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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. 

Key Words: Flow cytometry, High sensitivity, Paroxysmal nocturnal hemoglobinuria, Per-
formance, Clone

Received: January 9, 2018
Revision received: March 15, 2018
Accepted: September 20, 2018

Corresponding author: Ji-Hun Lim, M.D.
 https://orcid.org/0000-0002-8205-9975

Department of Laboratory Medicine, 
University of Ulsan College of Medicine, 
Ulsan University Hospital, 877 
Bangeojinsunhwando-ro, Dong-gu,  
Ulsan 44033, Korea 
Tel: +82-52-250-7274
Fax: +82-52-250-8269
E-mail: uucm77@gmail.com 

© Korean Society for Laboratory Medicine
This is an Open Access article distributed under 
the terms of the Creative Commons Attribution 
Non-Commercial License (http://creativecom-
mons.org/licenses/by-nc/4.0) which permits 
unrestricted non-commercial use, distribution, 
and reproduction in any medium, provided the 
original work is properly cited.

INTRODUCTION 

Paroxysmal nocturnal hemoglobinuria (PNH) is an acquired he-

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

gene encoding enzymes involved in the biosynthesis of glyco-

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 GPI-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, 8], 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 II and III 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. 

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 cytopenia×in at least two of 

three cell lineages (absolute neutrophil counts <1.5×109/L, Hb 

<1.0×102 g/L, platelets <100×109/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, Canada]: 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 μL of 1:100 diluted EDTA-anti-

coagulated PB samples were mixed by vortexing with the undi-

luted monoclonal antibody (CD235: 2 μL; CD59: 1 μL; CD15: 

20 μL; other antibodies: 10 μL 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].  

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% CIs 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% CIs (in-
dicated by the cyan vertical bars) are presented in D-F. 
Abbreviations: RBC, red blood cell; PNH, paroxysmal nocturnal hemoglobinuria; CI, 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 (CIs), 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 

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 

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% CIs 
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% CIs (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; CI, 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 

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 (γ=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 

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% CIs 
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% CIs (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; CI, 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 (γ=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 

(γ=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% 

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. 
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