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Abstract

Methods to estimate bone marrow plasma cells (BMPC) basically include histopathology, cytomorphology, and flow cytometry.
The present study compares the outcomes of these methods with special focus on the impact of BMPC-specific characteristics on
their recovery by either method. Laboratory reports of diagnostic samples from 238 consecutive patients with suspected or known
plasma cell disease were retrospectively analyzed. The median (IQR) proportion of BMPC was 30.0% (15.0-70.0%) by histo-
logical review (hBMPC), 7.0% (2.0-16.0%) by smear review (sSBMPC), and 3.0% (0.8-10.0%) by flow cytometry (fBMPC).
The disparity of results between core biopsy and aspirate smear was enhanced in case of poor quality of the smear, increased BM
fiber content, higher grade cell atypia, expression of CD56 (all P < 0.0001), the number of cytogenetic aberrations (P = 0.0002),
and abnormalities of the MYC gene (P = 0.0002). Conversely, expression of CD19 and a non-clonal plasma cell phenotype were
associated with a lower difference between hBMPC and sBMPC (both P < 0.0001). The disparity between the percentages of
sBMPC and fBMPC was associated with the quality of the smear (P = 0.0007) and expression of CD56 (P < 0.0001). Our results
suggest that the recovery of BMPC in aspirate specimens not only is a matter of sampling quality but also depends on biological
cell properties. Aspiration failure due to malignant type features of BMPC may lead to misclassification of plasma cell disorders

and represent a bias for the detection of minimal residual disease after therapy.
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Introduction

According to the recently revised criteria for the classification
of plasma cell dyscrasias, the percentage of clonal bone mar-
row plasma cells (BMPC) is a decision-making parameter.
First, the presence of at least 10% clonal BMPC is mandatory
for separation of plasma cell myeloma from monoclonal
gammopathy of undetermined significance (MGUS), and sec-
ond, the presence of > 60% clonal BMPC has been established
as a disease-defining biomarker for symptomatic plasma cell
myeloma [1, 2]. Available methods to estimate BMPC basi-
cally include histopathology, cytomorphology, and flow cy-
tometry. Histopathologic review of a core biopsy specimen is
the most realistic approach to assess the actual in situ status
within the BM. Accordingly, architectural anomalies like
bone marrow fibrosis or patchy disease can only be detected
by histopathology [3]. Plasma cells in core biopsy specimens
are usually identified by combining a conventional
hematoxylin/eosin stain with specific immunohistochemical
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stains. BM biopsy specimens have to get decalcified before
further manipulation, and therefore, the entire investigation
process takes about 3—4 days. By contrast, cytomorphologic
review of the aspirate smear is a straightforward procedure
that may be performed immediately after BM withdrawal.
Plasma cells can easily be identified with panoptic stains,
and details on cell morphology are best assessed by
cytomorphology [3]. On the other hand, smear preparations
do not reflect the entire in situ status, because BM cells are cut
loose from the architectural context and may be diluted with
concomitantly aspirated peripheral blood. Flow cytometric
detection of BMPC is based on their reactivity with plasma
cell-specific monoclonal antibody combinations [4].
Abnormal plasma cells are characterized by aberrant surface
antigen expression, and clonality is assessed by
intracytoplasmic light chain expression. Flow cytometry re-
quires higher aspirate volumes than cytomorphology, which
means extended pull out times with higher risk of peripheral
blood contamination. Thus, the morphological methods have
been shown to be superior in terms of plasma cell recovery
and are, therefore, recommended for estimation of diagnostic
threshold levels [2, 4-6]. Flow cytometry is essential to char-
acterize aberrant antigen expression at diagnosis and to quan-
tify residual aberrant cells after treatment [4, 6, 7]. In the
present study, we compared the percentages of BMPC obtain-
ed in parallel by all three methods. Discrepancies of results
were evaluated with respect to their particular impact on diag-
nostic and therapeutic decisions and associated with cell-
specific characteristics. Additionally, we investigated whether
the method of sample preparation influences the flow cyto-
metric yield of BMPC.

Methods
Study design

Cases that had been investigated for estimation and character-
ization of BMPC were retrospectively identified from the da-
tabases of the Department of Pathology, Medical University
of Vienna (MUV), and the Department of Laboratory
Medicine, MUV. The hematology laboratories of both insti-
tutions practice a diagnostic partnership and also provide each
other with electronic access to either test results. Between
January 2016 and May 2018, bone marrow specimens from
238 patients with suspected or known plasma cell dyscrasias
had been investigated by histo- and cytomorphologic reviews
as well as flow cytometry. Histological examinations from
core biopsy specimens had been performed at the
Department of Pathology. Cytomorphologic reviews from as-
pirate smears as well as flow cytometric and cytogenetic anal-
yses had been performed at the Department of Laboratory
Medicine. Referring institutions had included three clinical
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divisions of the Vienna General Hospital/MUV (Division of
Hematology and Hemostaseology, Division of Oncology,
both Department of Internal Medicine I, and Division of
Nephrology and Dialysis, Department of Internal Medicine
II) and various extern hospitals in the Vienna area. Details
on the total number of BMPC and their morphologic,
immunophenotypic, and cytogenetic features as well as infor-
mation on the quality of investigated specimens were extract-
ed from the respective laboratory records.

Prompted by the results of this initial study, a further pro-
spective analysis of 40 bone marrow specimens was initiated
to evaluate the influence of sample preparation procedures on
flow cytometric results.

Core biopsy

Bone marrow biopsies had been routinely processed after fix-
ation in Schaffer’s solution (formalin-ethanol) and decalcified
with EDTA. Two-micrometer sections had been cut from each
specimen and stained with H&E, Giemsa, PAS, Gomorri’s
reticulin and Napthol-AS-D chloroactetat esterase. For amy-
loid assessment, a Congo-red stain had been applied using
5-um thick sections cut from each block and analyzed under
polarized light.

Immunohistology had been performed with an automated
BOND-IIT immunohistology stainer using antibodies against
CD20 (DAKO, Cat.-Nr. M0755), CD38 (NovoCastra (Leica
Biosystems), Cat.-Nr. NCL-L-CD38-290), CD117 (DAKO,
Cat.-Nr. A4502), CD56 (NovoCastra (Leica Biosystems),
Cat.-Nr. NCL-L-CD56-504), Cyclin-D1 (Neomarkers, Cat.-
Nr. RM-9104-S), kappa (DAKO, Cat.-Nr. A0191), and lamb-
da (DAKO, Cat.-Nr. A0193). Kappa and lambda-light-chain
expression had been evaluated using a double-staining proce-
dure. The plasma cell content had been estimated as the per-
centage of the whole cellularity using the CD38
immunohistological stain. Only CD38+ cells with clear-cut
plasma-cell morphology had been taken into account for the
estimation of the plasma cell population (i.e., scattered lym-
phocytes with usually weaker CD38-expression than the plas-
ma cells were excluded).

On the basis of the prerequisites outlined by the WHO for
the classification of myeloid neoplasms, the quality of biop-
sies had been graded very good (proper fixation, adequate
length, no crush artifacts and/or fragmentation, right angle
from the cortical bone with several intratrabecular areas),
good (any criteria inadequate), moderate (2 parameters inad-
equate), and poor (> 2 parameters inadequate) [1].

Aspirate smear
BM aspirate smears had been prepared from first pull samples.

Slides had been stained by a modified Wright technique and
the proportion of BMPC had been quantified by counting 500
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nucleated cells. In case of significant dilution with peripheral
blood (< 15% erythroid and myeloid precursor cells), smears
had been classified as not adequate.

Flow cytometry
Materials

Flow cytometric analyses were performed from second pull
aspiration samples of heparin-anticoagulated BM.
Mononuclear cells (MNC) were isolated using Ficoll (Ficoll-
Paque PLUS, GE Healthcare, Uppsala, Sweden) density gra-
dient centrifugation according to the manufacturer’s instruc-
tions (Ficoll method). Total white blood cells (WBC) were
recovered by the red blood cell (RBC) lysis method. Briefly,
BM specimens were incubated for 10 min at room tempera-
ture in a tenfold excess of ammonium chlorid solution (IOTest
3; Immunotech SAS), centrifuged for 5 min at 500g, and
washed twice with phosphate buffered saline (PBS).

In the retrospective cohort, flow cytometric analyses had
been performed from MNC preparations. In the prospective
cohort, aspirate materials were split and one aliquot was sub-
jected to Ficoll density gradient centrifugation, whereas the
other aliquot was processed by the RBC lysis method.

FACS analysis

A total of 6 x 10° cells were incubated for 30 min at room
temperature with fluorochrome-conjugated antigen-specific
monoclonal antibodies according to the supplier’s recommen-
dations. For staining of intracytoplasmatic antigens, cells were
permeabilized and fixed with the IntraPrep permeabilization
reagents (Beckman Coulter, Miami, FL, USA). The antibody
panel consisted of clones CD45-V500-C clone 2D1 (Becton,
Dickinson, BD, Cat.-Nr. 655873), CD138-PC5 clone B-A38
(Beckman Coulter, Cat.-Nr. A54191), CD38-PE clone HB-7
(BD, Cat.-Nr. 345806), CD19-APC clone SJ25C1 (BD, Cat.-
Nr. 345791), CD56-FITC clone NCAM16.2 (BD, Cat.-Nr.
345811), CD117-PE-Cy7 clone 104D2 (BD, Cat.-Nr.
339217), and CD20-V450 clone L27 (BD, Cat.-Nr. 655872)
for cell surface staining and kappa-FITC clone TB28-2 (BD,
Cat.-Nr. 644059) and lambda-PE clone 1-155-2 (BD, Cat.-Nr.
642925) for intracytoplasmatic stains. After a final washing
step, cells were resuspended in PBS and analyzed on a three-
laser FACS Canto II flow cytometer equipped with FACS
Diva™ software (Becton Dickinson, San Jose, CA, USA).
Between 20,000 and 500,000 events were acquired to recover
a significant plasma cell population of at least 100 cells.
Plasma cells were identified using a combination of CD138,
CD38, and CD45 together with light scatter characteristics
and finally quantified by gating on CD138 positive cells with
strong expression of CD38 [4]. Results were expressed as
proportion of CD138/CD38++ cells among total MNC

(Ficoll method) or total WBC (RBC lysis method).The ex-
pression profile of CD19, CD56, CD117, and CD20 was
tracked on the CD138/CD38++ population. Antigen expres-
sion was scored positive for statistical analysis if the respec-
tive antigen had been detectable in > 80% of the BMPC
population.

Fluorescence in situ hybridization

CD138+ cells had been isolated from 185 bone marrow sam-
ples by MACS separation (Miltenyi Biotec GmbH, Bergisch
Gladbach, Germany) according to the manufacturer’s instruc-
tions. In the remaining 53 cases, either no material had been
sent for cytogenetic workup or the number of sSBMPC had
been below 2%, which is the laboratory cutoff for the isolation
of CD138+ cells.

Analyses had been performed using MetaSystems DNA
fluorescence in situ hybridization (FISH) probes
(MetaSystems Probes GmbH, Altussheim, Germany), which
are CE-labeled and classified as IVD products in the EU ac-
cording to the In Vitro Diagnostic Medical Device Directive
98/79/EC. Samples had been first tested with the probes
1p32.3/1¢q21-22 (CDKN2C/CKS1B), 8924 (MYC; break
apart), 13q14.2/17p13 (DLEU/TP53), and 14q32.3 (IGH;
break apart). If a split signal had been detected with the IGH
break apart probe, additional testing with the Translocation/
Dual Fusion probes 4p16.3/14q32.3 (FGFR3/IGH), 11q13.3/
14q32.3 (MYEOV/IGH), 14q32.3/16q23 (IGH/MAF),
6p21.1/14q32.3 (CCND3/IGH), and 14q32.3/20q12 (IGH/
MAFB) had been performed according to the international
recommendations [8].

Statistical analysis

Absolute numbers (percentages) are given to describe categor-
ical variables. Continuous variables are depicted by the medi-
an (interquartile range, IQR). Percent BMPC values below the
detection limits were replaced by half of the smallest value
actually measured (i.e., the value 1 in case of hBMPC (13
times); the value 0.5 in case of SBMPC (9 times); the value
0.05 in case of fBMPC (3 times)). Differences between the
percent BMPC measurements of the three methods are illus-
trated using Bland-Altman plots [9], and the nonparametric
Wilcoxon signed rank test was calculated for statistical com-
parisons. To evaluate the effect of preparative and cell-specific
features on the magnitude of the percent BMPC differences,
the nonparametric Wilcoxon rank sum test (2-group
comparisons) and the nonparametric Kruskal-Wallis test (> 2
groups) were used. Since 2*21 statistical tests were performed
to explore this issue, the Bonferroni correction was applied to
adjust for the number of multiple comparisons, and therefore,
only two-sided P values < 0.0012 (= 0.05/42) were considered
as indicating statistical significance. Cohen’s kappa
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coefficient (k) is given to describe the degree of agreement
between the categorized percent BMPC values. The nonpara-
metric Wilcoxon signed rank test was applied to compare
measurements using the Ficoll method with the measurements
with the RBC lysis method.

Results
Differences between methods

The median (IQR) proportion of estimated BMPC was 30.0%
(15.0-70.0%) by histological review (hBMPC), 7.0% (2.0—
16.0%) by smear review (sBMPC), and 3.0% (0.8-10.0%)
by flow cytometry (fBMPC). Numbers of hBMPC were near-
ly always higher than the respective values counted on aspi-
rate smears (median difference 19.5 percentage points (pp)
(IQR 8.0-43.0 pp); P < 0.0001; Fig. 1). The magnitude of
the difference between hBMPC and sSBMPC was independent
of'the quality score of the core biopsy specimen (Table 1). The
difference between sSBMPC and fBMPC was also significant
(median difference 1.9 pp (0.2-6.0 pp); P < 0.0001). In 75%
(179/238) of cases, the recovery of sSBMPC was better than
that of BMPC; 25% of cases exhibited equal (n = 13) or even
superior (n = 46) recovery of fBMPC (Fig. 2). The latter group
included 8 cases in which the aspirate smear was not adequate.

Impact of cell-specific characteristics

Details on preparative and BMPC-specific characteristics and
their effects on the differences between hBMPC and sBMPC
as well as between sSBMPC and fBMPC are listed in Table 1.

Core biopsy versus aspirate smear

The disparity of results between core biopsy and aspirate
smear count was significantly enhanced in case of inadequate
quality of the smear (P < 0.0001), higher-grade cell atypia (P
< 0.0001), increased BM fiber content (P < 0.0001), and ex-
pression of CD56 (P < 0.0001). Furthermore, the difference
was associated with abnormal FISH signal patterns for the
MYC probe indicating rearrangement or gain of MYC (P
= 0.0002), as well as with the number of cytogenetic
aberrations (P = 0.0002) (Table 1). Conversely, expres-
sion of CD19 and a non-clonal plasma cell phenotype
were significantly associated with a lower difference be-
tween numbers of hBMPC and sBMPC (both P <
0.0001). This association remained statistically significant
in a subgroup analysis including only samples with < 10%
sBMPC (n = 157; P < 0.0001) (Table 1).
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Aspirate smear versus flow cytometry

The difference between the percentages of sSBMPC and
fBMPC was significantly associated with the quality of the
smear (P = 0.0007) and expression of CD56 (P < 0.0001)
(Table 1).

Impact on disease classification and assessment of
treatment response

Results of morphological methods were applied to the thresh-
old levels designating plasma cell myeloma (10% and 60%
BMPC; Table 2) and treatment response (5% BMPC;
Table 3). In 108/145 (74%) cases that exhibited < 10%
BMPC on the aspirate smear, the percentage of BMPC was
> 10% on histomorphologic examination. In addition, more
than half of cases (44/86) with aspirate smear levels between
10 and 60% already exhibited > 60% BPMC in the core bi-
opsy specimen. Overall agreement between hBMPC and
sBMPC was very low (weighted kappa, x = 0.18; 95% con-
fidence interval (CI) [0.12-0.23]). Eighty-four of 101 (83%)
cases with < 5% BMPC on the aspirate smear exhibited > 5%
BMPC on the core biopsy count. Again, agreement was very
low (xk = 0.18; 95% CI [0.10-0.26]).

Density gradient centrifugation versus red cell lysis
for flow cytometry

To evaluate the influence of sample preparation on the recov-
ery of fBMPC, we carried out a separate prospective analysis
comparing our routinely used Ficoll method with the RBC
lysis method. The Ficoll method yielded a median of 1.3%
(0.2-14.0%) of BMPC, whereas the lysis method recovered
0.5% (0.1-4.0%) of BMPC (median difference 0.4 pp (0.05—
1.5 pp) P = 0.0001). Detailed results are shown in Table 4.
The Ficoll method was superior in 32/40 cases, equal results
were obtained in 2 cases, and in 6 cases, the lysis method
recovered more plasma cell events. Among the 24 cases with
smear counts of < 5% BMPC, the Ficoll method yielded su-
perior counts in 20 (83%) cases.

Discussion

The classification of plasma cell disorders requires precise
estimation of the percentage of BMPC [1]. In the present
study, we show that the two morphological methods that are
commonly used to determine the content of BMPC at diagno-
sis yield divergent results. Plasma cell percentages obtained
by estimates from core biopsies were substantially higher than
plasma cell percentages obtained by counts from aspirate
smears, irrespective of the quality of the biopsy specimen.
This is a well-known phenomenon, and it is therefore
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Table 1 Effects of preparative and cell-specific features on differences in plasma cell numbers

Variables hBMPC versus sSBMPC, difference, % sBMPC versus fBMPC, difference, %

No. Median (IQR) P value Median (IQR) P value

Referring institution

MUV 1 76 24 (9.5-46) 0312 2 (0.4-8) 0.526
MUV 2 61 18 (9-40) 1.6 (0.4-4)
MUV 3 34 14.3 (6-22) 1.3 (0.5-3.7)
Extern 67 20 (8-42) 3 (= 1-10)

Quality of smear
Adequate 226 66.5 (50-76) < 0.0001%* 2 (0.5-7) 0.0007*
Not adequate 12 18 (8—40) -2 (—12.8-04)

Quality of biopsy
Very good/good 206 18.0 (8-40) 0.242
Moderate/poor 32 28.0 (10-48)

Plasma cell atypia
Absent/low 140 15 (8-30) < 0.0001°%* 1.8 (0.8-4) 0.263
Moderate/high 91 33 (15-52) 4 (—4-11)

Bone marrow fibers
Not increased 188 17.5 (7.5-36) < 0.0001°%* 2 (0.5-7) 0.002
Increased 40 51 (14.5-64) 0.5 (—4.5-3)

Amyloid
Absent 200 20 (8-45) 0.880 1.8 (0-7) 0.650
Present 29 17 (11-29) 2 (1-4.7)

Clonality all
Kappa 124 26 (13-47) <0.0001* 3 (0-9.7) 0.027
Lambda 91 18 (9-44) 1.8 (0-4)
Polyclonal 23 3 (0-6) 0.9 (0.8-1.6)

Clonality < 10% sBMPC
Kappa 73 19 (10-33) < 0.0001°%* 1(0-3) 0.656
Lambda 62 13 (9-28) 1.7 (0-3)
Polyclonal 22 3 (0-6) 0.9 (0.8-1.6)

Surface immunophenotype
CD19+ 25 4(0.5-8) < 0.0001°%* 1.0 (0.8-3) 0.270
CD19—- 212 22 (10-45) 2 (0-7.5)
CD56+ 134 26.5 (13-48) < 0.0001* 3(0.2-10) < 0.0001%*
CD56— 104 13 (5-28.5) 1(0.1-3)
CD117+ 69 28 (13-47) 0.010 3 (1-10) 0.003
CD117— 168 17 (6.5-37.5) 1.6 (0-4.9)
CD20+ 21 18 (13-35) 0.800 2 (0.2-6) 0.654
CD20— 212 20 (8-42.5) 1.8 (0.3-7)

Cytogenetic aberrations
TP53 del./yes 22 41 (17-52) 0.036 1.5 (=8-7) 0.159
TP53 del./mo 163 21 (10-40) 2 (0.9-8)
1p del./yes 15 38 (18-43) 0.156 6(—2-17) 0.550
1p del./no 168 21.5 (10-45) 2.1 (0.7-7)
1q gain/yes 60 31.5 (15-56) 0.005 2 (- 1.5-8.5) 0.788
1q gain/no 123 20 (10-36) 3(0.8-7)
IgH abnorm/yes 109 25 (13-45) 0.099 2.2 (0-6) 0.704
IgH abnorm/no 76 18.5 (9-41) 2 (0.3-8)
(4;14)/yes 16 27.5 (6.5-49) 0.777 1.6 (—4-6.5) 0.534
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Table 1 (continued)

Variables hBMPC versus sBMPC, difference, % sBMPC versus fBMPC, difference, %
No. Median (IQR) P value Median (IQR) P value

t(4;14)/no 79 23 (15-47) 2 (0-7)
t(11;14)/yes 48 20.5 (14-37) 0.101 2 (0-6) 0.444
t(11;14)/no 46 31.5 (16-56) 3(0-11)
MYC abnorm/yes 39 40 (20-60) 0.0002* 5(=3-10) 0.337
MYC abnorm/no 144 19.5 (10-38) 2 (0.5-6)
13q del./yes 82 29.5 (15-50) 0.027 3(-2-8) 0.835
13q del./no 101 20 (9-38) 2 (0.8-7)

Sum of cytogenetic aberrations
0 29 13 (8-23) 0.0002* 1.8 (0-3) 0.229
1-3 114 20 (10-45) 3 (1-8)
>3 40 38.5 (23-56) 3(=4-9.5)

BMPC, bone marrow plasma cells; ABMPC, enumerated by histology review; sBMPC, enumerated by smear review; fBMPC, enumerated by flow

cytometry; MUV, Medical University of Vienna (1, Division of Hematology
and Dialysis); del, deletion; abnorm, abnormality

and Hemostaseology; 2, Division of Oncology; 3, Division of Nephrology

* Statistically significant after Bonferroni correction for multiple comparisons

recommended to use the higher plasma cell value for diagno-
sis in cases where both methods have been applied [2, 3, 5, 6,
10-15]. In the present study, observed differences between
numbers of hBMPC and sBMPC are of major clinical

relevance. In fact, 74% of cases that would have been classi-
fied as MGUS by smear morphology already fulfilled the
criteria for plasma cell myeloma on histomorphologic exam-
ination. Similar rates of misclassification of MGUS by

Fig. 1 Bland-Altman plot. 100 +
Differences of bone marrow °
plasma cell (BMPC) numbers be- o
tween histomorphologic (h) count 80 ©
and smear (s) count ° % ©
60 @Q% O% ¢} o
oo @OO: o ©
)
o
&) 40 @O Qébo o °
a %% o o
= @ o o %
m ? @ o
7 o %
o 20 %%%b Oy o o
=] 2 o o o o
£ %%@@ o o
£ (& ?@ o °© o o
g o —ﬁ 0 % ©
= o © o
[}
=
8 20
C
o
£
o -40
-60 -
-80 -
-100 +
T T T T T
0 20 40 60 80

@ Springer

Average of hBMPC and sBMPC



Ann Hematol (2020) 99:2599-2609 2605
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aspirate smear counts have also been observed by others [12,
13]. At the threshold level of > 60% plasma cells on the core
biopsy, more than half of our cases would have been missed
by the smear count. Criteria to define complete response after
treatment of myeloma include reduction of BMPC content to
<5% [16, 17]. In the present study, 83% of cases with < 5% of
BMPC on the aspirate smear would not fulfill this criterion by
histologic examination. These data strongly suggest that the
percentage of BMPC on the aspirate smear is not a safe diag-
nostic indicator of plasma cell myeloma. The diagnostic im-
pact of cytomorphology rather focusses on the identification
of dysplastic and/or immature plasma cells as indicators of

Table 2 Comparison of hBMPC and sBMPC counts with regard to
disease classification

% sBMPC % hBMPC

<10 10-60 > 60 Total
<10 37 91 17 145
10-60 0 42 44 86
> 60 0 1 6 7
Total 37 134 67 238

BMPC, bone marrow plasma cells; ZBMPC, enumerated by histology
review; sSBMPC, enumerated by smear review

Average of sBMPC and fBMPC

malignant disease. Accordingly, in the present study, higher-
grade cell atypia on cytomorphologic examination was asso-
ciated with a significantly higher difference between percent-
ages of sSBMPC and hBMPC.

Possible explanations for the observed differences between
BMPC recovery in biopsy specimens and aspirate smears in-
clude dilution of aspirates with peripheral blood as well as
aspiration failure due to fibrotic bone marrow environment
or increased niche adherence of malignant plasma cells [10].
In the present study, inadequate cellularity of the aspirate
specimen and increased BM fiber content were significantly
correlated with a lower yield of SBMPC. Moreover, aberrant
expression of CD56 on plasma cells was associated with a
significantly higher difference between numbers of hBMPC

Table 3 Comparison of

hBMPC and sSBMPC % sBMPC % hBMPC

counts with regard to

assessment of complete <5 =5 Total

response
<5 17 84 101
=5 1 136 137
Total 18 220 238

BMPC, bone marrow plasma cells;
hBMPC, enumerated by histology review;
sBMPC, enumerated by smear review
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Table 4 BMPC numbers recovered after Ficoll and RBC lysis
preparation of flow cytometry samples*

Case no. sBMPC (%) fBMPC (%)

Ficoll RBC lysis
1 37 16 23
2 1 0.1 0.1
3 6 12 3
4 1 0.1 <0.1
5 2 0.6 0.1
6 1 0.1 <0.1
7 <1 0.2 0.1
8 1 0.2 0.1
9 <1 0.1 <0.1
10 2.5 02 0.5
11 4 1.4 0.6
12 1 1.1 0.2
13 6 2.1 2.6
14 11 1.5 1.3
15 22 26 13.5
16 1.5 2.7 2.8
17 3 0.7 0.1
18 1 0.4 <0.1
19 1.5 1 0.2
20 20 2.7 0.5
21 2 0.3 0.1
22 57 32 13
23 57 36 23
24 27 16 5
25 1 0.2 <0.1
26 35 29 36
27 0.8 0.2
28 5 5.2 2.6
29 55 25 28
30 4 2.2 1.6
31 <1 0.3 0.2
32 40 60 23
33 2 2.5 1.2
34 1 02 0.2
35 4.5 0.2 <0.1
36 65 37 36
37 1.5 0.2 0.1
38 40 32 18
39 1 0.4
40 9 2.5 0.8

Numbers in italics script indicate the higher value obtained by the respec-
tive comparison

BMPC, bone marrow plasma cells; sBMPC, enumerated by smear re-
view; fBMPC, enumerated by flow cytometry; RBC, red blood cell

" The difference was statistically significant P < 0.0001

@ Springer

and sBMPC, and further, between numbers of sBMPC and
fBMPC. The CD56 molecule is a cell adhesion molecule,
which is aberrantly expressed in the majority of plasma cell
myelomas [18, 19]. It has been postulated that overexpression
of CD56 on myeloma cells forces their adherence to stroma
cells [20]. This hypothesis is in line with the clinical observa-
tion that the downregulation of CD56 on myeloma cells is
associated with extramedullary spreading of the disease
[20-22]. The present study adds another clinically relevant
aspect to the adhesive role of CD56. We demonstrate that
CD56 expressing BMPC are more difficult to aspirate than
BMPC that lack CD56 and, thus, disclose a potential bias
for the assessment of MRD after therapy. As methods to detect
and quantify MRD rely on bone marrow aspirate specimens,
aspiration failure of CD56 expressing BMPC may lead to
underestimation of the actual amount of residual myeloma
cells. Our data strongly support the recommendation to use
first pull aspirates for the assessment of MRD [7].

We also found that features of a non-malignant plasma cell
phenotype were associated with a significantly lower differ-
ence between numbers of hBMPC and sBMPC, indicating
that normal, non-clonal BMPC might more easily be aspirated
than clonal plasma cells. This hypothesis is supported by the
clinical observation that in non-malignant reactive conditions,
substantial amounts of plasma cells can be seen on blood
smears, whereas in multiple myeloma irrespective of the de-
gree of bone marrow infiltration, usually no or only low
amounts of plasma cells are found in the peripheral blood
[23, 24]. It has been shown that the proportion of clonal plas-
ma cells within the total BMPC compartment has prognostic
significance in terms of risk of progression of MGUS and
smoldering myeloma as well as in terms of predicting risk of
relapse after stem cell transplantation [25, 26]. We therefore
performed a subanalysis including only cases with < 10%
BMPC on the aspirate smear, which confirmed the better re-
covery of non-clonal plasma cells on smear preparations.
Accurate estimation of the ratio between non-clonal and clon-
al BMPC is only possible from bone marrow aspirates. If,
however, clonal plasma cells can less easily be pulled out than
their non-clonal counterparts, the measured ratio within an
aspirate sample might underestimate the actual proportion of
clonal cells.

It has been shown that circulating myeloma cells may have
a different genetic profile than their BM counterparts [22]. In
the present study, multiple genetic aberrations as well as ab-
normalities of the MYC-gene were associated with a lower
BMPC recovery on aspirate smears, supporting the idea that
adherence of plasma cells to BM may also be determined by
their genetic background. Aspiration failure of certain myelo-
ma (sub) clones might, as well, represent a possible bias to the
detection of residual abnormal cells.

It is commonly recognized that BMPC are vastly under-
represented by flow cytometry [4, 27-31]. We also found that
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flow cytometry yielded significantly lower amounts of BMPC
compared with smear morphology, which further confirms
that it is the least reliable method to discriminate between
plasma cell myeloma and MGUS. However, in the present
study, the difference between sSBMPC and fBMPC was not
as pronounced as reported by others, and in about one-fifth of
cases, it was even reverse. In part, this applied to cases with
inadequate cellularity of the bone marrow smear. We further
questioned whether the type of sample preparation might in-
fluence the flow cytometric recovery of plasma cells.
Basically, there are two different ways to prepare BMPC for
flow analysis. With the RBC lysis method, whole bone mar-
row is processed after adding a red cell lysing agent. With the
Ficoll method, the mononuclear fraction of bone marrow cells
is processed after density gradient centrifugation. Our results
were obtained with the Ficoll method, whereas most of the
formerly reported studies had used the RBC lysis method.
Concern has been raised that density gradient centrifugation
may unpredictably result in enrichment or loss of BMPC [4].
However, definitive data to confirm this assumption are lack-
ing. We therefore conducted a prospective follow-up investi-
gation to compare the two methods and found that the Ficoll
method yielded more BMPC events in 80% of investigated
cases. The superiority of the Ficoll method was even more
pronounced in cases with low level BMPC. These results do
not argue in favor of a role of the Ficoll method as a disease
classification tool, as cytomorphology still recovered more
BMPC in the majority of cases. However, our findings may
encourage further investigations to find out whether the Ficoll
method is in fact more effective in recovering minimal
amounts of BMPC after therapy, which is the core compe-
tence of flow cytometry in the management of plasma cell
myeloma.

In conclusion, our study sheds new light on a known phe-
nomenon. It is commonly recognized that the core biopsy
count is the most reliable method to estimate the percentage
of BMPC. Nevertheless, the current criteria for classification
of plasma cell disorders do not definitely claim a core biopsy
count for BMPC enumeration [1]. We show that the aspiration
failure of BMPC is not only a matter of sampling quality, but
also dependent on cell-specific features. Thus, even in good
quality aspirate smears, the plasma cell content may signifi-
cantly differ from the actual proportion in situ. Consequently,
the core biopsy must be regarded indispensable for correct
disease classification and evaluation of complete response.
Furthermore, reports of aspirate smear counts should in-
clude a note that indicates the need for a core biopsy count
to definitely quantify the plasma cell infiltration.
Aspiration failure due to malignant type features of
BMPC may also bias the flow cytometric detection of min-
imal amounts of residual myeloma cells. Efforts to enrich
BMPC in flow cytometry samples may at least in part
compensate for this deficit.

Acknowledgments The authors thank Andrea Strasser, Ilse Gross,
Jasmin Wiedermann, and Zeljka Glisic for skillful technical assistance.

Author contribution Svitlana Demyanets and Ilse Schwarzinger de-
signed the study, collected and analyzed the data, and wrote and edited
the manuscript. Alexandra Kaider performed statistical analyses. Ingrid
Simonitsch-Klupp and Giinther Bayer recorded histopathological find-
ings. Almira Subasic and Renate Thalhammer provided cytomorphologic
and flow cytometry findings. Harald Esterbauer provided FISH findings.
Maria T. Krauth, Hermine Agis, and Thomas Reiter performed patient
management and contributed vital logistic support.

Funding Open access funding provided by Medical University of
Vienna.

Compliance with ethical standards

The study was approved by the local ethics committee of the Medical
University of Vienna, Austria (Ethics approval number: 1385/2019).
Informed consent was obtained from all patients for being included in
the study.

Conflicts of interest The authors declare that they have no conflict of
interest.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing, adap-
tation, distribution and reproduction in any medium or format, as long as
you give appropriate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate if changes were
made. The images or other third party material in this article are included
in the article's Creative Commons licence, unless indicated otherwise in a
credit line to the material. If material is not included in the article's
Creative Commons licence and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Swerdlow SH CE, Harris NL, Jaffe ES, Pileri SA, Stein H, Thiele J
(2017) WHO classification of tumours of haematopoietic and lym-
phoid tissues

2. Rajkumar SV, Dimopoulos MA, Palumbo A, Blade J, Merlini G,
Mateos MV, Kumar S, Hillengass J, Kastritis E, Richardson P,
Landgren O, Paiva B, Dispenzieri A, Weiss B, LeLeu X,
Zweegman S, Lonial S, Rosinol L, Zamagni E, Jagannath S,
Sezer O, Kristinsson SY, Caers J, Usmani SZ, Lahuerta JJ,
Johnsen HE, Beksac M, Cavo M, Goldschmidt H, Terpos E, Kyle
RA, Anderson KC, Durie BG, Miguel JF (2014) International
Myeloma Working Group updated criteria for the diagnosis of mul-
tiple myeloma. Lancet Oncol 15(12):e538—548. https://doi.org/10.
1016/S1470-2045(14)70442-5

3. Stifter S, Babarovic E, Valkovic T, Seili-Bekafigo I, Stemberger C,
Nacinovic A, Lucin K, Jonjic N (2010) Combined evaluation of
bone marrow aspirate and biopsy is superior in the prognosis of
multiple myeloma. Diagn Pathol 5:30. https://doi.org/10.1186/
1746-1596-5-30

4. Rawstron AC, Orfao A, Beksac M, Bezdickova L, Brooimans RA,
Bumbea H, Dalva K, Fuhler G, Gratama J, Hose D, Kovarova L,
Lioznov M, Mateo G, Morilla R, Mylin AK, Omede P, Pellat-

@ Springer


https://doi.org/
https://doi.org/10.1016/S1470-2045(14)70442-5
https://doi.org/10.1016/S1470-2045(14)70442-5
https://doi.org/10.1186/1746-1596-5-30
https://doi.org/10.1186/1746-1596-5-30

2608

Ann Hematol (2020) 99:2599-2609

10.

12.

13.

14.

15.

Deceunynck C, Perez Andres M, Petrucci M, Ruggeri M,
Rymkiewicz G, Schmitz A, Schreder M, Seynaeve C, Spacek M,
de Tute RM, Van Valckenborgh E, Weston-Bell N, Owen RG, San
Miguel JF, Sonneveld P, Johnsen HE, European Myeloma N
(2008) Report of the European Myeloma Network on
multiparametric flow cytometry in multiple myeloma and related
disorders. Haematologica 93(3):431-438. https://doi.org/10.3324/
haematol.11080

Landgren O, Rajkumar SV (2016) New developments in diagnosis,
prognosis, and assessment of response in multiple myeloma. Clin
Cancer Res 22(22):5428-5433. https://doi.org/10.1158/1078-0432.
CCR-16-0866

Caers J, Garderet L, Kortum KM, O’Dwyer ME, van de Donk N,
Binder M, Dold SM, Gay F, Corre J, Beguin Y, Ludwig H, Larocca
A, Driessen C, Dimopoulos MA, Boccadoro M, Gramatzki M,
Zweegman S, Einsele H, Cavo M, Goldschmidt H, Sonneveld P,
Delforge M, Auner HW, Terpos E, Engelhardt M (2018) European
Myeloma Network recommendations on tools for the diagnosis and
monitoring of multiple myeloma: what to use and when.
Haematologica 103(11):1772—1784. https://doi.org/10.3324/
haematol.2018.189159

Jelinek T, Bezdekova R, Zatopkova M, Burgos L, Simicek M,
Sevcikova T, Paiva B, Hajek R (2017) Current applications of
multiparameter flow cytometry in plasma cell disorders. Blood
Cancer J 7(10):¢617. https://doi.org/10.1038/bcj.2017.90

Rack KA, van den Berg E, Haferlach C, Beverloo HB, Costa D,
Espinet B, Foot N, Jeffries S, Martin K, O’Connor S, Schoumans J,
Talley P, Telford N, Stioui S, Zemanova Z, Hastings RJ (2019)
European recommendations and quality assurance for cytogenomic
analysis of haematological neoplasms. Leukemia 33(8):1851—
1867. https://doi.org/10.1038/s41375-019-0378-z

Bland JM, Altman DG (1986) Statistical methods for assessing
agreement between two methods of clinical measurement. Lancet
1(8476):307-310

Terpstra WE, Lokhorst HM, Blomjous F, Meuwissen OJ, Dekker
AW (1992) Comparison of plasma cell infiltration in bone marrow
biopsies and aspirates in patients with multiple myeloma. Br J
Haematol 82(1):46-49

Joshi R, Horncastle D, Elderfield K, Lampert I, Rahemtulla A,
Naresh KN (2008) Bone marrow trephine combined with immuno-
histochemistry is superior to bone marrow aspirate in follow-up of
myeloma patients. J Clin Pathol 61(2):213-216. https://doi.org/10.
1136/jcp.2007.049130

Gabriel J, McGovern A, Robinson S, Wright D, Chevassut T
(2016) A systematic study comparing aspirate versus trephine for
quantifying plasma cell infiltration in newly-diagnosed myeloma.
Br J Haematol 174(5):818-820. https://doi.org/10.1111/bjh.13807
Lee N, Moon SY, Lee JH, Park HK, Kong SY, Bang SM, Lee JH,
Yoon SS, Lee DS (2017) Discrepancies between the percentage of
plasma cells in bone marrow aspiration and BM biopsy: impact on
the revised IMWG diagnostic criteria of multiple myeloma. Blood
Cancer J 7(2):¢530. https://doi.org/10.1038/bcj.2017.14

Bartl R, Frisch B (1999) Clinical significance of bone marrow bi-
opsy and plasma cell morphology in MM and MGUS. Pathol Biol
(Paris) 47(2):158-168

Matsue K, Matsue Y, Kumata K, Usui Y, Suehara Y, Fukumoto K,
Fujisawa M, Narita K, Takeuchi M (2017) Quantification of bone
marrow plasma cell infiltration in multiple myeloma: usefulness of
bone marrow aspirate clot with CD138 immunohistochemistry.
Hematol Oncol 35(3):323-328. https://doi.org/10.1002/hon.2300
Rajkumar SV, Harousseau JL, Durie B, Anderson KC, Dimopoulos
M, Kyle R, Blade J, Richardson P, Orlowski R, Siegel D, Jagannath
S, Facon T, Avet-Loiseau H, Lonial S, Palumbo A, Zonder J,
Ludwig H, Vesole D, Sezer O, Munshi NC, San Miguel J,
International Myeloma Workshop Consensus P (2011) Consensus
recommendations for the uniform reporting of clinical trials: report

@ Springer

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

of the International Myeloma Workshop Consensus Panel 1. Blood
117(18):4691-4695. https://doi.org/10.1182/blood-2010-10-
299487

Kumar S, Paiva B, Anderson KC, Durie B, Landgren O, Moreau P,
Munshi N, Lonial S, Blade J, Mateos MV, Dimopoulos M, Kastritis
E, Boccadoro M, Orlowski R, Goldschmidt H, Spencer A, Hou J,
Chng WIJ, Usmani SZ, Zamagni E, Shimizu K, Jagannath S,
Johnsen HE, Terpos E, Reiman A, Kyle RA, Sonneveld P,
Richardson PG, McCarthy P, Ludwig H, Chen W, Cavo M,
Harousseau JL, Lentzsch S, Hillengass J, Palumbo A, Orfao A,
Rajkumar SV, Miguel JS, Avet-Loiseau H (2016) International
Myeloma Working Group consensus criteria for response and min-
imal residual disease assessment in multiple myeloma. Lancet
Oncol 17(8):e328—e346. https://doi.org/10.1016/S1470-2045(16)
30206-6

Van Camp B, Durie BG, Spier C, De Waele M, Van Riet I, Vela E,
Frutiger Y, Richter L, Grogan TM (1990) Plasma cells in multiple
myeloma express a natural killer cell-associated antigen: CD56
(NKH-1; Leu-19). Blood 76(2):377-382

Lin P, Owens R, Tricot G, Wilson CS (2004) Flow cytometric
immunophenotypic analysis of 306 cases of multiple myeloma.
Am J Clin Pathol 121(4):482-488. https://doi.org/10.1309/74R4-
TB90-BUWH-27JX

Pellat-Deceunynck C, Barille S, Puthier D, Rapp MJ, Harousseau
JL, Bataille R, Amiot M (1995) Adhesion molecules on human
myeloma cells: significant changes in expression related to malig-
nancy, tumor spreading, and immortalization. Cancer Res 55(16):
3647-3653

Rawstron A, Barrans S, Blythe D, Davies F, English A, Pratt G,
Child A, Morgan G, Jack A (1999) Distribution of myeloma plasma
cells in peripheral blood and bone marrow correlates with CD56
expression. Br J Haematol 104(1):138-143

Paiva B, Paino T, Sayagues JM, Garayoa M, San-Segundo L,
Martin M, Mota I, Sanchez ML, Barcena P, Aires-Mejia I,
Corchete L, Jimenez C, Garcia-Sanz R, Gutierrez NC, Ocio EM,
Mateos MV, Vidriales MB, Orfao A, San Miguel JF (2013)
Detailed characterization of multiple myeloma circulating tumor
cells shows unique phenotypic, cytogenetic, functional, and circa-
dian distribution profile. Blood 122(22):3591-3598. https://doi.
org/10.1182/blood-2013-06-510453

Ponka A (1978) Clinical and laboratory manifestations in patients
with serological evidence of Mycoplasma pneumoniae infection.
Scand J Infect Dis 10(4):271-275

Nowakowski GS, Witzig TE, Dingli D, Tracz MJ, Gertz MA, Lacy
MQ, Lust JA, Dispenzieri A, Greipp PR, Kyle RA, Rajkumar SV
(2005) Circulating plasma cells detected by flow cytometry as a
predictor of survival in 302 patients with newly diagnosed multiple
myeloma. Blood 106(7):2276-2279. https://doi.org/10.1182/
blood-2005-05-1858

Rawstron AC, Davies FE, DasGupta R, Ashcroft AJ, Patmore R,
Drayson MT, Owen RG, Jack AS, Child JA, Morgan GJ (2002)
Flow cytometric disease monitoring in multiple myeloma: the rela-
tionship between normal and neoplastic plasma cells predicts out-
come after transplantation. Blood 100(9):3095-3100. https://doi.
org/10.1182/blood-2001-12-0297

Perez-Persona E, Vidriales MB, Mateo G, Garcia-Sanz R, Mateos
MYV, de Coca AG, Galende J, Martin-Nunez G, Alonso JM, de Las
HN, Hernandez JM, Martin A, Lopez-Berges C, Orfao A, San
Miguel JF (2007) New criteria to identify risk of progression in
monoclonal gammopathy of uncertain significance and smoldering
multiple myeloma based on multiparameter flow cytometry analy-
sis of bone marrow plasma cells. Blood 110(7):2586—2592. https://
doi.org/10.1182/blood-2007-05-088443

Nadav L, Katz BZ, Baron S, Yossipov L, Polliack A, Deutsch V,
Geiger B, Naparstek E (2006) Diverse niches within multiple my-
eloma bone marrow aspirates affect plasma cell enumeration. Br J


https://doi.org/10.3324/haematol.11080
https://doi.org/10.3324/haematol.11080
https://doi.org/10.1158/1078-0432.CCR-16-0866
https://doi.org/10.1158/1078-0432.CCR-16-0866
https://doi.org/10.3324/haematol.2018.189159
https://doi.org/10.3324/haematol.2018.189159
https://doi.org/10.1038/bcj.2017.90
https://doi.org/10.1038/s41375-019-0378-z
https://doi.org/10.1136/jcp.2007.049130
https://doi.org/10.1136/jcp.2007.049130
https://doi.org/10.1111/bjh.13807
https://doi.org/10.1038/bcj.2017.14
https://doi.org/10.1002/hon.2300
https://doi.org/10.1182/blood-2010-10-299487
https://doi.org/10.1182/blood-2010-10-299487
https://doi.org/10.1016/S1470-2045(16)30206-6
https://doi.org/10.1016/S1470-2045(16)30206-6
https://doi.org/10.1309/74R4-TB90-BUWH-27JX
https://doi.org/10.1309/74R4-TB90-BUWH-27JX
https://doi.org/10.1182/blood-2013-06-510453
https://doi.org/10.1182/blood-2013-06-510453
https://doi.org/10.1182/blood-2005-05-1858
https://doi.org/10.1182/blood-2005-05-1858
https://doi.org/10.1182/blood-2001-12-0297
https://doi.org/10.1182/blood-2001-12-0297
https://doi.org/10.1182/blood-2007-05-088443
https://doi.org/10.1182/blood-2007-05-088443

Ann Hematol (2020) 99:2599-2609

2609

28.

29.

30.

Haematol 133(5):530-532. https://doi.org/10.1111/j.1365-2141.
2006.06068.x

Smock KJ, Perkins SL, Bahler DW (2007) Quantitation of plasma
cells in bone marrow aspirates by flow cytometric analysis com-
pared with morphologic assessment. Arch Pathol Lab Med 131(6):
951-955. https://doi.org/10.1043/1543-2165(2007)131[951:
QOPCIB]2.0.CO;2

Bacher U, Haferlach T, Kern W, Alpermann T, Schnittger S,
Haferlach C (2010) Correlation of cytomorphology,
immunophenotyping, and interphase fluorescence in situ hybridi-
zation in 381 patients with monoclonal gammopathy of undeter-
mined significance and 301 patients with plasma cell myeloma.
Cancer Genet Cytogenet 203(2):169—175. https://doi.org/10.1016/
j.cancergencyto.2010.08.006

Manasanch EE, Salem DA, Yuan CM, Tageja N, Bhutani M, Kwok
M, Kazandjian D, Carter G, Steinberg SM, Zuchlinski D, Mulquin

31

M, Calvo K, Maric I, Roschewski M, Korde N, Braylan R,
Landgren O, Stetler-Stevenson M (2015) Flow cytometric sensitiv-
ity and characteristics of plasma cells in patients with multiple my-
eloma or its precursor disease: influence of biopsy site and
anticoagulation method. Leuk Lymphoma 56(5):1416—1424.
https://doi.org/10.3109/10428194.2014.955020

Cogpbill CH, Spears MD, Vantuinen P, Harrington AM, Olteanu H,
Kroft SH (2015) Morphologic and cytogenetic variables affect the
flow cytometric recovery of plasma cell myeloma cells in bone
marrow aspirates. Int J Lab Hematol 37(6):797-808. https://doi.
org/10.1111/ijlh.12411

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1111/j.1365-2141.2006.06068.x
https://doi.org/10.1111/j.1365-2141.2006.06068.x
https://doi.org/10.1043/1543-2165(2007)131<951:QOPCIB>2.0.CO;2
https://doi.org/10.1043/1543-2165(2007)131<951:QOPCIB>2.0.CO;2
https://doi.org/10.1016/j.cancergencyto.2010.08.006
https://doi.org/10.1016/j.cancergencyto.2010.08.006
https://doi.org/10.3109/10428194.2014.955020
https://doi.org/10.1111/ijlh.12411
https://doi.org/10.1111/ijlh.12411

	Biological...
	Abstract
	Introduction
	Methods
	Study design
	Core biopsy
	Aspirate smear
	Flow cytometry
	Materials
	FACS analysis

	Fluorescence in situ hybridization
	Statistical analysis

	Results
	Differences between methods
	Impact of cell-specific characteristics
	Core biopsy versus aspirate smear
	Aspirate smear versus flow cytometry

	Impact on disease classification and assessment of treatment response
	Density gradient centrifugation versus red cell lysis for flow cytometry

	Discussion
	References


