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Background: High sensitivity flow cytometry (HS-FCM) was recently developed for diag-
nosing paroxysmal nocturnal hemoglobinuria (PNH). We compared its performance with
conventional flow cytometry (C-FCM) for diagnosing overt PNH and detecting minor (0.1—
1%) PNH clones in aplastic anemia (AA)/low-grade myelodysplastic syndrome (MDS) pa-
tients.

Methods: C-FCM and HS-FCM were performed simultaneously on 41 samples from
healthy controls and 23 peripheral blood samples from 15 AA/low-grade MDS and eight
PNH patients, using a Navios flow cytometer (Beckman Coulter, Miami, FL, USA). Results
were compared.

Results: No healthy control samples had PNH clone size >0.01%. For granulocytes, C-
FCM detected a smaller PNH clone size than HS-FCM (mean difference: 0.7-1.7%). In
AA/low-grade MDS patients, three samples showed >1% PNH clones with C-FCM but not
with HS-FCM. Seven samples showed minor PNH clones by C-FCM, but HS-FCM showed
negative results for all these samples. In PNH patients, C-FCM detected a smaller PNH
clone size than HS-FCM (mean difference: 1.9-5.0%). For red blood cells, C-FCM de-
tected a greater PNH clone size than HS-FCM (mean difference: 1.5%). In AA/low-grade
MDS patients, C-FCM showed >1% PNH clones in six samples, but HS-FCM showed
>1% PNH clones in none of the samples. C-FCM detected minor PNH clones in nine
samples, but six of them were negative by HS-FCM. In PNH patients, C-FCM detected a
greater PNH clone size than HS-FCM (mean difference: 2.5%).

Conclusions: HS-FCM can sensitively detect minor PNH clones and reduce false-positive
C-FCM minor PNH clone cases in AA/low-grade MDS patients.
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INTRODUCTION

matopoietic stem cell disease caused by mutation of the PIG-A

gene encoding enzymes involved in the biosynthesis of glyco-

Paroxysmal nocturnal hemoglobinuria (PNH) is an acquired he-
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sylphosphatidylinositol (GPI)-anchored proteins on red blood
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cells (RBCs) and white blood cells (WBCs) [1, 2]. Patients with
classical PNH with overt (>1%) PNH clones diagnosed by flow
cytometry (FCM) can show intravascular hemolysis; however,
symptom positivity is correlated with the proportion of cells lack-
ing GPl-anchored proteins [3-5]. Small PNH clones are present
in patients with aplastic anemia (AA) and low-grade myelodys-
plastic syndrome (MDS), with an incidence of 18.5% (AA)/1.1%
(MDS) when a 1% cutoff is applied and 39.5% (AA)/1.8%
(MDS) when a 0.01% cutoff is applied [6]. AA patients harbor-
ing small PNH clones show better responsiveness to immuno-
suppressive therapy [7, 81, and 10-25% of these patients ex-
hibit expansion of small PNH clones, which could progress to
overt PNH [9]. These results justify the need for PNH testing
that can detect small PNH clones with at least 0.01% sensitivity
in patients with AA/low-grade MDS.

Many laboratories still use conventional FCM (C-FCM), in-
cluding the single antigen (CD55 or CD59) gating approach for
RBCs and the fluorescein-labeled proaerolysin (FLAER) or
CD24 gating approach for granulocytes, which cannot guaran-
tee sufficient sensitivity for the detection of “minor” (0.1-1%)
PNH clones [10, 11]. High sensitivity FCM (HS-FCM) was re-
cently developed for the sensitive detection of minor PNH
clones in patients with AA/low-grade MDS as well as the diagno-
sis of overt PNH. The International Clinical Cytometry Society
practical guidelines [12] recommend the application of HS-FCM
with a detection sensitivity of 0.01% for granulocytes, mono-
cytes, and RBCs. These guidelines also recommend the use of
one lineage-specific marker to avoid false-positive results and
minimize the false-negative effect of major RBC aggregates in
PNH clone detection, while maintaining a good signal-to-noise
ratio and discrimination power of type Il and Ill PNH RBCs from
normal RBCs. Further, they recommend the use of two GPI
markers, such as FLAER; testing with at least two cell lineages;
and a four-color combination using FLAER/CD24/CD15/CD45
and FLAER/CD14/CD64/CD45 for high-resolution detection of
granulocyte and monocyte PNH clones with a demonstrated
detection sensitivity of at least 0.02% and 0.04% [12, 13].

HS-FCM has shown satisfactory precision, accuracy, and in-
ter-laboratory agreement rates in measuring PNH clone size [14,
15]. However, to our knowledge, no study has compared the
performance of C-FCM and HS-FCM in diagnosing overt PNH
and detecting minor PNH clones in patients with AA/low-grade
MDS. We confirmed the superiority of HS-FCM over C-FCM for
these purposes, through a prospective analysis.
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METHODS

Patient and control selection
We used a total of 23 peripheral blood (PB) samples obtained

from 23 prospectively enrolled patients diagnosed as having AA/
low-grade MDS (N=15) and overt PNH (N=8) from October
2016 to January 2017 at Pusan National University Hospital,
Busan, Korea. AA was diagnosed in 12 patients on the basis of
the following criteria: presence of cytopeniaxin at least two of
three cell lineages (absolute neutrophil counts <1.5x10%L, Hb
<1.0x10% g/L, platelets <100x 10%L), decreased reticulocytes,
and decreased cellularity of <20% in the bone marrow (BM)
study. Out of three patients with low-grade MDS, two had MDS
with single lineage dysplasia (SLD), and one had MDS with mul-
tilineage dysplasia (MLD), according to the 2016 WHO classifi-
cations [16]. The eight PNH patients had intravascular hemoly-
sis and cytopenia at diagnosis and showed the presence of
overt PNH clones, previously defined by FCM performed at di-
agnosis. The detailed clinical and demographic data of the pa-
tients, including complete blood count results, are summarized
in Table 1.

In addition, 41 PB samples were obtained from 41 healthy
controls (median age: 38 years [range 23-52 years], 23 males
and 18 females). Written informed consent was obtained from
all patients and healthy controls. This study was approved by
the Institutional Review Board of Pusan National University Hos-
pital (Approval Number: 2015-001).

FCM

C-FCM and HS-FCM were performed simultaneously in all sam-
ples, using a Navios flow cytometer (Beckman Coulter, Miami,
FL, USA). In C-FCM, granulocytes were gated using a CD45-
PerCP (peridinin chlorophyll protein complex)/(side scatter) SS
scatterplot, and the PNH clones among the granulocytes were
enumerated independently from the scatterplot using three dif-
ferent GPI markers (FLAER-FITC [Fluorescein isothiocyanate,
Cedar Lane Laboratories, Burlington, Ontario, Canadal: CD45+/
FLAER-, CD66b-FITC [clone 80H3, Beckman Coulter]: CD45+/
CD66b- and CD59-FITC: CD45+/CD59-). RBCs were gated us-
ing an FS/SS scatterplot, and the CD59 deficient PNH clones
among the RBCs were enumerated based on both the histo-
gram and scatterplot.

In HS-FCM, granulocytes were gated using additional lineage
specific markers CD15-PC7 (phycoerythrin-cyanine 7, clone
80H5, Beckman Coulter)+/(SS) followed by CD45-PerCP (peri-
dinin chlorophyll protein complex)+/SS scatterplot. The PNH
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clones among the granulocytes were enumerated using two GPI
markers (CD24-PE [phycoerythrin], clone ALB9, Beckman Coul-
ter, and FLAER-FITC) and the CD24-/FLAER-scatterplot. RBC
singlets were gated using an additional lineage specific marker
CD235a-FITC (clone KC16, Beckman Coulter)+/forward scatter
(FS) followed by FS/SS scatterplot. The PNH clones among the
RBCs were enumerated using the CD59-PE (clone MEM43, In-
vitrogen, Carlsbad, CA, USA)-/CD235a-FITC+ scatterplot. Mono-
cytes were gated using an additional lineage specific marker
CD64-PE (clone 22, Beckman Coulter)+/SS followed by the
CD45-PerCP/SS scatterplot, and the PNH clones among the
monocytes were enumerated using two GPI markers (CD14-PC7
[clone RMO52, Beckman Coulter] and FLAER-FITC) using the
CD14-/FLAER- scatterplot. HS-FCM was performed as described
previously [17, 18].

The modified sample preparation procedure for RBC analysis
by HS-FCM was as follows: 100 pL of 1:100 diluted EDTA-anti-
coagulated PB samples were mixed by vortexing with the undi-
luted monoclonal antibody (CD235: 2 pL; CD59: 1 uL; CD15:

y=1.0707x+1.7368, y=0.9786
95% Cl: 0.9686-1.1728 (slope)
-0.0134—-0.0804 (intercept)

B 5]

—_
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o

y=1.0986x+4.3579, y=0.9469
95% Cl: 0.9294-1.2678 (slope)
-2.6059-11.3217 (intercept)
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20 pL; other antibodies: 10 pL per test). Following incubation in
the dark at 25°C for 20 minutes, the samples were washed and
resuspended with phosphate-buffered saline and then analyzed
by FCM. The sample preparation procedure for granulocyte and
monocyte analysis by HS-FCM was similar to that for the RBCs,
except that lysing reagents Immunoprep (Beckman Coulter)
were used prior to the washing and resuspension procedure.
The lower limit of detection (LOD), defined as the minimum per-
centage detectable above background, was calculated as for
HS-FCM, using the equation detailed in recent guidelines [17].
The sensitivity of HS-FCM was evaluated using a 10-fold serial
dilution assay with an undiluted PNH sample and a normal
sample.

PNH clone incidence and size in healthy controls
HS-FCM was performed in 41 healthy control samples to assess

PNH clone incidence and PNH clone size in healthy controls.
The results were compared with those from a previous study
[17].

y=1.0278x+2.5339, y=0.9692
95% Cl: 0.9093-1.1463 (slope)
-2.8770—7.9447 (intercept)
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Fig. 1. Comparison of high sensitivity flow cytometry results obtained from three cell lineages (granulocytes, monocytes, and RBCs). Re-
sults are compared using Passing-Bablok regression analysis (A-C) and Bland-Altman analysis (D-F). Regression equations, correlation co-
efficients, and 95% Cls for the slope and intercept of the equations are shown in A-C. In the Bland-Altman analysis, mean difference (indi-
cated by the blue horizontal line), lower and upper limits of agreement (indicated by the red dotted horizontal lines), and their 95% Cls (in-
dicated by the cyan vertical bars) are presented in D-F.

Abbreviations: RBC, red blood cell; PNH, paroxysmal nocturnal hemoglobinuria; Cl, confidence interval.
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Statistical analysis

In 23 patient samples, PNH clone sizes obtained from three dif-
ferent cell lineages (granulocytes, RBCs, and monocytes) using
HS-FCM were compared by Passing-Bablok regression and
Bland-Altman analysis. Granulocytic PNH clone size obtained
using C-FCM with three different GPI markers (FLAER, CD66b,
and CD59) and HS-FCM, and RBC PNH clone size obtained
using C-FCM with histograms and scatterplots and HS-FCM
were also compared by same analysis. Subsequently, the C-FCM
and HS-FCM results were compared focusing on the detection
of minor PNH clones in AA/low-grade MDS patients and the de-
tection of overt PNH clones in PNH patients. In the Bland-Alt-
man analysis, mean difference, lower and upper limits of agree-
ment (mean difference+1.96 SD) and their 95% confidence in-
tervals (Cls), and P values were calculated. Spearman’s rank
correlation analysis was performed to examine relationships
among granulocytic and RBCs PNH clone sizes obtained by C-
FCM and HS-FCM, and PNH clone sizes of three cell lineages

Park SH, et al.
High sensitivity flow cytometry for PNH testing

obtained by HS-FCM. All analyses were two-tailed. P<0.05
were considered statistically significant. MedCalc version 18.2.1
(MedCalc Software, Ostend, Belgium) was used for all analyses.

RESULTS

LOD and sensitivity of HS-FCM

The LODs of HS-FCM were 0.006% (RBCs), 0.032% (granulo-
cytes), and 0.141% (monocytes). The lowest detectable results
of HS-FCM were 0.002% for RBCs (at a 1:10,000 dilution, 23
events detected), 0.010% for granulocytes (at a 1:10,000 dilu-
tion, 11 events detected), and 0.071% for monocytes (at a
1:1,000 dilution, 10 events detected).

PNH clone incidence and size in healthy controls
In the 41 healthy control samples, PNH clones were detected in

the granulocytes, monocytes, and RBCs of nine, three, and 10
samples, respectively. The median number of PNH clones in

y=1.0038x-+0.6262, y=0.9968
95% Cl: 0.9674-1.0401 (slope)
-1.0127-2.2651 (intercept)
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95% Cl: 0.9622-1.0407 (slope)
-0.9360-2.5968 (intercept)

y=1.0274x+1.0512, y=0.9964
95% Cl: 0.9882-1.0666 (slope)
-0.6660-2.7684 (intercept)
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Fig. 2. Comparison of C-FCM granulocyte PNH clone size results with three different GPI markers and HS-FCM. Results are compared us-
ing Passing-Bablok regression analysis (A-C) and Bland-Altman analysis (D-F). Regression equations, correlation coefficients, and 95% Cls
for the slope and intercept of the equations are shown in (A-C). In the Bland-Altman analysis, mean difference (indicated by the blue hori-
zontal line), lower and upper limits of agreement (indicated by the red dotted horizontal lines), and their 95% Cls (indicated by the cyan

vertical bars) are presented in (D-F).

Abbreviations: HS-FCM, high sensitivity flow cytometry; C-FCM, conventional flow cytometry; PNH, paroxysmal nocturnal hemoglobinuria; FLAER, fluoresce-
in-labeled proaerolysin; CD, cluster of differentiations; Cl, confidence interval.
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the detected samples was four (range: 2-8), one, and nine
(range: 2-18) in the granulocytes, monocytes, and RBCs, re-
spectively. The median PNH clone size was 0.006% (range:
0.003-0.009%), 0.007% (range: 0.003-0.008%), and 0.004%
(range 0.001-0.009%) for granulocytes, monocytes, and RBCs,
respectively. There were no samples with PNH clone size
>0.01% in the healthy controls.

The median acquisition events of C-FCM and HS-FCM in
patient samples

The median number of acquisition events using the 23 patient
samples was 10,064 (range: 9,995-10,297) and 7,239 (range:
4,681-10,975) for RBCs and granulocytes by C-FCM and

y=0.9890x-1.2827, y=0.9983
95% Cl: 0.9636—1.0143 (slope)
-2.3550—-0.2104 (intercept)
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301,329 (range: 299,714-316,257), 61,598 (range: 60,242—
62,767), and 14,147 (range: 11,476-21,868) for RBCs, granu-
locytes, and monocytes, respectively by HS-FCM.

Comparison of HS-FCM results obtained from three cell
lineages

The results of the three cell lineages obtained by HS-FCM are
described in Table 1. Very strong correlations (y=0.9469-
0.9786) were observed between the PNH clone sizes obtained
from the three cell lineages of the 23 patient samples (Fig. 1A-
C). However, monocyte PNH clone size was greater than RBC
PNH clone size, with a mean difference of 6.5% (P=0.0366).
Granulocyte PNH clone size was also greater than RBC PNH

y=1.0109x-0.3622, y=0.9982
95% Cl: 0.9834-1.0383 (slope)
-1.4838-0.7594 (intercept)
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Fig. 3. Comparison of C-FCM RBC PNH clone size results with scatterplot and histogram and HS-FCM. Results were compared by means
of Passing-Bablok regression analysis (A-B) and Bland-Altman analysis (C-D). Regression equations, correlation coefficients, and 95% Cls
for the slope and intercept of the equations are shown in (A) and (B). In the Bland-Altman analysis, mean difference (indicated by the blue
horizontal line), lower and upper limits of agreement (indicated by the red dotted horizontal lines), and their 95% Cls (indicated by the cyan

vertical bars) are presented in (C) and (D).

Abbreviations: RBC, red blood cell; HS-FCM, high sensitivity flow cytometry; C-FCM, conventional flow cytometry; PNH, paroxysmal nocturnal hemoglobin-

uria; Cl, confidence interval.
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clone size, with a mean difference of 3.2% (P=0.0812). Al-
though the monocyte PNH clone size was greater than the
granulocytic PNH clone size with a mean difference of 3.2%,
the difference was not statistically significant (Fig. 1D-F).

None of the AA/low-grade MDS samples had >1% PNH
clones in all three cell lineages; however, eight (53.3%) samples
showed the presence of minor PNH clones in one or more cell
lineages (Table 1). In the PNH samples, the granulocyte and
monocyte PNH clone sizes were greater than the RBC PNH
clone size, with a mean difference of 9.3% (P=0.0042) and
18.8% (P=0.0001), respectively.

Comparison of C-FCM and HS-FCM results for granulocytes
The granulocyte results using three different GPI markers ob-
tained by C-FCM are presented in Table 1. A very strong corre-
lation (y=0.9962-0.9968) was observed between the granulo-
cyte PNH clone size of the 23 patient samples calculated by C-
FCM and HS-FCM (Fig. 2A-C). C-FCM using CD59 showed a
smaller granulocyte PNH clone size than HS-FCM, with a mean
difference of 1.7% (P=0.0301). C-FCM using both FLAER and
CD66b also showed a trend for smaller granulocyte PNH clone
size than HS-FCM, with a mean difference of 0.7% and 0.9%,
respectively (Fig. 2D-F).

Of the 15 AA/low-grade MDS samples, two (13.3%) and one
(6.7%) showed >1% granulocyte PNH clones using C-FCM
with CD66b and CD59, respectively; however, these three sam-
ples showed negative results using HS-FCM. HS-FCM showed
the presence of minor granulocyte PNH clones (median
0.634%, range: 0.480-0.923%) in three (20.0%) samples.
Seven (46.7%) samples showed minor granulocyte PNH clones
using >1 C-FCM, but all of these samples showed negative re-
sults using HS-FCM (Table 1). In the PNH samples, smaller
granulocyte PNH clone size was observed in C-FCM than in HS-
FCM, with a mean difference of 1.9-5.0% (P=0.0008-0.0412).

Comparison of C-FCM and HS-FCM results for RBCs
The RBC results using the histogram and scatterplot obtained
by C-FCM are presented in Table 1. Very strong correlations
(y=0.9982-0.9983) were observed between the RBC PNH
clone size obtained by C-FCM and HS-FCM (Fig. 3A, B). C-FCM
with the histogram showed greater RBC PNH clone size than
HS-FCM, with a mean difference of 1.5% (P=0.0018). C-FCM
with the scatterplot also showed a trend for greater RBC PNH
clone size than HS-FCM (mean difference of 0.1%) (Fig. 3C,
D).

None of the 15 AA/low-grade MDS samples exhibited >1%
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RBC PNH clones using HS-FCM; however, C-FCM with the his-
togram demonstrated >1% RBC PNH clones in six (40.0%)
samples. HS-FCM showed minor RBCs PNH clones in seven
(46.7%) samples, and all these samples also showed identical
results in C-FCM with the scatterplot. However, nine (60.0%)
samples showed minor RBCs PNH clones using C-FCM with
the histogram; of these, six samples showed negative results us-
ing HS-FCM (Table 1). In the PNH samples, RBC PNH clone
size was greater by C-FCM with the histogram than by HS-FCM,
with a mean difference of 2.5% (P<0.0001).

DISCUSSION

In our comparison of the performance of C-FCM and HS-FCM,
we demonstrated that HS-FCM did not produce any false-posi-
tive results for healthy controls when a 1% cutoff value was ap-
plied. These results indicate that cases of overt PNH misdiagno-
sis could be eliminated in healthy controls using HS-FCM,
which can reduce unnecessary treatment or follow-up testing in
patients without overt PNH clones. In the evaluation of PNH
clone size in healthy controls, no samples had PNH clone size
>0.01%, and PNH clone size for RBCs and granulocytes was
higher than that reported previously [17]. That study also re-
ported two to six cells and two cells per 1,000,000 acquired
gated events in RBCs and granulocytes, respectively.

HS-FCM detected minor PNH clones at a frequency of 53.3%
in AA/low-grade MDS patients when three cell lineages were si-
multaneously examined. In addition, HS-FCM detected greater
PNH clone size in granulocytes and monocytes than in RBCs.
Our results support previous findings [15] and could be partially
due to the higher sensitivity of RBCs to complement-mediated
lysis (which can occur in patients with PNH) compared with
granulocytes and monocytes. Our results also support the need
for simultaneous detection of PNH clones in monocytes and
granulocytes, as well as in RBCs, for sensitive PNH diagnosis
when HS-FCM is applied, especially in cases with expected
massive hemolysis, in which the detectable RBC PNH clones
would be significantly reduced.

We found that HS-FCM can detect a significantly greater
granulocytic PNH clone size than C-FCM using CD59 and also
tends to detect a greater granulocytic PNH clone size than C-
FCM with both FLAER and CD66b. These differences are signif-
icant, especially in PNH patients. HS-FCM could eliminate the
false-positive rates of 6.7-13.3% recorded for the detection of
overt granulocyte PNH clones in AA/low-grade MDS patients by
C-FCM. HS-FCM could also detect minor granulocytic PNH
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clones with at a frequency of 20.0% in these patients. Taken to-
gether, these results indicate that HS-FCM would be more use-
ful in detecting minor granulocytic PNH clones with higher sen-
sitivity in AA/low-grade MDS patients and reducing false positiv-
ity in detecting overt PNH clones compared with C-FCM.

We determined that HS-FCM can detect significantly smaller
RBC PNH clone sizes than C-FCM, if the RBCs PNH clone size
is calculated from the histogram. These differences are reduced
when the calculation is based on the scatterplot. These results
are in contrast to the granulocyte results. We suggest that as the
inclusion of non-RBC or platelet debris occurs more frequently
in RBC gating than in granulocyte gating (owing to size similar-
ity), the lineage specific marker CD235a used for RBCs is more
important than CD15 used for granulocytes, and essential for
reducing false positivity in the detection of PNH clones, as sup-
ported by previous studies [11, 12]. Moreover, we found that in
AA/low-grade MDS patients, HS-FCM could eliminate the
40.0% false positivity identified in the detection of overt RBC
PNH clones and minor RBC PNH clones using C-FCM with the
histogram, and could detect minor RBC PNH clones with a fre-
quency of 46.7%. These results further support the use of HS-
FCM instead of C-FCM.

Our study has some limitations. We could not analyze PIG-A
gene mutation to confirm the presence of minor PNH clones in
patients with AA/low-grade MDS. This may limit the interpreta-
tion of our results in terms of sensitivity/specificity. Another limi-
tation is the low patient numbers, which could significantly influ-
ence our study’s statistical power. More comprehensive studies
including a greater number of patients and PIG-A gene muta-
tion analysis are required to confirm our findings.

In conclusion, HS-FCM could be useful for sensitive detection
of minor PNH clones as well as for reducing C-FCM false-posi-
tive minor PNH clone cases in AA/low-grade MDS patients.

Authors’ Disclosures of Potential Conflicts of
Interest

No potential conflicts of interest relevant to this article were re-
ported.

REFERENCES

1. Miyata T, Takeda J, lida Y, Yamada N, Inoue N, Takahashi M, et al. The
cloning of PIG-A, a component in the early step of GPl-anchor biosyn-
thesis. Science 1993;259:1318-20.

2. Takeda J, Miyata T, Kawagoe K, lida Y, Endo Y, Fujita T, et al. Deficiency

https://doi.org/10.3343/alm.2019.39.2.150

10.

11.

12.

13.

14.

15.

16.

17.

18.

ANN
LAB
MED

of the GPI anchor caused by a somatic mutation of the PIG-A gene in
paroxysmal nocturnal hemoglobinuria. Cell 1993;73:703-11.

. Hillmen P, Lewis SM, Bessler M, Luzzatto L, Dacie JV. Natural history of

paroxysmal nocturnal hemoglobinuria. N Engl J Med 1995;333:1253-8.

. Parker CJ. Bone marrow failure syndromes: paroxysmal nocturnal he-

moglobinuria. Hematol Oncol Clin North Am 2009;23:333-46.

. Richards SJ, Rawstron AC, Hillmen P. Application of flow cytometry to

the diagnosis of paroxysmal nocturnal hemoglobinuria. Cytometry 2000;
42:223-33.

. Raza A, Ravandi F, Rastogi A, Bubis J, Lim SH, Weitz |, et al. A prospec-

tive multicenter study of paroxysmal nocturnal hemoglobinuria cells in
patients with bone marrow failure. Cytometry B Clin Cytom 2014,86:
175-82.

. Sugimori C, Chuhjo T, Feng X, Yamazaki H, Takami A, Teramura M, et

al. Minor population of CD55-CD59- blood cells predicts response to
immunosuppressive therapy and prognosis in patients with aplastic
anemia. Blood 2006;107;1308-14.

. Dunn DE, Tanawattanacharoen P, Boccuni P, Nagakura S, Green SW,

Kirby MR, et al. Paroxysmal nocturnal hemoglobinuria cells in patients
with bone marrow failure syndromes. Ann Intern Med 1999;131:401-8.

. Tichelli A, Gratwohl A, Nissen C, Speck B. Late clonal complications in

severe aplastic anemia. Leuk Lymphoma 1994;12:167-75.

Parker C, Omine M, Richards S, Nishimura J, Bessler M, Ware R, et al.
Diagnosis and management of paroxysmal nocturnal hemoglobinuria.
Blood 2005;106:3699-709.

Borowitz MJ, Craig FE, Digiuseppe JA, lllingworth AJ, Rosse W, Suther-
land DR, et al. Guidelines for the diagnosis and monitoring of paroxys-
mal nocturnal hemoglobinuria and related disorders by flow cytometry.
Cytometry B Clin Cytom 2010;78:211-30.

Sutherland DR, Keeney M, lllingworth A. Practical guidelines for the
high-sensitivity detection and monitoring of paroxysmal nocturnal he-
moglobinuria clones by flow cytometry. Cytometry B Clin Cytom 2012;
82:195-208.

Sutherland DR, Kuek N, Azcona-Olivera J, Anderson T, Acton E, Barth
D, et al. Use of a FLAER-based white blood cell assay in the primary
screening of PNH clones. Am J Clin Pathol 2009;132:564-72.

Marinov |, Kohoutova M, Tkacova V, Lysak D, Holubova M, Stehlikovéa O,
et al. Intra- and interlaboratory variability of paroxysmal nocturnal he-
moglobinuria testing by flow cytometry following the 2012 Practical
Guidelines for high-sensitivity paroxysmal nocturnal hemoglobinuria
testing. Cytometry B Clin Cytom 2013;84:229-36.

Sipol AA, Babenko EV, Borisov VI, Naumova EV, Boyakova EV, Yakunin
DI, et al. An inter-laboratory comparison of PNH clone detection by
high-sensitivity flow cytometry in a Russian cohort. Hematology 2015;
20:31-8.

Arber DA, Orazi A, Hasserjian R, Thiele J, Borowitz MJ, Le Beau MM, et
al. The 2016 revision to the World Health Organization classification of
myeloid neoplasms and acute leukemia. Blood 2016;127:2391-405.
lllingworth A, Marinov |, Sutherland DR, Wagner-Ballon O, DelVecchio L.
ICCS/ESCCA consensus guidelines to detect GPI-deficient cells in par-
oxysmal nocturnal hemoglobinuria (PNH) and related disorders part
3-data analysis, reporting and case studies. Cytometry B Clin Cytom
2018;94:49-66.

Sutherland DR, lllingworth A, Marinov |, Ortiz F, Andreasen J, Payne D,
et al. ICCS/ESCCA consensus guidelines to detect GPI-deficient cells in
paroxysmal nocturnal hemoglobinuria (PNH) and related disorders part
2-reagent selection and assay optimization for high-sensitivity testing.
Cytometry B Clin Cytom. 2018;94:23-48.

157



