009 to November 11, 2017. Six rounds
(QC1 to QC6) were performed on normal fresh or stabilized
peripheral blood samples and stained using a EuroFlow QC
tube to compare the FranceFlow results to the EuroFlow data
reported by Kalina et al (17). A seventh QC (QC7) was per-
formed on a pathological blood sample and according to a
previously validated lymphoid screening tube broadly used
among participants (FranceFlow LST, modified from Ref.
(16)) to better reflect routine clinical practice. Furthermore,
in order to independently measure the benefit from standard-
ization and the impact of reagent variation across centers, the
centrally distributed sample was analyzed using both centrally
distributed and local reagents.

In this study, we report the FranceFlow experience and
achievements over the period of 2009–2015 (Fig. 1A). Our data
show that the recommendations from the EuroFlow consortium
can be successfully implemented into the practice of numerous
clinical laboratories, allowing for standardization of FC results.
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Table 1. Description of QC rounds

QC ROUND QC1 QC2 QC3 QC4 QC5 QC6 QC7

Samples (number of)1

Fresh normal peripheral blood 2 2 2 2 1
Stabilized normal blood 1 1
Fresh pathological peripheral blood 1

Antibodies
Distributed by the coordinating center × × × × × × (lyophilized tube2)
Local × ×

(FranceFlow LST)
Combination3

QC (Table S2A)
CD8/CD27/CD4/CD19/CD14/CD3/CD20/CD45

× × × × × ×

Lyophilized tube (Table S2B)
CD8-lgK/CD56-lgL/CD5/CD19/CD10/CD3/
CD4-CD20/CD45

×

FranceFlow LST (Table S2C)
CD8-lgK/CD56-lgλ/CD5/CD19/CD10/CD3/
CD4-CD20/CD45

×

1 All samples were distributed by the coordinating center.
2 Except from lgk et lgλ polyclonal antibodies.
3 Details in the Supporting Information.

Figure 1. (A) Overview of the FranceFlowprogram from2009 to 2017. Only results fromQC1 toQC7 are described in this article. QC: quality control,

Ab: antibody. (B) Overtime stability of rainbow beads seventh/eighth peak MFI profile obtained in a single center (n�18) for FITC and APC

fluorescence channels, upon 3.5 years (1,300 days) monitoring. Dotted lines represent the acceptable �15% range around the target MFI. Circles:

Examples of one-time values above or below 15% of the target MFI. Square: Out of range MFI values reflecting decreased laser performance and

requiring service visit and new setup.MFI:mean fluorescence intensity, FITC: fluorescein isothiocyanate, APC: allophycocyanin. [Colorfigure can be

viewed atwileyonlinelibrary.com]
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Figure 2. Intercenter comparison of cell subsets percentage measurement. (A) Box plot representation of the percentages of cell subsets

measured in the Multicheck stabilized blood sample by the 16 centers participating to QC6, representing 22 instruments including 20 BD

FACSCantos and 2 Navios. Cell subsets were gated as described in the Material and Methods section: % of CD45 among FSC/SSC

lymphocytes, % of CD3, CD19 or CD20 positive cells among FSC/SSC/CD45+ lymphocytes, % of CD4, CD8 or CD27 positive cells among

FSC/SSC/CD45+/CD3+ lymphocytes and % of CD14 positive cells among FSC/SSC/CD45+ monocytes. CVs (%) between the centers are

indicated below the Box plots. (B) Z-scores obtained by each instrument for each indicated cell subset during QC6. Agreement interval is

[−2;+2]. Z-score values are represented with a color code: Green, yellow and red for values comprised between −2 and + 2, −3 and − 2 or

+ 2 and + 3, <−3 or > +3, respectively. A total of 8 of the 176 (4.5%) z-score values were out of the [−2;+2] range: Among 22 participating

instruments, they concerned center n�16 and cytometer B of center n�17 for the % of CD3+ cells, center n�5 for the % of CD4+ cells and

the % of CD19+ cells, center n�7 for the % of CD8+ and CD19+ cells, center n�15 for the % of CD19+ cells, and the cytometer B of center

n�8 for the % of CD27+ cells. (C, E) box plot representation of the percentages of cell subsets measured in a CLL blood sample by the

19 centers participating to QC7, representing 23 instruments including 22 BD FACSCantos and 1 Navios. Samples were stained with a

local FranceFlow LST combination (C) or with a centrally distributed lyophilized tube (E). Cell subsets were gated as described in the

Material and Methods section: FSC/SSC/CD45+/single lymphocytes and FSC/SSC/CD45+/CD10+/single neutrophils (PMN) among CD45/
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MATERIAL AND METHODS

Participating Centers

Fifteen centers were initially involved in the FranceFlow
group, 14 in France and one in Belgium. Most of them were
university hospitals. The size of the group reached 19 centers
at the time of the last QC reported here, in 2015 (Supporting
Information Table S1). Since then, the group has now reached
32 centers to date of writing and is still expanding. In France,
these centers represent around 30% of the laboratories using
immunophenotyping for the diagnostic and follow-up of
hematological malignancies.

Instruments

Supporting Information Table S1 summarizes the number
and repartition of the flow cytometers used in this study.
BD FACSCanto II (BD Biosciences, San Jose, CA, USA)
equipped with three lasers emitting at 405, 488, and
633 nm. Optical filter configurations were identical. Acqui-
sition and analysis were performed using the Diva software
(BD Biosciences). Infinicyt (Cytognos, Salamanca, Spain)
was used to represent QC results. Two centers were
equipped with Navios and a 3-laser 10-color configuration
(Beckman Coulter, Miami, FL). They used the CXP soft-
ware to analyze and report the data.

Reagents

Eight-peak Rainbow bead calibration particles (Spherotech,
Lake Forest, IL or BD Biosciences) were used for the instru-
ment setup as previously described (15). In order to reach
optimal standardization, the same batches of Rainbow beads
were used over all the centers.

The antibodies recommended for establishing compensa-
tion settings are detailed in the Supporting Information. Anti-
body combinations used for the QC tube, the custom
lyophilized tube, and the FranceFlow LST combination are
described in Supporting Information Table S2.

Antibodies were centrally distributed for QCs 1–5, as well
as lyophilized tubes for the QC7 except for Igκ and Igλ poly-
clonal antibodies (Dako, Les Ulis, France). These custom lyoph-
ilized tubes were designed and used for standardization. Local
antibodies were also used during the QC6 for the QC combina-
tion (same clone and company, various lots) and the QC7 for
the FranceFlow LST combination to evaluate the impact of
using various clones, lots, and/or volumes on standardization.

Biological Samples

Normal peripheral blood was used for the setup. For the QC1 to
the QC4, fresh peripheral blood samples from two healthy
donors were centrally distributed. Of the two samples issued for

the QC5, one was fresh peripheral blood (QC5a) and the second
was a commercial stabilized normal blood (QC5b, Multicheck,
reference 340912). For the QC6, only the Multicheck-stabilized
blood was used (lot BM113N). The QC7 was realized on a fresh
pathological blood sample collected from a patient with chronic
lymphoid leukemia (CLL) and distributed by the coordinating
center (Table 1). Informed consent was obtained from patients
and healthy volunteers following the declaration of Helsinki. This
study was performed according to our institution guidelines.

Staining Procedures

See Supporting Information.

Instrument Settings

Instrument setup was performed in each center according to
the fundamental principles of the EuroFlow standard operat-
ing protocol (SOP) (Kalina et al., section 2),(15) with minor
adaptations (see Supporting Information).

Standardization Monitoring

Instrument performance was monitored on a daily or every
other day basis in each center according to EuroFlow recom-
mendations (15). Whenever the instrument performance check
failed, cleaning, de-gassing the flow cell, and laser delay verifica-
tion were performed. Whenever the performance was not
restored, the manufacturer’s intervention was required. Of note,
daily start-up was performed according to the manufacturer’s
recommendations (BD Biosciences or Beckman Coulter) prior
to the EuroFlow protocol.

Quality Controls

Seven external QCs were centrally distributed to each participant
of the group between September 2010 and April 2015 (Table 1).
Acquisition of these distributed samples was synchronized in all
centers, meaning that these samples were stained only once they
had been received by all group members to avoid biological vari-
ations related to sample age before being processed. A minimum
of 50,000 total events was recorded.

Data collection was centralized for the QC1 to the QC5,
whereas it was performed locally for the QC6 and the QC7 as
described in the Supporting Information. Processing of the
data was centrally performed for all the QCs.

Statistical Analysis

For the QC6 and the QC7, accuracy was assessed by the SDI
(Z-score) calculated as follows: SDI = (m-M)/SD, where m is the
result of the instrument of each cell subset or of each median
fluorescence intensity (MFI) measurement, M is the mean of the
peer group, and SD is the standard deviation of the peer group.

SSC leucocytes, CD19+ CD3− B lymphocytes, CD19- CD3- CD5- CD56+ NK cells and CD19− CD3+ T lymphocytes among FSC/SSC/CD45/

single total lymphocytes, B lymphocytes positive for CD5, CD20 or Igκ light chain among total B lymphocytes, and finally T lymphocytes

expressing CD4 + CD8−, CD4-CD8+ or CD5+. CVs for Igλ + B lymphocytes, CD56+ and CD10+ T lymphocytes were not interpreted because

these cell subsets were barely present. CVs (%) between the centers are indicated below the Box plot. (D) Z-scores obtained by each

instrument for each indicated cell subset during QC7. Lyophilized tubes were distributed to each center for staining. For a total of

23 participating instruments and 11 cellular subsets evaluated, 9/253 (3.6%) Z-score values were out of the [−2;+2] range. [Color figure can

be viewed at wileyonlinelibrary.com]
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Figure 3. Legend on next page.
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The SDI indicates how many SDs a result is different from the
mean of all participating centers results. Z-score values within
the range of [−2;+2]recapitulate the results found by the other
participating centers. The [−3;−2] or [+2;+3] intervals represent
a narrow divergence from the participating centers. Values
under −3 or above +3 reflect outliers.

MFI span was calculated as subtraction of logarithmically
transformed fifth percentile MFI from 95th percentile MFI to
illustrate the impact of variability on the graphical interpreta-
tion of the data (15).

RESULTS

Instrument Setting and Monitoring of Instrument

Performances

Standardization of flow cytometer instrument settings aimed
to improve intra- and inter-center reproducibility of FC
results over time. Two practical sessions were organized to
train participants for the SOP designed by EuroFlow (15).
Daily monitoring of the instruments’ performance according
to the SOP was easily adopted in all the centers and enabled
the evaluation of the level of standardization.

We tested the intra-center reproducibility of Rainbow
beads MFI values. These Rainbow beads emit a given and sta-
ble level of fluorescence. Each participant measured Rainbow
beads MFI values on a daily basis (or every other day) for a
period of 12–27 months. The CV representing the overall intra-
center (or instrument) variation of the fluorescence measured was
≤10%, apart from one center for the PE-Cy7 channel (Supporting
Information Table S3). As illustrated in Figure 1B, FITC and APC
channels, MFI values for the brightest Rainbow beads peak mostly
remained within the �15% range as permitted by the SOP over a
follow-up of more than 4 years (1,300 days). On rare occasions,
MFI values above or below 15% of the target MFI as a result of
minor instrument failures were resolved by simple measures
(clean, de-gas of flow cell) (Fig. 1B, circles). In contrast, a continu-
ous decrease of MFI, possibly leading to out of range MFI values,
reflected alterations of the laser performance and were corrected
after a requested service visit (Fig. 1B, squares). The FranceFlow
protocol appeared to be very sensitive to instrument deviations.
Therefore, we were more stringent than the manufacturer’s

recommendations. Consequently, less technical support and new
setups were required. Compensation setup (including voltages)
had to be repeated 11 times on average within a period of 4 years
over all the centers (range 3–20), that is, 2.8 times a year, and
13 service visits were requested (range 6–27).

Inter-center reproducibility of Rainbow beads MFI values
enabled participants to work with comparable signals over
space. This was evaluated by daily measurements of the
eighth Rainbow beads peak MFIs (seventh for violet laser
channels) over a year or more, which represents a total of
5,399 measurements per channel for all instruments. The CV
of the MFI values did not exceed 7% between all 12 centers
and 13 instruments (Supporting Information Table S3).

Inter-Center Reproducibility of Cell Subsets

Percentages and MFI Values Measurements

Inter-center reproducibility was evaluated on both (normal) stabi-
lized and (normal or pathological) fresh blood samples (Table 1).

Considering the measurement of cell subset percentages,
sample variability was reduced by using a stabilized blood,
with excellent reproducibility with CVs <6% between the
22 cytometers from the 16 participating centers to the QC6.
The highest CVs (4–6%) were observed for CD27, CD8,
CD20, CD14, and CD19-positive subsets, while CVs below
2.2% were observed for CD45, CD3, and CD4-positive subsets
(Fig. 2A). CD45+ lymphocytes, CD20+ lymphocytes, and
CD14+ monocyte percentages had Z-scores within the range
of [−2;+2]. For the other subsets, a maximum of 3 of the
22 centers had Z-scores between ([−2;−3] and [+2;+3])
highlighting a narrow divergence. No center had a Z-score in
the critical zone below −3 or upper +3. In total, 4.5% (8/176)
of the Z-score values were considered slightly divergent for
this QC (Fig. 2B). Of note, different lot numbers of the same
clones of antibodies were used in the different centers with
no specific instructions for gating strategy. Despite this, no
significant differences in the calculated CVs and Z-scores
were observed (data not shown).

To better reflect daily practice, we ran the QC7 using a
fresh pathological blood sample (CLL) and the lymphoid screen-
ing antibody panel commonly used by the participating

Figure 3. Assessment of interlaboratory mean fluorescence intensity (MFI) standardization. (A) Box plot representations of MFI values

observed overtime (QC1 to QC6) for eight antigens evaluated in subsets of peripheral lymphocytes and monocytes gated as described in

the Material and Methods section. Data were obtained from two distributed healthy donor samples (except QC5a: 1 donor) in 13,13,14,

10, and 16 centers for QC1 to QC5a respectively, and from a stabilized blood Multicheck sample in 17 and 15 centers (21 instruments) for

QC5b and QC6. N = 26, 26, 28, 20, 16, 17, and 21, respectively. CD8 was not retained for analysis of QC1 because the clone used did not

work well in the QC tube. (B) Z-scores obtained for MFI values on each tested sample in all participating centers from QC1 to QC6. Green:

Z-scores in the [−2;+2] concordance interval; yellow: Z-scores in the [−3;-2] or [+2;+3] alarm zone; red: Z-scores in the <−3 or > +3

discordance zone. For example, for CD27 MFI and from QC1 to QC6, 148/154 samples tested in all participating centers received a Z-score

comprised between −2 and + 2, 5/154 a [−3;-2] or [+2;+3] Z-score and 1/154 a < −3 or > 3 Z-score. (C) Z-scores obtained for MFI values

during QC7. A sample from a patient with chronic lymphocytic leukemia (CLL) was distributed, stained in 18 centers (22 instruments)

using a distributed lyophilized tube and analyzed locally. Cellular subsets were gated as described in Material and Methods. The number

of samples receiving the corresponding Z-score is indicated for each marker. Overall 8 of the 220 (3.6%) Z-score values were outside the

[−2;+2] interval. (D) Illustration on a logarithmic scale of CD45, CD20 and CD5 MFI and SSC values obtained by each instrument for

several cellular subsets during QC7. The same CLL sample was stained in 17 centers (20 instruments) using their local lymphoid

screening tube (FranceFlow LST) and analyzed locally. CVs between the instruments on CD5+ clonal B-cells (light blue) were 11% for

CD45, 20% for CD20 and 19% for CD5. For comparison, the non-standardized SSC parameter was also represented. (E) Assessment of

interlaboratory standardization at the time of QC4 using APS view. The selected subpopulations are color-coded as listed. Each circle

represents the median value of a gated subset for one sample and center. Two normal blood samples were distributed to 11 centers.

APS1 view was configured with all parameters except FSC/SSC. [Color figure can be viewed at wileyonlinelibrary.com]
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laboratories (FranceFlow LST). Using lyophilized tubes to
decrease technical variation related to reagents, CVs were higher
across the 23 cytometers of the 19 participating centers com-
pared to those obtained during the QC6 with a stabilized sample
and the QC combination, up to 20% for lymphoid subpopula-
tions and 27% for CD10+ neutrophils (PMN).

Nevertheless, clinically relevant subsets for CLL analysis
showed CVs below 6.4% (Fig. 2E). All cytometers (23/23)
obtained a Z-score within the range of [−2;+2] for 3 of the 11 cell
subsets (FSC/SSC/CD45+/single lymphocytes, FSC/SSC/CD45
+/CD10+/single neutrophils, and CD19− CD3+ lymphocytes).
All but one cytometer (22/23) generated results within the same
range for 7 of the 11 cellular subsets (CD19+ CD3− lympho-
cytes, B lymphocytes positive for CD20, Igκ light chain or CD5,
CD19− CD3− CD5− CD56+ cells and T lymphocytes
expressing CD4+CD8− or CD4-CD8+). Twenty-one out of

23 cytometers had Z-scores within this range for the CD20+ B-
lymphocyte subset. Overall, at least 21 of the 23 instruments
achieved Z-scores within the range of [−2;+2] for all subsets
and only 3.6% (9/253) of all Z-score values were outside the
range [−2;+2] (Fig. 2D). Using local reagents, CVs were in the
same range (Fig. 2C). Only 5% (14/276) of z-score values were
outside the range [−2;+2] (data not shown).

Concerning MFI measurements of normal fresh or sta-
bilized blood samples, CVs across the participating centers
were <30% (Fig. 3A). Only 3.5% (41/1185) of z-score values
from all markers, centers and the QCs (QC1 to QC6) were
outside the [−2;+2] interval, with no significant difference
between the markers (Fig. 3B). The fluctuation of the MFI
around the median, called MFI span (10), spanned <0.3
logscale for all the QC markers (CD20, CD4, CD45, CD8,
CD19, CD3, CD27, and CD14) for normal fresh (QC1 to 5)

Figure 4. Assessment of intralaboratory standardization. (A, B) CVs of cell subsets for percentage (A) and MFI (B) obtained on a

Multicheck stabilized blood stained with local antibodies and analyzed 15 times in 16 (A) or 15 (B) participating centers, representing a

total of 22 (A) or 21 (B) instruments (QC6). (C, D) CVs obtained on a CLL blood sample stained using five lyophilized tubes and analyzed in

19 (C) or 18 (D) participating centers, representing a total of 23 (C) or 22 (D) instruments (QC7). For cell subsets percentage measurement,

CVs comprised between 0–3%, 3–6%, 6–10%, and > 10% are represented in dark gray, white, light gray and grid pattern, respectively (A

and C). For MFI measurement, CVs comprised between 0–10%, 10–20%, 20–30%, and > 30% are represented in dark gray, white, light gray

and grid pattern, respectively (B and D). The number of instruments is indicated for each marker.
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and stabilized (QC5 and QC6) blood samples. This demon-
strates the relative stability of MFI values over QC rounds
from September 2010 to February 2013 on different normal
blood samples (data not shown).

The QC6 was run using local reagents in contrast to the
QC1-5. The CVs were also <30% between the 21 cytometers of
all 15 participating centers, including 2 Navios, and the highest
CV (29%) was observed for CD19 positive subsets (Fig. 3A,
orange). Z-scores were all within the range of [−2;+2] except for
two cytometers and three markers, representing 2.4% (4/168) of
Z-score values outside the [−2;+2] interval (data not shown).

In the QC7, lyophilized tubes were first used by all
18 participating centers (22 instruments) to reduce reagent-
related variation. MFI CVs for positive markers in all chan-
nels except PE (not evaluable) ranged between 9% (CD45 on
CD4+ T cells) and 33% (CD10 on PMN) for monoclonal
antibodies. These CVs were < 20% for all the relevant CLL
markers (except for the polyclonal antibody kappa).

Z-scores were in the range of [−2;+2] for all the centers
for CD19 on B cells and CD4 on T-cells, and for all but one

center for 8 of the 10 markers. Only 3.6% (8/220) of z-score
values were found outside the [−2;+2] interval (Fig. 3C). To
reflect daily practice, we subsequently stained the same sam-
ple using local reagents. These CVs were slightly superior but
remained below 30% for CLL markers, except for the poly-
clonal anti-kappa marker, which had a CV of 67% (Fig. 3D).

Z-scores were within the range of [−2;+2] for all the cen-
ters for CD19 on B cells and CD5 on T-cells, for 17/18 centers
for 6/9 markers and for 14/18 cytometers for CD8 on T-cells.
Only 5.6% (10/180) of Z-score values were outside the [−2;+2]
interval (data not shown). In contrast to the standardized
parameters, non-standardized parameters such as the Side Scat-
ter gave very variable results between the centers (Fig. 3D).

Finally, the automated population separator (APS) was
able to clearly distinguish clusters of lymphocyte subsets and
monocytes in the two normal blood samples distributed for
the QC4, suggesting that the technical variability between the
instruments and the sample variability were minor compared
to the biological differences between these cellular subsets rev-
ealed by the antibodies used (Fig. 3E).

Table 2. CVs of MFI values obtained after standardization

CD20 CD45 CD8 CD27 CD4 CD19 CD14 CD3 N N1 N2 COMBINATION

EF, Kalina,
Leukemia 2012

Stabilized1 15,22 13,953 11,44 32,95 24,76 11,17 43,88 38,79 8 8 1 QC
Fresh10 16,92 15,553 16,94 285 28,46 15,47 22,78 48,49 30 8 3–4 QC

EF, Kalina,
Cytometry,

2015

201010 32,62 28,853 15,54 19,36 32,47 29,58 30 10 3 LST
201110 25,82 37,353 14,34 15,36 24,57 38,58 33 11 3 LST
201210 25,62 19,153 39,24 16,96 26,67 40,98 33 11 3 LST
201310 29,32 28,453 31,24 18,66 147 22,58 15 5 3 LST
2013 Mix1,10 21 62 11,553 23,24 10,96 167 35,78 27 9 3 lyo LST
MFI span 0,422 0,3153 0,434 0,276 0,517 0,548 123

FF, Solly, 2019 QC111 1212 1113 175 166 127 258 219 26 13 2 QC
QC211 2312 913 274 215 276 177 298 279 26 13 2 QC
QC311 2612 1413 254 165 266 197 288 269 28 14 2 QC
QC411 2012 1413 264 185 296 237 238 169 20 10 2 QC
QC5a11 1112 913 154 175 106 167 128 159 16 16 1 QC
MFI span 0,2112 0,1213 0,224 0,145 0,266 0,207 0,28 0,239 116
QC5b1 1212 103 154 155 146 147 158 199 17 17 1 QC
QC61 2112 2413 184 235 206 297 218 249 21 21 1 QC
QC714 20,212 14,613 364 28,512 18,87 21,79 20 20 1 FF LST
QC714 16,512 913 33,74 9,112 14,27 24,49 22 22 1 Lyophilized tube

QC: quality control tube, LST and Lyo LST: cf Kalina et al, FF LST and lyophilized tube: cf Table 1; EF: Euroflow; FF: FranceFlow; N: number

of samples; N1: number of instruments; N2: number of samples per instrument.
1Stabilized blood.
2Pacific Blue.
3Pacific Orange.
4FITC.
5PE.
6PerCP Cy 5.5.
7PECy7.
8APC.
9APC H7.
10Local, fresh normal peripheral blood.
11Distributed by the coordinating center, fresh normal peripheral blood.
12Horizon V450.
13Horizon V500.
14Distributed by the coordinating center, fresh pathological peripheral blood.
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Intra-Center Reproducibility of Cell Subset

Percentages and MFI Values Measurements

Intra-center reproducibility was evaluated during the QC6 using
a stabilized Multicheck blood sample that was distributed by the
coordinating center. The blood sample was stained, measured,
and analyzed once per day for 15 days by 22 instruments (16 par-
ticipating centers) (Supporting Information Fig. S3). During the
QC7, a fresh CLL blood sample distributed by the coordinating
center, as well as five lyophilized tubes were measured and ana-
lyzed by 23 instruments (19 centers).

Using the Multicheck stabilized blood, intra-center CVs of
the percentage of cell subsets varied between 0.34 and 9.5%
depending on cell subsets and centers. CD45+ and CD3+ lym-
phocytes had the lowest CVs and CD20 positive lymphocytes
had the highest CVs in the majority of the centers (data not
shown). CVs were <3% for the majority of cell subsets and cen-
ters. They ranged from 3 to 6% for CD20+ lymphocytes. For a
couple of instruments, CVs ranged from 6 to 10% for CD19+ or
CD20+ lymphocytes (n = 4/22) or CD14+ monocytes (n = 1/22)
(Fig. 4A). Using a fresh CLL blood sample, CVs were <10% for
the majority of cell subsets and centers. Importantly, they
were <3% for all centers for major lymphoid subsets: CD5+,
CD20+ or kappa+ B lymphocytes, CD3+, CD5+ or CD4 + CD8-
T lymphocytes (Fig. 4C).

Intra-center CVs of MFI values varied between 1.87 and
22.63% depending on the markers and the centers. CD45 gave
the lowest CV and CD20 and CD14 gave the highest CV in the
majority of the centers (data not shown). CVs were <20% for
the majority of markers and instruments. They were usually
<10% for CD45 (19/21 instruments), CD3 (16/21), CD4 (14/21),
CD8 (15/21), and CD19 (13/21). They were higher but almost
always <20% for CD20 (19/21 instruments), CD14 (21/21), and
CD27 (20/21) (Fig. 4B). Using a fresh CLL blood sample, CVs
were <10% for the majority of markers and centers (Fig. 4D),
except for lambda and CD56 which were expressed by a minor-
ity of cells in this sample (data not shown).

DISCUSSION

Here, we report 5 years of experience within FranceFlow in
which we aimed to translate the standardized instrument set-
ting protocol designed by EuroFlow into clinical practice in
France and Belgium. This was a two-step process based on
(1) a training step with theoretical conferences and practical
training and (2) a validation step in which the seven QCs
were run to evaluate the impact of standardization. These
steps were carried out in parallel so that the QC results could
be reported and commented on during meetings to promote
a positive feedback loop.

The design of the QCs was changed over time to adapt to
the evolution within FranceFlow. First, the number of partici-
pants to the QC increased from 13 to 19 as the FranceFlow
group expanded. Second, the original aim of the QC was to
demonstrate the reproducibility of the results published by
EuroFlow (15). As such, we used the tube configuration applied
in EuroFlow to be able to compare our results. Once this was
validated, we aimed to assess the effect of standardization in

daily practice. To do so, we replaced the original QC tube with
the FranceFlow LST tube adapted from the EuroFlow LST (16).
By analyzing a centrally distributed biological sample, using both
common and local reagents, we could show that the instrument
procedure gave highly reproducible data across 23 instruments.

Supporting these statements, CVs were <30% in the
QC1-6 for most of the MFI values on positive cells (Fig. 3).
These results were reproducible both with fresh (the QC1 to
the QC5) and stabilized (QC5 and QC6) normal blood sam-
ples, using central or local reagents (QC6) and when analysis
was centralized (QC1 to 5) or local (QC6). EuroFlow data
from eight laboratories using a similar QC protocol resulted
in CVs of the MFI values of <44% (<17% for 4/8 markers)
(15) (Table 2). From the QC1 to the QC6, 96.5% of the
FranceFlow centers obtained Z-scores within the range [−2;
+2], suggesting that outliers were most likely related to mis-
takes in instrument settings in a few centers rather than real
instrument performance variation. Finally, testing of a patho-
logical (CLL) sample stained with the FranceFlow LST also
gave CVs of <30% for relevant markers (QC7). They were
slightly higher for CD8 on T cells and CD10 on PMN,
for light chains (Igκ polyclonal antibodies) as already
reported (17,18), and for rare subsets which were excluded
from the analysis (Igλ, CD56 and C10 on T cells) (18). Once
again, these results are consistent with those obtained with
normal blood samples during four rounds of QCs involving
9–11 EuroFlow laboratories between 2010 and 2013 (17)
(Table 2). Of note, in contrast to the French group QC pro-
gram, samples or reagents were not centrally distributed in
the Euroflow quality assessment program, except for a lyophi-
lized mix during the 2013 QC (17). Although the utilization
of lyophilized tubes did not significantly affect CV ranges and
Z-scores, they tended to perform slightly better than local
reagents. Interestingly, 10 Swiss laboratories, including 6 BD
FACSCanto II and 4 Navios, also reported an average CV of
30% between the centers for MFI values in normal blood lym-
phocyte subsets, using a lyophilized FranceFlow LST antibody
mixture (18). Importantly, ≥95% of the FranceFlow centers
participating in the QC7 obtained z-scores within the accept-
able range. To the best of our knowledge, no such QC on a
pathological sample has been previously reported in the liter-
ature. Beyond the real MFI values, interpretation of clinical
flow data mainly relies on the measurement of percentages of
the expression of individual markers. As expected, we also
observed constant CVs of percentages of relevant populations
of <7% across all the QCs. In keeping with this, Z-scores were
within the acceptable range for over 95% of the centers if not
all regardless of the reagents used and the stabilized/fresh or
the normal/pathological type of sample considered. Alto-
gether, our data demonstrate that the translation of the
EuroFlow SOP into practice within the FranceFlow group was
successful with comparable efficiency. Interestingly, when
using the FranceFlow LST, which is used in general practice,
the EuroFlow protocol produced highly homogeneous data.

The aforementioned inter-center reproducibility further
extends to intra-center reproducibility with CVs <3% for per-
centages of cell subsets and < 20% for the MFI of most
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markers. This demonstrates that data acquisition is very stable
within a center in terms of MFI over time. Altogether, the
19 FranceFlow laboratories can be considered as one unique
laboratory comprising of 23 identical instruments that are sta-
ble over time. Practically, this is of high relevance to minimal
residual disease (MRD) analysis, which relies on the interpre-
tation of signal intensities that require high stability over time
between the analysis of the diagnosis and the follow-ups (12).

Likewise, some flow diagnoses rely again on MFI mea-
surement: for example, the Matutes scoring system for CLL
diagnosis (19). A variability of 30% appears barely visible on
a log scale so that analysis of the same sample would lead to
the same data and interpretation wherever it is analyzed.
Therefore, such level of standardization significantly enhances
the robustness of clinical flow. One would expect that such
protocol could reshape the clinical FC practice and facilitate
its use in clinical trials as a companion diagnostic test. As an
example, the measurement of CD20 expression on B-cell pre-
cursor acute lymphoblastic leukemia (BCP-ALL) is not stan-
dardized. Using our platform associated with a unified clone,
fluorochrome and titer of CD20 antibody would enable a
robust assessment of CD20 expression in BCP-ALL.

Altogether, we demonstrate herein the broad applicabil-
ity of the EuroFlow SOP for instrument setup. The protocol
was successfully implemented in 23 instruments, including
Navios machines, proving a tremendous cost-to-benefit ratio
in terms of time spent to set up the instrument and resulting
performances. The protocol could considerably improve the
reproducibility of flow in hematology, opening new avenues
in both clinical diagnostics and translational medicine. This
will be achieved by performing regular QCs to monitor the
standardization and organizing regular meetings to maintain
competence in the field. This is even more pertinent as the
FranceFlow group is currently expanding to 32 centers in
French-speaking European countries (Belgium, Switzerland,
France) which will require constant training/monitoring;
therefore, the beneficial aspects of flow standardization will be
far-reaching.
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