Articles and Brief Reports

° Myelodysplastic Syndromes

Multicenter validation of a reproducible flow cytometric score for the diagnosis
of low-grade myelodysplastic syndromes: results of a European LeukemiaNET

study

Matteo G. Della Porta,* Cristina Picone,* Cristiana Pascutto,* Luca Malcovati,* Hideto Tamura,? Hiroshi Handa,*
Magdalena Czader,* Sylvie Freeman,® Paresh Vyas,® Anna Porwit,” Leonie Saft,” Theresia M. Westers,® Canan Alhan?

Claudia Cali,® Arjan A. van de Loosdrecht,® and Kiyoyuki Ogata?

‘Department of Hematology/Oncology, University of Pavia & Fondazione IRCCS Policlinico San Matteo, Pavia, Italy; 2Division of
Hematology, Department of Medicine, Nippon Medical School, Tokyo, Japan; *School of Health Sciences, Gunma University School of
Medicine, Gunma, Japan; ‘Department of Pathology and Laboratory Medicine, Indiana University School of Medicine, Indianapolis, USA;
*Department of Haematology, University of Birmingham and University Hospital of Birmingham, UK; *®MRC Molecular Haematology Unit
and Department of Haematology, Weatherall Institute of Molecular Medicine, John Radcliffe Hospital, Oxford, UK; "Department of
Pathology, Karolinska University Hospital and Institute, Stockholm, Sweden, and ®Department of Hematology, VU University Medical

Center, Amsterdam, The Netherlands

ABSTRACT

Background

The current World Health Organization classification of myelodysplastic syndromes is based on
morphological evaluation of bone marrow dysplasia. In clinical practice, the reproducibility of the
recognition of dysplasia is usually poor especially in cases that lack specific markers such as ring
sideroblasts and clonal cytogenetic abnormalities.

Design and Methods

We aimed to develop and validate a flow cytometric score for the diagnosis of myelodysplastic
syndrome. Four reproducible parameters were analyzed: CD34" myeloblast-related and B-prog-
enitor-related cluster size (defined by CD45 expression and side scatter characteristics on CD34*
marrow cells), myeloblast CD45 expression and granulocyte side scatter value. The study com-
prised a “learning cohort” (n=538) to define the score and a “validation cohort” (n=259) to confirm
its diagnostic value.

Results

With respect to non-clonal cytopenias, patients with myelodysplastic syndrome had increased
myeloblast-related cluster size, decreased B-progenitor-related cluster size, aberrant CD45 expres-
sion and reduced granulocyte side scatter (P<0.001). To define the flow cytometric score, these
four parameters were combined in a regression model and the weight for each variable was esti-
mated based on coefficients from that model. In the learning cohort a correct diagnosis of
myelodysplastic syndrome was formulated in 198/281 cases (sensitivity 70%), while 18 false-pos-
itive results were noted among 257 controls (specificity 93%). Sixty-five percent of patients with-
out specific markers of dysplasia (ring sideroblasts and clonal cytogenetic abnormalities) were cor-
rectly classified. A high value of the flow cytometric score was associated with multilineage dys-
plasia (P=0.001), transfusion dependency (P=0.02), and poor-risk cytogenetics (P=0.04). The sen-
sitivity and specificity in the validation cohort (69% and 92%, respectively) were comparable to
those in the learning cohort. The likelihood ratio of the flow cytometric score was 10.

Conclusions
A flow cytometric score may help to establish the diagnosis of myelodysplastic syndrome,
especially when morphology and cytogenetics are indeterminate.
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Introduction

The pathological hallmark of myelodysplastic syn-
dromes (MDS) is marrow dysplasia, which represents the
basis of the World Health Organization (WHO) classifica-
tion of these disorders." This classification provides clini-
cians with a very useful tool for defining the different sub-
types of MDS and determining individual prognosis.”® The
WHO proposal has, however, raised some concern regard-
ing minimal diagnostic criteria. The diagnosis of MDS is
straightforward if clearly objective abnormalities, i.e., an
increase in blasts and/or ring sideroblasts and/or clonal
cytogenetic abnormalities, are present. However, the diag-
nosis is challenging in low-grade MDS that lack these spe-
cific diagnostic markers.*®

Flow cytometry immunophenotyping is a reliable
method for quantitative and qualitative evaluation of
hematopoietic cells and plays an increasingly crucial role
in the diagnosis and management of hematologic malig-
nancies."® Several studies have evaluated flow cytometry
as a potential diagnostic tool for MDS." In order to
become clinically applicable, flow cytometry analysis
should be based on parameters with sufficient specificity
and sensitivity, data should be reproducible by different
operators, and the results should be easily understood by
clinicians.”"** To date, no single immunophenotypic
marker has proven able to discriminate accurately
between MDS and other pathological conditions,” no
consensus exists on which diagnostic parameters are the
most appropriate,”” and published protocols are mainly
based on a qualitative analysis of cytometric variables”*"
thus limiting widespread clinical implementation.

The CD34* cell compartment is peculiarly perturbed in
MDS and CD34-related parameters are, therefore, good
candidates for the identification of diagnostic markers for
these syndromes.'*'® Consistent immunophenotypic aber-
rations reported in the CD34" cell compartment in MDS
are: an increase of the myeloid-committed CD34* popula-
tion,"""" a decrease of B-cell progenitors,”'® co-expression
of stem cell- and late stage-myeloid antigens, expression
of lymphoid antigens®" and abnormal CD45 expres-
sion.”” We previously reported that data for three of these
parameters (percentage of myeloblasts, percentage of B-
cell progenitors, and myeloblast CD45 expression) togeth-
er with the evaluation of side scatter (SSC) on granulo-
cytes are reproducible in many laboratories when meas-
ured by methods ensuring little inter-operator variabili-
ty,”””* and when combined are able to differentiate correct-
ly patients with MDS from patients with non-clonal
cytopenia.”

To be implementable in clinical practice, an extensive
validation of this approach is required. We, therefore, con-
ducted a multicenter study in a large population of
patients with the aim of defining the reference ranges of
these parameters and of developing a reproducible flow
cytometric score (FCM-score) that can be used in the diag-
nostic work-up of patients suspected of having MDS.

Design and Methods

Patients

These investigations were approved by the local Ethics
Committees and the procedures followed were in accordance
with the Helsinki Declaration of 1975, as revised in 2000.

This retrospective study enrolled 797 patients from six institu-
tions who underwent bone marrow examination because of
peripheral blood cytopenia: these patients comprised 417 with
low-grade MDS (defined as MDS patients with <5% of bone
marrow blasts) and 380 pathological controls with non-clonal
cytopenias.

The clinical procedures were performed in accordance with
the “European LeukemiaNET proposal for standardized diagnos-
tic and prognostic procedures in adult MDS”.”" For each case
with suspected MDS, the following differential diagnoses were
considered: B12/folate deficiency, chronic liver disease, exces-
sive alcohol intake, exposure to heavy metals, anemia of thyroid
dysfunction, anemia of chronic disorders, anemia associated
with renal failure, anemia associated with iron deficiency, idio-
pathic hypoplasia/aplasia, drug-induced cytopenias, cytopenia
associated with marrow infiltration, autoimmune cytopenia,
common variable immunodeficiency, human immunodeficiency
virus infection; paroxysmal nocturnal hemoglobinuria, and other
hematopoietic stem cell disorders.

Bone marrow was aspirated from all patients enrolled in the
study and subjected to immunophenotypic and cytogenetic
analysis; when appropriate a bone marrow biopsy was also per-
formed. The diagnosis of MDS was based on the 2008 WHO cri-
teria.! Accordingly, morphological definition of marrow dyspla-
sia required the presence, in the appropriate clinical setting, of at
least 10% of the cells of at least one myeloid bone marrow line-
age (erythroid, granulocytic, megakaryocytic) showing unequiv-
ocal dysplastic features. In cases suspected to be refractory
cytopenia with unilineage dysplasia, if there was no evidence of
clonality by genetic studies, the patients were observed clinically
for 6 months before a diagnosis of MDS was made.' A category
called “MDS without specific markers” was defined, which
included subjects with refractory cytopenia with unilineage or
multilineage dysplasia without ring sideroblasts and without
chromosomal abnormalities;” the diagnosis of this condition is
particularly difficult in clinical practice."*”” The WHO-classifica-
tion based Prognostic Scoring System (WPSS) was employed to
define prognosis.”

The study population was divided into two groups (by a 2:1
random splitting balanced by age, sex, WHO subgroups and
contribution from each institution), including a “learning cohort”
whose analysis was aimed at defining the FCM-score for the
diagnosis of MDS, and a “validation cohort” in which the diag-
nostic value of the score was to be confirmed. The clinical char-
acteristics of the study population are reported in Table 1.

Flow cytometry studies on bone marrow cells

Methods for processing and handling samples were in accor-
dance with the “European LeukemiaNET recommendation for
standardization of cytometric procedures in MDS”."” Bone mar-
row specimens were collected into a heparinized syringe and
stained using a whole-blood lysis technique (ammonium chlo-
ride) and direct conjugated monoclonal antibodies. All four
parameters presented in this paper were analyzed using this sin-
gle sample of cells stained with the CD34/CD45 antibody com-
bination. Antibody staining was performed as follows: 5-8x10°
nucleated cells were placed into each tube and stained with phy-
coerythrin-conjugated anti-CD34 and peridin chlorophyll-conju-
gated anti-CD45 (purchased from Becton Dickinson, San José,
CA, USA or Beckman Coulter, Fullerton, CA, USA). Data were
acquired using a FACSCalibur cytometer (Becton Dickinson) in
three laboratories, a FACSCanto cyometer (Becton Dickinson) in
two laboratories and an Epics XL flow cytometer (Beckman
Coulter) in one laboratory. Daily instrument quality controls,
including fluorescence standardization, linearity assessment, and



spectral compensation, were performed to ensure identical oper-
ation from day to day:.

At least 100,000 cell events were acquired. Investigators (who
were blinded to the patients’ clinical and laboratory features)
analyzed immunophenotypic data with CellQuest software,
Diva software (Becton Dickinson) or EXPO32 ADC software
(Beckman Coulter).

The analytical methods involved have been previously exten-
sively described.’"*?" Briefly, on the forward scatter (FSC)-ver-
sus-side scatter (SSC) display, we defined “all nucleated cells”
(P1, Figure 1A), and cells with relatively low SSC were gated (P2)
and then plotted on a CD45 versus CD34 display (Figure 1B).
Next, CD34" cells with intermediate CD45 expression were

Table 1. Clinical characteristics of the learning and validation cohort.

Learning cohort Validation cohort P

Low-risk MDS 281 136
Age, years (range) 69 (18-95) 66 (29-95) ns
Sex (female/male) 118/163 58/18 ns

Diagnosis (WHO, 2008)

RCUD 55 20% 26 19% ns
RARS 30 11% 20 14%
RCMD/RS 178 63% 83 61%
MDS with del5q 14 5% 5 4%
MDS-U 4 1% 2 1%

MDS with specific markers* 166 59% 73 54%

MDS without specific markers 115 41% 63 46%

Transfusion dependency 104/212 49% 55/108  51% ns

Karyotype 2517281 89% 122136~ 90% ns
good risk 162 64% 73 60% ns
intermediate risk 59 24% 41 33%
poor risk 30 12% 8 %

WPSS 202/281 2% 102136 75% ns
very low, low, intermediate, 36,72,51,43,0 18,31,29,24,0 ns
high, very high

Controls 257 123 P
Age, years (range) 62 (18-89) 62 (23-79)  ns
Sex (female/male) 119/138 58/65 ns

Diagnosis

Idiopathic or iatrogenic 21 8% 15 12% ns

hypoplasia**

Anemia associated with chronic 57 22% 22 18%

disease

Anemia associated with iron 31 12% 8 %

and/or B12/folate deficiency

Anemia associated with renal 6 2% 7 6%

failure

Hemolytic anemia 10 4% 5 4%

Cytopenia associated with 14 5% 14 11%

marrow infiltration

Cytopenia in transplant recipients 3 1% - -

Infective cytopenia 6 2% B 4%

Immune cytopenia 65 26% 27 22%

Idiopathic thrombocytopenic 45 18% 20 16%

purpura

*Definition of specific markers of dysplasia included the presence of ring sideroblasts and/or
chromosomal abnormalities. * *Including chemotherapy-induced cytopenia. RCUD: refractory ane-
mia with unilineage dysplasia; RARS: refractory anemia with ring sideroblasts; RCMD-RS: refracto-
ry anemia with multilineage dysplasia with or without ring sideroblasts; MDS-U: MDS unclassified.
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gated (P3) and then plotted on a CD45 versus SSC display (Figure
1C). In the CD45/SSC dot plot, we identified the cell population
consisting predominantly of B-progenitor cells which formed an
easily recognizable cluster that had the lowest SSC and relative-
ly low CD45 expression (P5, called “B-progenitor-related cluster”
in this paper).'”" Other CD34" cells (P4) showing more SSC
and a wider distribution of CD45 expression consisted predom-
inantly of myeloblasts (called “myeloblast-related cluster” in this
paper).’*"”*’ The phenotypes of CD34" cells in both myeloblast-
related and B-progenitor-related clusters (Figure 1C1) was deter-
mined: in all 30 cases analyzed, CD34" cells in the myeloblast-
related cluster expressed myeloid antigens (such as CD33,
CD13, CD117 and CD15) but not CD10, while CD34" cells in
the B-progenitor-related cluster expressed CD10 but not
myeloid antigens (Figure 1C2 and 1C3).

Meanwhile, all cells were plotted on a CD45 versus SSC dis-
play (Figure 1D) and lymphocytes (P6, defined as CD45"SSC*¥
cells) and granulocytic cells other than myeloblasts (P7, defined
as CD45"#SSC"e" cells, and called granulocytic cells in this paper)
were gated. SSC peak channel values (SSC channel number
where the maximum number of cells occurs) and CD45 mean
fluorescence intensity (MFI) of both fractions were computed
using the software (Figure 1E and 1F, respectively).

The four analyzed parameters are: (i) percentage of cells in the
myeloblast-related cluster in all nucleated cells (called
“myeloblast-related cluster size”); (ii) percentage of cells in B-
progenitor-related clusters in all CD34" cells (called “B-progeni-
tor-related cluster size”); (iii) the lymphocyte to myeloblast
CD45 ratio (Ly/Mbl CD45 ratio, defined as the MFI of CD45 on
lymphocytes + MFI of CD45 on CD34" cells in myeloblast-relat-
ed clusters) and (iv) the granulocyte to lymphocyte side scatter
peak channel ratio (Gra/Ly SSC ratio, defined as the SSC channel
number where the maximum number of granulocytes occurs +
SSC channel number where the maximum number of lympho-
cytes occurs).

The reliability of the adopted gating strategy was previously
reported,”"”" and was verified in addition in 30 patients
enrolled in this study (Online Supplementary File S1).

Statistical analysis

An analysis of variance was performed to test each variable
for differences between MDS and controls and among different
subgroups of patients. An association between ordinal and con-
tinuous variables was tested by linear regression models. A gen-
eral linear model was applied to estimate the effect of both con-
tinuous and categorical variables in a multivariate setting. For
each cytometric variable, the receiver-operator characteristic
(ROC) curve method was adopted to choose a cut-off value to
discriminate between MDS and controls. In the case of CD45
ratio, which has a Gaussian distribution and has been reported
to be both aberrantly decreased and increased in MDS," a refer-
ence range of the cytometric parameter in controls was calculat-
ed using the mean + two standard deviations (SD). The weight
of each parameter in the diagnosis of MDS was tested by a mul-
tivariable general logistic regression model. In order to estimate
the diagnostic power of the cytometric score, the following
parameters were calculated: specificity, sensitivity, positive pre-
dictive value [PPV, defined as the number of true positives/(num-
ber of true positives + number of false positives)] and negative
predictive value [NPV, defined as the number of true nega-
tives/(number of true negatives + number of false negatives)]. To
define the utility of the clinical implementation of the FCM-
score, the likelihood ratio, defined as sensitivity/(1 — specificity),
was employed.” All analyses were performed using Statistica
7.0 software (Statsoft Inc., Tulsa, OK, USA).
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Figure 1. Analysis of four parameters
from a sample of cells stained with
CD34 and CD45 antibodies. (A) All
nucleated cells (P1) and cells with rela-
tively low SSC (R2). (B) Cells in R2 in
panel A were displayed on a CD34-ver-
sus-CD45 plot, and CD34* cells with
intermediate CD45 expression were
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Results

Flow cytometry analysis of bone marrow cells

The learning cohort consisted of 281 patients with a
definitive diagnosis of MDS and 257 controls with non-
clonal cytopenia (Table 1). No significant effect of demo-
graphic factors on the expression of cytometric variables
in either the MDS or control patients was noted (data not
shown).

Myeloblast-related cluster size in bone marrow samples
from MDS patients was significantly increased compared
to the size in samples from controls (median 1.57, range
0.03-4.49 versus 0.9, range 0.01-3.11, respectively;
P<0.001) (Table 2 and Online Supplementary Figure S1).
Among MDS patients, myeloblast-related cluster size was
significantly increased in subjects with multilineage versus
unilineage dysplasia (median 1.95, range 0.8-4.49 versus
1.02, range 0.03-4.41; P<0.001), in transfusion-dependent
versus transfusion-independent patients (median 1.87,
range 0.9-4.49 versus 1.19, range 0.03-4.3; P=0.01) and in
patients with poor risk versus good and intermediate risk
cytogenetics (median 2, range 0.03-4.3, versus 1.24, range
0.3-4.41; P=0.004). A positive correlation was found
between myeloblast-related cluster size and WPSS risk
(Spearman’s rank correlation: r=0.48, P=0.01).

MDS patients had a significantly decreased B-progeni-

SSC display and lymphocytes (P6,
defined as CD45"¢"SSC"" cells) and gran-
ulocytic cells other than myeloblasts
(P7, defined as CD45"="SSC"¢" cells, and
called granulocytic cells in this paper)
were gated. (E) CD45 expression of lym-
phocytes (P6 gate) and CD34* cells in
the myeloblast-related cluster (P4 gate).
Mean fluorescence intensity (MFI) of
CD45 of both fractions was computed.
(F) SSC of lymphocytes (P6 gate) and
granulocytic cells (P7 gate). SSC peak
SSC channel values (SSC channel number
where the maximum number of cells
occurs) of both fractions were computed
using the software.

tor-related cluster size with respect to controls (median
1.6, range 0-74.1 versus 10.7, range 0-54.1; P<0.001) (Table
2 and Online Supplementary Figure S1). Focusing on the
population of patients with MDS, B-progenitor-related
cluster size was significantly decreased in subjects with
multilineage versus unilineage dysplasia (median 1, range
0-74.1 versus 2.55, range 0-62.4; P<0.001) and in transfu-
sion-dependent versus transfusion-independent patients
(median 1, range 0-74.1 versus 2.01, range 0-37.5; P=0.04).

Mean Ly/Mbl CD45 ratio was not significantly different
between MDS patients and controls (Table 2). However, it
was noted that this parameter was distributed differently
between the two groups (non-Gaussian versus Gaussian
distribution), and a considerable proportion of MDS
patients (81 subjects, 29%) had a CD45 ratio value outside
the range of the mean + 2 SD in controls. In detail, 36
patients had a Ly/Mbl CD45 ratio below the lower limit of
the reference range in controls (median value 3.3, range
1.8-4), while 45 subjects had a Ly/Mbl CD45 ratio above
the upper limit of the reference range (median value 8.57,
range 7.5-19.2)

Finally, the Gra/Ly SSC ratio was found to be reduced in
MDS patients compared to in controls (median 6.46, range
2.05-18.5 versus 7.98, range 4.40-15.96; P<0.001) (Table 2
and Online Supplementary Figure S1). Considering patients
affected by MDS, the Gra/Ly SCC ratio was significantly



Table 2. Values of cytometric variables (expressed as median and ranges) in patients in the learning cohort.

Control patients
Center Patients (n) Myeloblast-related B-progenitor-related Ly/Mbl CD45 ratio Gra/Ly SSC ratio
cluster size (%) cluster size (%)

1 34 1.05 (0.2-2.8) 9.5 (0-44.5) 6.45 (3.5-9.62) 7.9 (6.4-15.8)
2 36 0.87 (0.5-2.57) 6.9 (0-44.8) 6.6 (3.77-8.72) 8.35 (5.06-19.6)
3 34 1.09 (0.01-3.11) 8.9 (0-54.1) 6.83 (5.17-11.2) 7.58 (4.4-12.7)
4 83 0.8 (0.04-1.8) 12.3 (0.1-47.1) 5.02 (1.7-7.9) 7.7 (4.7-1321)
5 33 0.9 (04-2) 13.57 (1.3-33.8) 6.79 (4.01-8.11) 7.67 (5.48-12.33)
6 37 1.07 (0.26-2.91) 9.54 (0-36.8) 6.24 (4.55-10.68) 8.29 (5.71-15.96)
Total 257 0.9 (0.01-3.11) 10.7 (0-54.1) 6.1 (1.7-11.2) 7.98 (4.40-15.96)
MDS patients

Patients (n) Myeloblast-related B-progenitor-related Ly/Mbl CD45 ratio Gra/Ly SSC ratio

cluster size (%) cluster size (%)

1 35 1.4 (0.1-4) 6.4 (0-74.1) 6.7 (3.3-19.1) 6.4 (3.7-12.6)
2 37 1.53 (0.43-4.49) 0.5 (0-10.3) 7.32 (3.49-15.1) 6.66 (2.05-12.2)
3 31 1.89 (0.54-4.09) 0.19 (0-28) 7.38 (3.19-14.67) 5.99 (4.16-12.63)
4 121 1.8 (0.03-4) 1.1 (0.1-34.9) 6.68 (1.8-11.2) 5.7 (2.2-13.2)
5 30 1.2 (0.3-3.92) 2.6 (0.9-39.1) 6.4 (3.29-10.58) 7.2 (3.81-18.5)
6 27 1.15 (0.34-3.83) 0.61 (0-34.4) 7.39 (4.21-19.24) 722 (5.12-12.63)
Total 281 1.57 (0.03-4.49) 1.6 (0-74.1) 5.72 (1.8-19.24) 6.46 (2.05-18.5)

decreased in subjects with multilineage versus unilineage
dysplasia (median 6.08, range 2.05-18.5 versus 7.55, range
3.2-13.7; P<0.001), in transfusion-dependent versus trans-
fusion-independent patients (median 6.81, range 2.2-18.5
versus 7.82 range 2.05-15.96, P=0.005) and in patients with
poor versus good and intermediate risk cytogenetics (medi-
an 6.77, range 2-18.5 versus 7.21, 2.05-15.8; P=0.004). A
negative correlation was noted between Gra/Ly SSC ratio
and WPSS risk (Spearman’s r= -0.41, P=0.02).

We then focused on the population of control patients.
Both myeloblast-related cluster size and Gra/Ly SSC ratio
were  significantly reduced in patients with
idiopathic/iatrogenic hypoplasia with respect to other
pathological conditions (P values ranging from 0.006 to
0.049 and from 0.02 to 0.07, respectively). The Ly/Mbl
CD45 ratio was significantly lower in patients with
cytopenia associated with marrow infiltration than in
those with other pathological conditions (P values ranging
from 0.01 to 0.08). No significant difference was noted in
B-progenitor-related cluster size between the clinical enti-
ties considered in the study (data not shown).

Definition and validation of the flow cytometric
score for the diagnosis of low-grade myelodysplastic
syndromes

For all cytometric parameters, the threshold values to
discriminate MDS from other conditions were determined
in the learning cohort. We first investigated the differences
in the values of cytometric variables among the laborato-
ries participating in the study. We fitted a multiple regres-
sion model on control patients of the learning cohort,
including  age, sex and laboratory as covariates.
Demographic factors had no impact on the values of
immunophenotypic variables (data not shown). No signifi-

Table 3. Calculation of the flow cytometric score (FCM-score) for the
diagnosis of low-risk MDS.

ometric Parameter

Cut-off Regression Variable

values coefficient weighted
score’
Myeloblast-related cluster size (%)* =) 2.59 1
B-progenitor-related cluster size (%)** <5 1.87 1
Lymphocyte to myeloblast CD45 ratio <4 or=7.5  1.76 1
Granulocyte to lymphocyte SSC ratio <6 2.31 1

*In all nucleated cells; **in all CD34" cells; “a diagnosis of MDS is formulated in the
presence of a FCM-score value =2.

cant association was found between the variable “labora-
tory” and myeloblast-related cluster size (P=0.10), B-prog-
enitor-related cluster size (P=0.53) or Gra/Ly SSC ratio
(P=0.60). A lower Ly/Mbl CD45 ratio was found in control
patients from one laboratory [which enrolled the great
majority of patients (11/14 cases) with cytopenia associat-
ed with marrow infiltration] (P values ranging from 0.001
to 0.08), while Ly/Mbl CD45 ratio values were compara-
ble between the remaining five laboratories (more detailed
results are reported in Table 2).

Defined cut-off values for each cytometric parameter
were as follows: myeloblast-related cluster size = 2% [area
under the ROC curve (AUC) 0.675+0.023; P<0.001), B-
progenitor-related cluster size <5% (AUC 0.712+.0.022;
P<0.001), Gra/Ly SSC ratio =6 (AUC 0.720+0.0221;
P<0.001) and Ly/Mbl CD45 ratio <4 or =7.5 (based on
mean +2 SD in controls) (Table 3).

The FCM-score was defined by combining the four
parameters in a general logistic regression model: based on

Flow cytometry in myelodysplastic syndromes -
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regression coefficients (i.e. myeloblast-related cluster size We assessed the diagnostic power of the FCM-score in
2.59, B-progenitor-related cluster size 1.87, Ly/Mbl CD45  the learning cohort (Table 4). We first considered 166 MDS
ratio 1.76 and Gra/Ly SSC ratio 2.31) a value of 1 was patients with specific markers of dysplasia (i.e. ring sider-
assigned to each variable and a diagnosis of MDS was for-  oblasts and/or abnormal karyotype). A correct diagnosis
mulated in the case that the value of the FCM-score was 2~ was obtained in 123/166 cases (sensitivity 74%). We next
or more (Table 3). analyzed 115 MDS patients without specific markers: 75

Table 4. Application of the FCM-score in the learning and validation cohorts.

FCM-score
positive cases  sensitivity (%)  specificity (%)
Low-risk MDS 33 50 107 67 24 198/281 70%
Specific markers of dysplasia*
MDS with specific markers 17 26 58 49 16 123/166 4%
MDS without specific markers 16 24 49 18 8 75/115 65%

WHO category
RCUD 8 12 26 6 3 35/55 64%

RARS 7 5 13 5 0 18/30 60%
RCMD/RS 15 31 61 51 20 132/178 4%
MDS with del5q 1 1 6 5 1 12/14 86%
MDS-U 2 1 1 0 0 1/4 -

Transfusion-dependency
Yes 10 16 33 34 11 78/104 5%

No 14 26 48 16 4 68/108 63%

Cytogenetic risk
Good-Intermediate 29 44 84 46 18 1487221 67%

Poor 1 2 11 13 3 27/30 90%

Controls 132 107 16 2 0 18/257 93%
Idiopathic or iatrogenic hypoplasia** 6 1 7 0 0 720 35%
Anemia*** 42 57 5 0 0 5/104 95%
Cytopenia associated with BM infiltration 6 5 1 2 0 2/14 86%

Cytopenia in transplant recipients 0 3 0 0 0 0/3

Infective cytopenia 2 4 0 0 0 0/6 -

Immune cytopenia**** 76 31 Y 0 0 3/110 97%
Validation cohort

positive cases  sensitivity (%)  specificity (%)

Low-risk MDS 16 26 57 32 5 94/136 69%
Specific markers of dysplasia*

MDS with specific markers 6 14 25 24 4 53/73 73%

MDS without specific markers 10 12 32 8 1 41/63 65%

WHO category
RCUD 3 5 11 6 1 18/26 69%
RARS 5 8 3 0 1120 55%
RCMD/RS 7 16 33 23 4 60/83 2%
MDS with del5q 1 3 0 0 35 -
MDS-U 0 0 2 0 0 22

Transfusion-dependency
Yes 3 11 23 15 3 42/55 74%
No 8 11 21 12 1 35/53 64%

Cytogenetic risk
Good-Intermediate 12 26 47 27 2 76/114 114 67%
Poor 0 1 4 2 1 /8 8 -

Controls 45 68 7 3 0 10/123 92%
Idiopathic or iatrogenic hypoplasia** 5 8 2 0 0 2/15 87%
Anemig*** 12 26 3 1 0 4/42 90%
Cytopenia associated with BM infiltration 6 6 1 1 0 2/14 86%
Infective cytopenia 3 2 0 0 0 0/5 -
Immune cytopenia**** 19 26 1 1 0 247 96%

*Definition of specific markers of dysplasia included the presence of ring sideroblasts and/or chromosomal abnormalities. **Including chemotherapy-induced cytopenia.
***Including anemia associated with chronic disease, anemia associated with iron and/or Bl12/folate deficiency, anemia associated with renal failure and hemolytic anemia.
****Including idiopathic thrombocytopenic purpura. RCUD: refractory anemia with unilineage dysplasia; RARS: refractory anemia with ring sideroblasts; RCMD/RS: refractory ane-
mia with multilineage dysplasia with or without ring sideroblasts; MDS-U: MDS unclassified.
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cases were correctly classified (sensitivity 65%). Overall
198/281 MDS patients were correctly diagnosed (sensitiv-
ity 70%). Considering patients stratified according to
WHO subgroups, 35/55 (64 %) cases of refractory cytope-
nia with unilineage dysplasia, 18/30 (60%) cases of refrac-
tory anemia with ring sideroblasts, 12/14 (86%) cases of
MDS with del5q and 132/178 (74%) cases of refractory
cytopenia with multilineage dysplasia were correctly clas-
sified by the FCM-score (Table 4). Among 36 subjects with
MDS associated with marrow hypocellularity and/or
moderate-to-severe fibrosis, 26 (72%) were correctly clas-
sified.

There were 18 false-positive cases among 257 controls
(specificity 93%) (Table 4). False positive controls includ-
ed seven patients with idiopathic or iatrogenic marrow
hypoplasia, five patients with isolated anemia (associated
with chronic disease or with combined iron and
B12/folate deficiency), three with cytopenia associated
with marrow infiltration, two with idiopathic thrombo-
cytopenic purpura and one with immune cytopenia
(Table 4).

Based on the FCM-score cut-off value, the PPV and NPV
were 92% and 74%, respectively, without significant dif-
ferences between patients with and without specific
markers of dysplasia. The likelihood ratio was 10, without
significant differences between patients with and without
specific markers of dysplasia.

No significant effect of sex and age on the FCM-score
value was found in either the MDS patients or control
population (data not shown). In MDS patients, a high FCM-
score (3 or 4) was found to be significantly associated with
the presence of multilineage dysplasia (P=0.001), with
transfusion-dependency (P=0.02) and with poor risk-cyto-
genetics (P=0.04), resulting in a higher WPSS risk
(P=0.002) (Table 4). A single immunophenotypic abnor-
mality was frequently reported in patients with non-clonal
cytopenia (107/257 cases, 42%). The most common
immunophenotypic aberrations included small B-progeni-
tor-related cluster size (34% of cases) and aberrant CD45
ratio (15%), while reduced Gra/Ly SSC and increased
myeloblast-related cluster size were present in smaller
proportions of cases (8% and 5%, respectively).

The diagnostic value of the FCM-score was tested in an
independent cohort of 259 patients, including 136 subjects
with MDS and 123 controls with non-clonal cytopenia.
When the clinical characteristics of the two cohorts were
compared, no significant differences were found (Table 1).

A correct diagnosis was obtained in 53/783 patients with
specific markers of marrow dysplasia (i.e ring sideroblasts
and/or abnormal karyotype, sensitivity 73%) and in 41/63
patient without specific markers (sensitivity 65%). Overall
94 of 136 MDS patients were correctly classified (sensitiv-
ity 69%), while ten false-positive cases were noted among
123 controls (specificity 92%) (Table 4). False-positive con-
trols included two patients with idiopathic marrow aplasia,
four patients with isolated anemia (2 cases due to chronic
disease, 1 case due to B12 deficiency and 1 case due to
extravascular hemolysis), two patients with cytopenia
associated with marrow infiltration and two patients with
idiopathic thrombocytopenic purpura (Table 4).

The PPV and NPV were 90% and 73%, respectively,
without significant differences between patients with and
without specific markers of dysplasia. The likelihood ratio
was 8.7, without significant differences between patients
with and without specific markers of dysplasia.

Discussion

Here we have presented the results of a multicenter val-
idation of a simple FCM-score for the detection of marrow
dysplasia, based on four highly reproducible parameters
from a single bone marrow cell aliquot stained with
CD34/CD45 antibodies. The advantage of the proposed
score is that it can be easily implemented in many labora-
tories and does not require an expensive antibody panel.
We focused our analysis on subjects with low-grade MDS
(most without specific markers of dysplasia such as ring
sideroblasts and/or an abnormal karyotype), who are
notoriously difficult to diagnose in clinical practice.”” As
controls, we enrolled patients with non-clonal cytopenia
who represent the main population that must be differen-
tiated from MDS." The results of the analyses were con-
firmed in an independent cohort of patients.

The CD34" cell compartment is peculiarly perturbed in
MDS" and CD34-related parameters are, therefore, good
candidates for the identification of diagnostic markers for
these disorders.""

Clonal transformation in MDS occurs at the level of a
CD34" committed stem cell which can give rise to red
cells, platelets, granulocytes and monocytes and has a
competitive advantage over the normal stem cell compart-
ment.”” Accordingly, the proportion of CD34* cells is sig-
nificantly higher in patients with MDS than in healthy
subjects, and the great majority of cells are committed to
the myeloid lineage.'*"" A significant down-regulation of
B-cell lineage-affiliated genes was observed in CD34* cells
isolated from patients with low-grade MDS with respect
to in those from healthy controls and patients with non-
clonal cytopenia,''® and a reduction in stage I hemato-
gones is one of most consistent immunophenotypic find-
ings in MDS patients.”"** Different immunophenotypic
methods are available to detect B-cell progenitors and
myeloblasts.”” We decided to analyze two CD34* popu-
lations enriched in B-cell progenitors and myeloblasts
defined on the basis of CD45 and SSC characteristics. The
reliability of our gating strategy was previously report-
ed,”"” and was verified in the present study. Importantly,
when comparing different methods to define B-cell pro-
genitors and myeloblasts, the analysis based on SSC and
CD45 characteristics was found to have the highest effi-
ciency in discriminating patients with marrow dysplasia
with respect to patients with non-clonal cytopenia, and to
be highly reproducible by different FCM operators."”

Several other immunophenotypic abnormalities on
MDS CD34" cells have been reported, including asynchro-
nous co-expression of stem-cell and late-stage myeloid
antigens and abnormal expression of lymphoid mark-
ers.”®"® Most of these parameters do not have adequate
reproducibility” with the exception of the Ly/Mbl CD45
ratio that ensures acceptable inter-observer variability by
adjusting data on target cells with those on lymphocytes
in the same sample.””

The pathological hallmark of myelodysplastic CD34*
precursors is a defective capacity for self-renewal and dif-
ferentiation, leading to ineffective hematopoiesis."* Flow
cytometry was found to be highly sensitive in detecting
abnormal maturation of the myeloid lineage associated
with ineffective hematopoiesis.”*"" The most frequently
used approach to evaluate myeloid dysplasia by
immunophenotyping is pattern recognition analysis,
which is based on a qualitative evaluation of a deviation
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from the normal antigen expression pattern.”®"" Although
this approach is a good tool for expert operators,” it has
several weak points and no robust reproducibility data in
the setting of MDS are available.”” In the present study
we tested the diagnostic utility of granulocyte SSC ratio,
which was associated with defective maturation of
myeloid precursors and marrow dysplasia in several stud-
ies”"” Among different SSC-related parameters, the
Gra/Ly SSC peak channel ratio was found to be highly
reproducible” and the most useful for discriminating MDS
patients from pathological controls.”

Overall, increase in CD34" myeloblast-related cluster
size, reduction of B-progenitor-related cluster size, aber-
rant Ly/Mbl CD45 ratio and reduction of Gra/Ly SSC ratio
reflect MDS-specific biological features, have little inter-
observer variability and their expression is correlated with
disease severity (confirming a strong relationship with the
myelodysplastic phenotype). We therefore combined
these four parameters in a score (FCM-score) that was able
to discriminate low-grade MDS from non-clonal cytope-
nias, and was suitable for implementation as an additional
test in the diagnostic work-up of these disorders.

This conclusion was mainly supported by the results of
the likelihood ratio test. The likelihood ratio is common-
ly used in medicine to define a test’s accuracy and its
clinical “implementability”.”* It is defined as the ratio of
the probability of a given test result (e.g., “positive” or
“negative”) in a patient with disease to the probability of
that result in a patient without disease.” With a likeli-
hood ratio of 10 obtained with the present FCM-score, in
a patient with a 50% pre-test probability of having MDS
that is positive for the diagnostic test, the post-test prob-
ability of having the disease increases to more than 90%
and the test can, therefore, be considered for clinical
application. We would like to emphasize the importance
of the diagnostic strategy using the likelihood ratio,
because immunophenotypic data in low-grade MDS are
usually not absolutely specific.”'' On the other hand, a
negative FCM score value does not exclude the diagnosis
of MDS, and in cases in which morphology, cytogenetics
and flow cytometry are indeterminate, clinical observa-
tion for 6 months followed by a new bone marrow eval-
uation is advisable.!

Given its simplicity, the results of the immunophenotypic
analysis by our FCM-score can be easily understood by cli-
nicians. We clearly defined the reference ranges of the FCM-
score variables in a large control population of patients with
the major clinical conditions that need to be differentiated
from MDS when making the patients’ diagnosis.' The
parameters included in the FCM-score appeared to be stable
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across the different laboratories involved in the study.

Interestingly, the FCM score consistently helped to
establish the diagnosis of MDS in patients without specif-
ic markers of marrow dysplasia (such as ring sideroblasts
and/or clonal chromosomal abnormalities). Patients with
MDS without specific markers represent a significant pro-
portion of the whole MDS population (42% in the present
study), and the concordance for morphological recogni-
tion of dysplasia in these patients is usually poor in clinical
practice,*” The introduction of more objective markers for
defining marrow dysplasia in these patients may result in
a significant improvement of the clinical implementation
of the WHO classification."”

As underlined before, a critical point for the morpholog-
ical evaluation of marrow dysplasia is that it may be ham-
pered by the presence of hypocellularity, fibrosis or an
inadequate specimen collection.” The FCM-score allowed
correct classification in the great majority of patients. In
fact, dilution can influence “all nucleated cells” assessed by
flow cytometry, thus causing falsely low CD34*
myeloblast-related cluster size and may increase the pro-
portion of mature circulating neutrophils, thus affecting
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if diluted with peripheral blood, our method provides
accurate data for both B-progenitor-related cluster size and
Ly/Mbl CD45 ratio.””

The WHO classification has emerged as an important
prognostic tool’ and interesting data have also been
reported on the ability of the WHO classification to guide
therapeutic decision-making.*' We observed that the value
of the FCM-score reflected the degree of marrow dyspla-
sia. In this context, the possibility of distinguishing
patients with unilineage dysplasia from those with multi-
lineage dysplasia by flow cytometry with higher sensitiv-
ity and reproducibility with respect to morphology might
have important clinical implications.

Overall our results indicate that immunophenotyping
may help to establish the diagnosis of MDS, especially
when morphology and cytogenetics are indeterminate.
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