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Abstract

Inherited red blood cell (RBC) membrane disorders, such as hereditary spherocytosis, 

elliptocytosis and hereditary ovalocytosis, result from mutations in genes encoding various RBC 

membrane and skeletal proteins. The RBC membrane, a composite structure composed of a lipid 

bilayer linked to a spectrin/actin-based membrane skeleton, confers upon the RBC unique features 

of deformability and mechanical stability. The disease severity is primarily dependent on the 

extent of membrane surface area loss. RBC membrane disorders can be readily diagnosed by 

various laboratory approaches that include RBC cytology, flow cytometry, ektacytometry, 

electrophoresis of RBC membrane proteins and genetics. The reference technique for diagnosis of 

RBC membrane disorders is the osmotic gradient ektacytometry. However, in spite of its 

recognition as the reference technique, this technique is rarely used as a routine diagnosis tool for 

RBC membrane disorders due to its limited availability. This may soon change as a new 

generation of ektacytometer has been recently engineered. In this review, we describe the 

workflow of the samples shipped to our Hematology laboratory for RBC membrane disorder 

analysis and the data obtained for a large cohort of French patients presenting with RBC 

membrane disorders using a newly available version of the ektacytomer.
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1. Introduction

The red blood cell (RBC) membrane is not a static structure but is highly dynamic, enabling 

it to undergo the extensive deformations necessary for traversing the vascular bed to perform 

its main function of oxygen delivery. The complex structural organization of the various 

RBC membrane components is responsible for its unique features of extensive deformability 

and mechanical stability [1–4]. The RBC membrane is composed of two important 

complexes, the ankyrin and the 4.1R complexes, which link various proteins embedded in 

the phospholipid bilayer to the α/β spectrin heterodimers underlying the lipid bilayer [1,3,5]. 

Alterations in the structural membrane organization due to various protein defects are 

responsible for a large panel of human disorders either constitutional or acquired. Inherited 

RBC membrane disorders, such as hereditary spherocytosis (HS), hereditary elliptocytosis 

(HE) and its severe form known as hereditary pyropoikilocytosis (HPP), hereditary 

ovalocytosis (SAO), and hereditary stomatocytosis (HSt) are commonly responsible for 

hemolytic anemia. The severity of the disease is variable and depends on the extent of 

surface area loss, ranging from asymptomatic forms to severe neonatal or prenatal forms 

responsible for rare hydrops fetalis cases requiring transfusion in utero.

HS and HE [1,6–10] are the most common RBC membrane disorders worldwide with a 

prevalence of 1 out of 2000 cases in North America and Northern European countries. HS 

has been linked to defects in the ankyrin (ANK1), α-spectrin (SPTA1), β-spectrin (SPTB), 

band 3 (SLC4A1) or protein 4.2 (EPB42) genes [11–15] and HE to defects in the SPTA1, 

SPTB or protein 4.1R genes [9,16–21]. In both HS and HE, RBC life span is shortened as a 

result of splenic sequestration of RBCs with increased sphericity. The abnormal RBCs with 

decreased membrane surface area and increased sphericity are trapped in the billroth canals 

in the spleen and phagocytozed by the splenic reticulo-endothelial system [22,23], resulting 

in regenerative hemolytic anemia, splenomegaly, and ictera with increased free bilirubin 

level. Hereditary ovalocytosis, also designated as South-east Asian Ovalocytosis (SAO), has 

a geographical distribution mostly in Indonesia, the Philippines, Melanesia and Southern 

Thailand [24–26]. The molecular defect responsible for SAO has been identified as a 

deletion of the 27 nucleotides encoding amino acids 400 to 408 in the SLC4A1 gene [27,28]. 

Hereditary stomatocytosis is a rare RBC disorder divided into two different entities: 

xerocytosis or dehydrated hereditary stomatocytosis (DHSt) and overhydrated hereditary 

stomatocytosis (OHS) [6,7,9,29,30]. In both cases, RBCs exhibit a leak to the univalent 

cations Na+ and K+, resulting in altered intracellular cation content and cell volume 

alterations. Although PIEZO1 and RhAG gene mutations have been identified in xerocytosis 

[31–33] and the overhydrated form [34], respectively, the molecular basis for both forms of 

hereditary stomatocytosis is still under investigation.

The RBC membrane disorders described above can be usually diagnosed easily, sometimes 

even without any specialized laboratory tests besides a meticulous cytologic microscopic 

examination and measurement of RBC and reticulocyte indices. In 2011, Bolton-Maggs et 
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al. [35] defined guidelines for the diagnosis and the management of hereditary 

spherocytosis. Indeed, patients with a family history of HS and typical HS biological 

manifestations (hemolytic anemia with high Cell Hemoglobin Concentration Mean (CHCM) 

>36 g/dl on Siemens/Advia hematological analyzers, high percentage (>4%) of hyperdense 

cells (gated RBCs with a CHCM >41 g/dL) and the presence of spherocytic cells in blood 

smears) do not require any additional test (grade 1 recommendation, grade A evidence). 

However, more specific biological tests may be required in cases where the HS diagnosis is 

not readily evident including: lack of HS family history, lack of typical biological 

manifestation (in particular normal osmotic fragility and iron deficiency, which may mask 

the regeneration, the increased CHCM, and the increased reticulocyte count) or severe forms 

of elliptocytosis and stomatocytosis, in which the diagnosis may be difficult in particular in 

the dehydrated form. It is critical to accurately diagnose hereditary stomatocytosis in order 

to exclude splenectomy as part of patient treatment because, for reasons that are still unclear, 

splenectomy in the case of stomatocytosis leads to lethal thrombosis. Various specialized 

laboratory tests are available to clinicians to help them to select for the most pertinent ones 

based upon sensitivity and specificity. Flow cytometry measurement of the mean RBC 

fluorescence, after labeling of RBCs with the dye eosin-5′ maleimide (EMA), is often used 

to document surface area loss and is a test of choice for screening of HS [35–45]. This test is 

able to detect HS with a sensitivity of 92.7% and a specificity of 99.1%, with a positive 

predictive value of 97.8% and a negative predictive value of 96.9%. However, this EMA-

based test fails to identify some HS cases associated with ankyrin defects and is not as 

reliable for other RBC membrane disorders such as elliptocytosis, pyropoikilocytosis, 

stomatocytosis and SAO. Osmotic gradient ektacytometry fills this gap and has therefore 

been considered a reference technique and the diagnostic test for HS and the other red cell 

membrane disorders. However, until now, the use of ektacytometry has not been widespread 

in the routine hematology laboratory due to the limited availability of the ektacytometer, 

originally designed in the seventies. Ektacytometry has not even been evaluated in the 

guidelines published in 2011. Recently, a new generation ektacytometer, the Osmoscan 

LoRRca MaxSis, has been engineered by Mechatronics Instruments BV® (Zwaag, The 

Netherlands), which measures RBC deformability under a defined shear stress as a function 

of suspending medium osmolality. The differences between this new generation laser 

diffraction viscometer and the previous ektacytometer (Technicon®) reside mostly in the 

analysis of the diffraction images acquired: while the Technicon model measures the extent 

of light scattering by a photodiode to define ellipticity of the diffraction images, the LoRRca 

MaxSis scans images of acquired diffraction patterns using a digital camera and analyzes the 

images with the gray nuance from 0 to 128 of 256,000 pixels. In both systems, a value for 

ellipticity of the diffraction images, a measure of cellular deformability defined as the 

deformability index (or IE) is generated. The 3 key features of the osmotic gradient 

ektacytometer profile (Omin, DImax and Hyper or O′) can be calculated and analyzed. In 

this review, we describe the results of the analysis of RBC deformability features in patients 

presenting with various RBC membrane disorders and other diseases obtained over a period 

of 20 months in our hematology laboratory using this new generation ektacytometer and 

usual diagnostic tests.

Da Costa et al. Page 3

Blood Cells Mol Dis. Author manuscript; available in PMC 2017 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2. Methods

2.1. Characteristics of the population studied for red blood cell membrane disorders

A total of 321 patients have been referred to our hematology clinical diagnosis laboratory, at 

the Robert Debré hospital in Paris (France), for RBC membrane disorder diagnosis during 

this 20-month study. Some of them have been diagnosed before and have been sent to us for 

the purpose of the study. The vast majority of the patients have been studied in the regular 

work-flow of the laboratory. The population studied included 166 male patients and 155 

female patients. As expected, the population pyramid was in favor of infants with 220 out of 

321 samples obtained from patients under 16 years of age, 185 of which were from 

individuals less than 10 years old (Fig. 1A–B). In most cases, the underlying pathologies 

were diagnosed between birth and 10 years of age, with only 35 patients being diagnosed 

between 10 and 16 years of age. Of particular interest, 3 blood cord samples have been 

successfully studied leading to an early diagnosis of HS in one of these cases. This study 

was carried out in accordance with the Declaration of Helsinki.

2.2. Work-flow of a laboratory specialized in diagnosis of red blood cell membrane 
disorders

2.2.1. RBC indices, reticulocyte count and biochemical analysis—RBC indices 

including hemoglobin concentration, hematocrit, mean cell volume (MCV), mean 

corpuscular hemoglobin concentration (MCHC), mean hemoglobin content (MHC), RBC 

volume distribution (RDW) and reticulocyte count were measured for each sample using a 

hematological analyzer (XE 2100, Sysmex, Kobe, Japan). Blood smears stained with May 

Grümwald Giemsa (MGG) were carefully examined and diagnosis of RBC morphology 

abnormalities were validated independently by two cytologists prior to additional analysis. 

All blood samples were collected on EDTA (used as anticoagulant) and shipped at 4 °C as 

soon as possible after the blood draw along with a blood smear. Samples were delivered to 

our laboratory within 48 h after blood collection. The blood smears sent with the tubes of 

blood were used as a reference for optimal RBC morphology analysis to rule out that blood 

smears performed upon arrival might identify RBC feature artefacts (echinocytes, 

acanthocytes, speculated dense RBCs) that could arise during shipment. In addition, direct 

agglutination test (DAT), analysis of iron deficiency or overload (iron, ferritin, transferrin 

receptor, transferrin saturation percentage, total capacity of transferrin fixation), evaluation 

of hemolysis markers (indirect bilirubin, haptoglobin, LDH), hemoglobin electrophoresis 

and glucose-6 phosphate dehydrogenase (G6PD) as well as pyruvate kinase (PK) enzymatic 

activity measurements were performed.

2.2.2. Eosin-5′-maleimide (EMA) dye test by flow cytometry—After performing 

routine analysis with the hematology analyzer and ektacytometry analysis on fresh patient 

samples, samples were stored at 4 °C for a maximum of 7 days to be tested by flow 

cytometry, with no differences being observed over that time frame in accordance with 

previously published work [46]. All 321 samples were subjected to an EMA-test, consisting 

of EMA dye labeling of RBCs and subsequent mean RBC fluorescence measurement by 

flow cytometry (Beckman-Dickinson, BD Biosciences, Qume Drive San José, CA, USA) as 

previously described by King et al. [38,40,41]. EMA binds predominantly to band 3 (the 
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anion exchanger) through covalent binding to Lys430 in the first extracellular loop of the 

band 3 protein but it can also interacts with sulfhydryl groups expressed by the Rh, RhAG 

and CD47 antigens, thus allowing to evaluate protein copy number and conformation. This 

robust technique has been used now for more than a decade as a first screen for HS 

diagnosis with a sensitivity of 92.7% and a specificity of 99.1%. Additionally, as EMA 

assay requires only a small amount of blood (5 μl of washed packed RBCs) it can therefore 

be easily performed along with a routine CBC test including RBC indices and reticulocyte 

count measurement (180 μl of blood) and an ektacytometry analysis (100 μl of blood). The 

mean fluorescence intensity (MFI) for each sample was compared to 6 age-matched controls 

collected on the same day. A ratio of the mean fluorescence for patient RBCs to the mean 

fluorescence for the 6 controls was derived (mean of 6 age-matched control MFI – patient 

MFI/mean of 6 age-matched control MFI). The cut-off value above which the test is 

considered positive is much debated. In our study, we used the cut-off value chart described 

by Girodon et al. [46]: when the mean fluorescence ratio was decreased by >21%, the test 

was considered positive while a value of <16% was considered negative. Values between 16 

and 21% were considered as indeterminate and additional studies were needed to either 

confirm or rule out the diagnosis of HS for such samples [46]. We further evaluated optimal 

cut-off taking advantage of our large cohort.

2.2.3. Ektacytometry—Blood samples (minimum of 100 μl), either fresh or within 48 h 

after blood collection, were analyzed by osmotic gradient ektacytometry. Briefly, blood 

samples were subjected to a defined value of shear stress and an osmotic gradient and the 

laser diffraction pattern generated by the RBC suspension was recorded. The RBC shape 

goes from circular to elliptical as shear stress increases. From these measurements a 

deformability index for the cells can be derived. Ektacytomers, including the LoRRca, use a 

Couette geometry with a static cylinder and a rotating cylinder to create a known shear flow 

(Fig. 2A). Thus, the ektacytometer is a laser diffraction viscometer, in which the 

deformation of RBCs suspended in a viscous polyvinylpyrrolidone (PVP) solution at defined 

values of applied shear stress of 30 Pa and at a constant temperature of 37 °C are monitored 

as a continuous function of medium osmolality. Three distinct features of the osmotic 

gradient ektacytometry profiles are the Omin, the DImax and the O′ or hyper points. The 

Omin point corresponds to the osmolarity at the minimal deformability in hypo-osmolar 

region and corresponds to the osmolarity at which 50% of the RBCs hemolyzed in the 

conventional osmotic fragility test. It reflects the surface area to volume ratio of red cells. 

DImax corresponds to the maximal deformability index or elongation index (EI) and is a 

reflection of the membrane surface. The hyper point or O′ corresponds to the osmolarity at 

which reaches 50% of the DImax in the hyper-osmolar area and reflects the hydration state 

of the cells (Fig. 2B). In the case of HS [47,48], the constant and characteristic features are a 

decrease in the DImax in conjunction with a shift of the Omin point to the right (reduced 

surface to volume ratio of RBCs) and a shift of the O′ or hyper point to the left (increased 

dehydration of RBCs). The amount of blood required to perform the test is small (100 μl) 

and, as for the EMA dye test, ektacytometry analysis can be performed on blood samples 

from neonates. The limitation of ektacytometry is the restricted availability of the instrument 

and the need to perform the analysis within 48 h of blood sampling. Importantly, the 

ektacytometer generates distinct osmotic deformability profiles, thus enabling diagnosis of 
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not only HS but also other RBC membrane disorders such as elliptocytosis, HPP, 

stomatocytosis and SAO.

The LoRRca MaxSis is a new generation ektacytometer. It is a unique instrument, designed 

for hemo-rheological research and clinical application, that combines RBC ektacytometry 

with an osmotic gradient and aggregometry. A laser diode, mounted in the bob, serves as 

light source. The reflected light is sensed by a photodiode. The laser beam diffraction 

pattern is detected with a video camera and analyzed by a computer. It enables simultaneous 

analysis of three major RBC properties, RBC cell geometry, viscosity and deformability, 

under the osmoscan application.

Mean, CI 95%, variance, standard deviation, median, minimum/maximum, 5–95 percentile, 

Jouden J index and ROC curves were calculated using the Medcalc software (http://

www.medcalc.org; Ostend, Belgium).

3. Results

3.1. Red blood cell indices and reticulocyte count in the population

Hemoglobin concentration, hemoglobin content, hematocrit, mean cell volume (MCV), 

mean corpuscular hemoglobin concentration (MCHC) and reticulocyte count were 

determined for all 321 samples except for 8 samples. The MCV, MCHC and the hemoglobin 

content varied among patients depending on the extent of the RBC membrane disorder 

(Table 1).

Other biological parameter characteristic of hemolysis, including high indirect bilirubin, low 

haptoglobin and high LDH activity level could be obtained in 66 out of the 321 patients. In 

addition, 71 patients were tested for hemoglobinopathies, 15 of whom exhibited abnormal 

hemoglobin electrophoresis. Six of these 15 patients were diagnosed with sickle cell anemia 

(one homozygote (SS) and five heterozygotes (AS)), two with HbF persistence syndrome 

(one of whom bearing a S/deltaBeta thalassemia mutation), two with C hemoglobinopathy 

(one of whom carrying as well an alpha thalassemia trait), two with alpha-thalassemia and 

three with beta-thalassemia. DAT was performed in 59 patients and was deemed positive in 

12 out these 59 patients. Enzymatic activities were measured in 65 patients. We identified 4 

patients with defects in G6PD activity; among them, 3 exhibited a partial defect and 1 

patient a GPI defect. Iron metabolism was tested in 70 patients and iron deficiency was 

found in 8 out of these 70 patients.

3.2. The EMA test is still the diagnostic tool of choice for HS screening

A total of 321 patients were referred to our laboratory for RBC membrane disorder 

diagnosis. They were all subjected to a flow cytometry-based EMA test after labeling of 

RBCs with EMA. Results of the EMA test in our population followed a Gaussian (bell 

curve) distribution (Fig. 3A). Mean fluorescence intensity (MFI) for each sample was 

compared to that of 6 age-matched controls collected on the same day. The mean EMA in 

the category under 11% of mean fluorescence decrease was 4.5%, in the 11–15% category, 

12.9%, in the 16–21% category, 17.8% and in the category above 21%, 38.1%, respectively 

(Fig. 3B). We determined the sensitivity and specificity of the EMA test in our population of 
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321 patients (Fig. 3C), and established the receiver operating characteristic (ROC) curve in 

order to determine the optimal cut-off point of the EMA test for diagnosis of HS (Fig. 3D). 

The ROC curve was used to evaluate the ability of this biomarker to classify disease status. 

We determined the Youden J index, which corresponds to the maximum potential 

effectiveness of a biomarker defined as J = max [Se (c) + Sp (c) −1] [49]. The cut-off point 

(c) used in this equation is the maximum since this value optimizes biomarker differentiating 

ability when equal weight is given to sensitivity and specificity. We estimated this cut-off 

point at 0.9080 in the case of the EMA test, corresponding to an EMA test >15% with a 

sensitivity of 97.4% and a specificity of 93.4%. The area under the curve has determined to 

be 0.977 (standard error = 0.008; 95% confidence interval = 0.953–0.991; significance level 

p < 0.0001) (Fig. 3C–D).

78 out of the 321 patients analyzed exhibited a positive EMA test >21%, whereas 16 fell 

into the ‘gray zone’ between 16 and 21% of mean fluorescence decrease and 227 patients 

exhibited a negative EMA test <16% of mean fluorescence loss according to Girodon et al. 

[46]. Among the 78 patients with a positive EMA test >21%, HS was confirmed in 70 cases 

(89.7%). Out of the 8 remaining patients, three were diagnosed with HPP, four with SAO, 

and unexpectedly one with a Noonan syndrome (Fig. 3E). Among the 16 patients falling into 

the gray zone between of 16% and 21% decrease in RBC mean fluorescence, 6 patients 

exhibited a HS, one an ABO incompatibility, one a type II congenital dyserythropoiesis 

(CDAII), whereas 3 patients did not exhibit any RBC membrane disorder and 5 could not be 

fully diagnosed in the laboratory at the time of the study (Fig. 3F). Since the cut-off of the 

positive EMA test is still a matter of debate [36,50], we analyzed the number of patients 

between 11 and 15% and below the limit of 11%, a threshold under which no HS has been 

diagnosed in previous Italian [36] and French [50] studies. We identified 23 patients with a 

loss of RBC mean fluorescence between 11 and 15%. Among them, 2 patients were 

diagnosed with HS, 11 had no RBC disorder and 9 other forms of RBC membrane disorders 

including 5 HE/HPP, 3 immune hemolytic anemia, 1 pyknocytosis and 1 CDAII (Fig. 3G). 

When we analyzed the EMA test value for the 78 patients with confirmed diagnosis of HS, 

70 exhibited a positive EMA test >21%, 6 between 16% and 21% and 2 between 11% and 

15%. Confirming findings from previous studies, no HS was diagnosed below 11% of mean 

fluorescence decrease in RBCs labeled with EMA (Fig. 3H).

3.3. Determination of the repeatability and reproducibility, and normal values for each of 
the distinct ektacytometer parameters

We determined the repeatability and the reproducibility for each of the distinct osmotic 

deformability profile parameters, Omin, Hyper and DImax, on the LoRRca MaxSis. The 

repeatability consists of testing the same sample thirty times in the same series by the same 

operator and using the same PVP solution. The repeatability coefficient of variation (CV) 

obtained for the DImax, Omin and hyper or O′ points were calculated as 0.3%, 1.3% and 

0.9%, respectively (Fig. 4A). The reproducibility consists of testing the same sample thirty 

times but with different operators, different PVP solutions and at different times of the day. 

The reproducibility CV obtained for the DImax, Omin and hyper or O′ points were 

calculated as 0.8%, 1.8%, and 2.7%, respectively (Fig. 4A). Both repeatability and 

reproducibility CVs were less than <3% for all experimental points. We then established 

Da Costa et al. Page 7

Blood Cells Mol Dis. Author manuscript; available in PMC 2017 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



normal values in 90 normal controls for each age category: 1) newborn and less than 7 days 

of age, 2) >7 days to 6 months of age, 3) >6 months to 1 year of age, and 4) >1 year of age 

(Table 2). These age categories have been chosen based upon the changes in the RBC 

properties at these different ages. The DImax varied from 0.498 to 0.513 with a CV of 2% to 

3.1% in the 4 different age categories; the Omin point from 124 to 140 mOsm/kg with a CV 

of 5.1% to 8.4%; and the Hyper or O′ point from 362 to 378 mOsm/kg with a CV of 3.1% to 

3.8% (Fig. 4B).

3.4. LoRRca MaxSis allows improved diagnosis of red blood cell membrane disorders

Having validated the method, we then compared the capacity and accuracy of the new 

generation LoRRca MaxSis ektacytometer to diagnose RBC membrane disorders with those 

of the previous version of LoRRca that did not have the ability to perform osmoscans. We 

performed cytologic analysis of RBC morphology on blood smears for all cases and 

compared the cytology/EMA test/ektacytometer/other hemolysis markers and clinical data 

before final diagnosis. Few patients had been evaluated using the previous version of 

ektacytometer since these patients had been diagnosed in other hospitals prior to referral to 

our hospital: in all cases we confirmed the initial diagnosis established with the older 

generation ektacytometer using the new generation ektacytometer. 199 out of the 321 

patients were subjected to both EMA test and ektacytometry analysis using the LoRRca 

MaxSis. Among these 199 patients, we were able to diagnosed 41 HS, 50 HE/HPP, 3 

stomatocytosis, 6 SAO, 10 immune hemolytic anemia (AIHA/ABO incompatibility) and 7 

pyknocytosis. 22 other patients were affected by other diseases including 

hemoglobinopathies, iron deficiency, RBC enzyme defect, CDAII or non RBC-related 

diseases. In 60 cases, no RBC membrane anomaly or other RBC disorder could be 

diagnosed (Fig. 5).

The LoRRca MaxSis ektacytometer was able to generate the characteristic HS curve with 

two main features (Fig. 6A): 1) abnormal values for the three points including a decrease in 

DImax (the main and constant feature of HS reflecting a decrease in RBC deformability due 

to surface area loss), a shift to the right of the Omin (reflecting a decrease in the surface 

area/volume ratio) and a shift to the left of the Hyper point (illustrating the dehydration state 

of the RBCs) in 21 HS patients; and 2) abnormal values for two points, i.e. a decrease in 

DImax and a shift to the right of Omin in 13 patients or a decrease in DImax and a shift to 

the left of the Hyper point in 4 patients. Surprisingly, in 3 patients, only one abnormal point 

was observed, i.e. a decrease in the DImax. Of particular note, none of the patients with 

confirmed HS exhibited a normal DImax as previously reported. The correlation between 

the cytologic and ektacytometry analysis was 100%. Of particular interest, the EMA test was 

able to discriminate between immune and the hereditary origin of the generation of 

spherocytes in all 10 cases except one. Indeed, the characteristics of the ektacytometer 

curves (decreased DI max, shift or not to the right of the Omin and shift or not to the left of 

the hyper point) were the same for the AIHA/ABO incompatibility and HS cases as already 

reported with previous ektacytometers. Only the EMA test was able to diagnose specifically 

the HS with a loss in the RBC mean fluorescence up to 21%, the EMA test being in the 

normal range or in the ‘gray zone’ in the case of immune hemolytic anemia [46]. 

Furthermore, as previously reported, the ektacytometer curve in one patient affected with 
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CDAII (and confirmed to bear a mutation in the SEC23B gene) reproduced the feature of 

HS. Strikingly, in one neonate case, the EMA test was highly positive at birth with a DAT-

positive ABO incompatibility, the same sample controlled one week later exhibited a normal 

EMA test profile.

The LoRRca MaxSis ektacytometer was also able to diagnose stomatocytosis; however the 

amplitude of the shift of both the Omin and Hyper points, either to the right in the case of 

overhydrated stomatocytosis or to the left in the case of dehydrated stomatocytosis or 

xerocytosis, was less than the one typically observed with the previous Technicon® 

ektacytometer. We diagnosed 3 cases with stomatocytosis in its dehydrated form/xerocytosis 

(Fig. 6B). Mutation in the PIEZO1 gene [33] was identified in one of them. The mutation 

screening analysis in the two other patients did not show any of the previously reported 

mutations associated with stomatocytosis [33].

The LoRRca MaxSis ektacytometer was able to generate a trapezoidal curve characteristic 

of HE with a decrease in DImax and a normal value for the Omin and Hyper points in 26 out 

of 39 patients affected with isolated HE (Fig. 6C). No RBC pathologies were associated 

with HE in these patients. The 13 HE patients with an ektacytometer curve that did not 

recapitulate completely the canonical trapezoidal ektacytometer curve characteristic of HE, 

often exhibited a shift close to the limit of normal range of values for either the Omin or the 

Hyper point, with no clear explanation. Unfortunately, we could not perform the additional 

tests necessary for investigating other causes of hemolytic anemia or RBC-associated 

pathologies, including DAT, enzyme activity measurements (G6PD, PK), hemoglobin 

electrophoresis, and iron analyses, in these patients. The 5 HE patients who were diagnosed 

with iron deficiency, hemoglobinopathies or enzyme defects exhibited as expected a 

modified Omin or Hyper point or both. Of particular interest, the trapezoidal curve shape 

was the most constant feature of HE along with the decrease in DImax. Strikingly, the 6 

patients who exhibited the most severe form of HE, pyropoikilocytosis, based on the RBC 

fragmentation on the blood smear, the decrease in Hb value and MCV, and a positive alpha-

Lely polymorphism revealed by molecular biology [19,51], did not show the characteristic 

ektacytometer curve (decrease in DImax, shift to the right for the Omin point and to the left 

for the Hyper point) on the LoRRca MaxSis, except for one patient. The ektacytometer 

curve in the 5 other HPP cases exhibited either a left shift of the Omin point or a classical 

HE curve, with notably a major decrease in DImax (Fig. 6D).

The LoRRca MaxSis ektacytometer was able to generate a curve typical of SAO 

characterized by a dramatic decrease in the RBC deformability in all the 6 patients tested 

(Fig. 6E). All the SAO patients, except one female neonate, were as expected asymptomatic 

and the discovery was fortuitous on the blood smear during a consultation visit or 

hospitalization for a disease with no link with SAO or any other RBC disorder. The SAO 

diagnosis in the 6 patients was confirmed by molecular analysis revealing a 27 base pair 

deletion (encoding codons 400 to 408) in the band 3 (SLC4A1) gene [52,53].

The LoRRca MaxSis ektacytometer was able to diagnose pyknocytosis although only 3 out 

of 7 cases exhibited the normal expected osmotic gradient ektacytometer profiles. In the 4 

other cases, we observed either a slight decrease in DImax (2 cases) or an abnormal Omin 

Da Costa et al. Page 9

Blood Cells Mol Dis. Author manuscript; available in PMC 2017 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and Hyper point (2 other cases). Unfortunately, we could not perform measurements of the 

G6PD and PK enzymatic activities in the cases for which the ektacytometer curve was 

abnormal. Therefore, we cannot rule out an association of both defects since these enzymatic 

activity defects are often associated with bite cells and “pyknocytes-like” RBCs. However, 

no ghosts or hemighosts, characteristic of G6PD deficiency, have been identified in any of 

these cases.

4. Discussion

In the present study, we report the diagnosis of various RBC disorders in the workflow of a 

hematology laboratory in France over a 20 month period since 2012 using the usual 

diagnosis tools and using the new generation LoRRca MaxSis ektacytometer. The routine 

analysis included RBC and reticulocyte indices, RBC morphology analysis on a blood smear 

stained with MGG, flow cytometry-based measurement of mean fluorescence of eosin-5′-

maleimide labeled RBCs (EMA test), molecular tests including alpha-LELY polymorphism 

in HPP, band 3 deletion screening in SAO and PIEZO1 gene mutation screening in 

xerocytosis.

Osmotic fragility, glycerol lysis test or Pink tests may be used as a first line of clinical 

laboratory tests. However, the sensitivity of these tests for diagnosis purpose is low 

[36,48,54]. Flow cytometry-based measurement of the mean RBC fluorescence, following 

labeling of RBCs with the dye eosin-5′ maleimide (EMA), is a method of choice to screen 

surface area loss for diagnosis of HS [35–46,50]. The cut-off above which the test is 

considered positive is much debated. Whereas Girodon et al. [51] initially reported an 

optimal cut-off value of 16% for the decrease in mean RBC fluorescence, later on Crisp et 

al. [45] reported a 17% cut-off value. More recently, Mayeur-Rousse et al. [50] and Bianchi 

et al. [36] recommended a lower cut-off of 11%, this cut-off being necessary to discriminate 

150 HS patients from normal controls. One may argue that this latter low threshold may 

likely lead to an over-diagnosis of HS if the laboratories base their diagnosis solely on flow 

cytometry-based analysis. In our study, we analyzed the sensitivity and specificity of the 

EMA test in our cohort of 321 patients and determined the optimal cut-off value that would 

provide the highest sensitivity and specificity for diagnosis of HS. We determined that this 

optimal cut-off value was 15%, a value close to the 16% reported in the initial study [46]. 

Although this cut-off enabled to identify 21 patients with confirmed HS, 2 HS patients 

exhibited an EMA test between 11% and 15% of mean RBC fluorescence loss. Of note, no 

HS patients were diagnosed below 11% decrease in mean RBC fluorescence. This test 

enables to detect HS due to defects in band 3, spectrin and protein 4.2 but is less effective in 

identifying HS due to ankyrin defects [40]. The test can also be positive in 

pyropoikilocytosis (HPP) due to a significant extent of cell fragmentation leading to the 

generation of RBCs with decreased surface area. In our study, 4 patients diagnosed with 

HPP exhibited a positive EMA, three with an EMA test value of >21% and one with an 

EMA test value between 11% and 15%. However, for all patients with HPP, if fragmented 

RBCs were gated out by their distinct forward scatter signal, the non-fragmented RBCs did 

not exhibit any decrease in membrane-associated fluorescence, in contrast with HS in which 

the entire population of RBCs exhibited decreased membrane-associated fluorescence. 

Furthermore, the blood smear examination enabled reliable and clear-cut differential 
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diagnosis between HS and HPP. The EMA test may lead to false-positive results in the case 

of SAO as a result of the failure of the truncated band 3 (characteristic of SAO) to bind to 

EMA. In our study, all 4 SAO patients subjected to the EMA test exhibited a positive EMA 

test >21%. Two other SAO patients were not analyzed since we have now validated the flow 

chart in the laboratory and we no longer perform an EMA test in identified SAO and 

HE/HPP cases (Fig. 7). Patients with congenital dyserythropoietic anemia type II (CDAII), a 

condition that results from abnormal glycosylation of band 3, and patients with 

cryohydrocytosis have been previously reported to exhibit a positive EMA test [40]. In our 

experience, none of the CDAII patients nor the patients diagnosed with stomatocytosis 

exhibited an EMA positive test >21%, but one CDAII patient exhibited a decrease of 18%. 

Furthermore, one neonate diagnosed with ABO incompatibility exhibited an EMA test value 

of 18%. Unexpectedly, one patient with Noonan syndrome (referred to our laboratory for 

spherocytic RBCs on the blood smear without hemolytic anemia) exhibited an EMA test 

value of 22%.

EMA binding is not dependent on the severity of the HS and is also positive in compensated 

HS. However, the sensitivity is increased in splenectomized patients with HS compared to 

non-splenectomized patients with HS [36]. Unfortunately, we could not conduct the 

necessary analyses to confirm these data in our study. EMA binding is also independent of 

the molecular defect in the affected RBC membrane protein although it has been reported to 

be less sensitive for diagnosis of HS with undefined molecular defects or with ankyrin 

defects [36,40]. However, despite the limitations described above, the EMA screening test 

should nonetheless replace the much lower sensitive and specific tests since: 1) it is easy to 

perform particularly in neonates, since only 5 μl of peripheral blood is needed and since a 

flow cytometer is available in most hematology laboratories; 2) the test results are available 

in 2–3 h; 3) the samples could be analyzed up to 7 days after blood sampling [46]; and 4) the 

gating on the abnormal RBCs, if feasible, eliminates the bias due to fragmented RBCs in 

HPP and the presence of transfused RBCs, enabling the diagnosis of HS in patients, even 

after a recent transfusion [41]. However, it is recommended to wait for 3 months after the 

last transfusion if possible or at least perform the blood collection just before a transfusion 

when most of the cells are of patient origin if the patient is regularly transfused. In any case, 

cytology analysis, focusing on RBC morphology, should remain an obligatory step towards 

diagnosis of RBC membrane disorders. An EMA test should never be interpreted without a 

cytology examination of the blood smear performed on the same tube, because of the 

potential for false-positive results due to various RBC membrane disorders as described 

above. Furthermore, if the blood is shipped, a blood smear should always be performed 

before shipment of the blood sample and shipped along with the sample in order to rule out 

RBC morphology artifacts (including spiculated RBCs, echinocytes, stomatocytes) related to 

the delay between blood collection and the preparation of blood smear.

Ektacytometry should still be considered as the diagnostic test and is still acknowledged as 

the reference technique for diagnosis of RBC membrane disorders [1–3,47,48,54–56]. The 

technology is based on major physics properties of RBCs including RBC geometry, 

cytoplasmic viscosity and cell volume regulation and membrane deformability. The amount 

of blood required to perform the ektacytometry test is small (100 μl) and, as in the case of 

the EMA dye test, ektacytometry can be performed on blood samples from neonates and 
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from cord blood. However, the limitations of ektacytometry are: 1) the complexity of the 

instrumentation, 2) the limited access to the ektacytometer, 3) the need of specialized staff 

members in order to process the samples and analyze the data, 4) the need to delay the 

analysis after transfusion (ideally 3 months) for the same reasons evoked for the EMA test 

and finally, and 5) the need to perform the analysis within 48 h of blood sampling.

In the present study, we evaluated the new generation LoRRca MaxSis osmoscan in the 

context of our laboratory workflow by testing a large number of samples sent to us for 

diagnosis of RBC membrane disorders. Method validation tests, including repeatability and 

reproducibility with CV calculation for each of the 3 remarkable ektacytometer points 

(DImax, Omin and O′ or hyper points), were all satisfactory. We then established the normal 

range of values for each of the parameters, DImax, Omin and Hyper for each age category. 

Of note, comparing our settings with those of other users, it became clear that the settings 

established upon evaluation/installation of the LoRRca osmoscan should be defined by each 

individual user. Indeed, although we established our reference range of values, the settings 

may be different from one osmoscan to another one (Table 2). Furthermore, each sample 

from a patient analyzed on the ektacytometer should always be compared to an age-matched 

control drawn the same day.

As with the Technicon® ektacytometer, the new generation ektacytometer was able to 

accurately diagnose all major RBC membrane disorders, including hereditary spherocytosis, 

elliptocytosis, stomatocytosis, and South eastern Melanesian ovalocytosis (SAO). It 

generated deformability curves for RBCs from patients with HS/immune hemolytic anemia, 

stomatocytosis, and SAO similar to those obtained with the Technicon® ektacytometer. It 

was able to generate the characteristic HS curve in 21 patients. None of the patients with 

confirmed HS exhibited a normal DImax. In all 10 patients diagnosed with an immune 

hemolytic anemia (ABO incompatibility or AIHA), the ektacytometer curve generated by 

the new generation ektacytomer exhibited the HS features described above [47,48]. The 

patient affected with CDAII exhibited an ektacytometer curve with features characteristics 

of a HS curve, confirming previous observations with the Technicon® ektacytometer.

It need to be noted that the RBC deformation curves generated by the new generation 

LoRRca ektacytometer exhibited some notable differences when compared to those obtained 

with the Technicon® ektacytometer: 1) the trapezoidal curve of HE patients was “less 

trapezoidal”, 2) the Omin and hyper points in HE patients were not always in the normal 

values as seen with the Technicon® ektacytometer but were rather shifted (14 out 44 HE 

samples showed a shift in the Omin and/or hyper points), and 3) the RBCs from infants with 

pyknocytosis did not exhibit the normal classical ektacytometer curve but rather a decrease 

in DImax associated with normal or abnormal Omin and hyper points in 3 out of 6 patients.

Having now used and compared both ektacytometers, we can ascertain that the noted 

differences are likely due to differences in the design of diffraction image analysis. The 

Technicon® ektacytometer uses photodiodes to measure accurately the extent of light scatter 

while the LoRRca MaxSis osmoscan® uses a digital camera. The LoRRca may therefore 

have difficulties in deconvoluting complex diffraction patterns. However, a recent study 

performed by Finkelstein et al. [57] confirmed that, although both techniques do not provide 

Da Costa et al. Page 12

Blood Cells Mol Dis. Author manuscript; available in PMC 2017 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the same values of DImax, the features of the ektacytometer curves are very similar and the 

authors validated the use of the digital image acquisition.

Despite the great benefit of conducting several types of analyses to confirm diagnoses of 

RBC membrane disorders and the availability of a reliable new generation ektacytometer, it 

remains that in routine practice, analysis of RBC morphology on a blood smear should be 

the first clue of diagnosis and the gold standard in order to guide the diagnosis of RBC 

membrane disorders. The final diagnosis should then take into account the EMA test, an 

ektacytometer analysis (the reference technique for diagnosis of RBC membrane disorders) 

as well as molecular analyses and analyses specifically designed to discriminate from other 

causes of hemolytic anemia (DAT, enzyme defect analysis, Hemoglobin electrophoresis) 

and importantly patient family and medical history. Indeed, the patient medical records 

should be analyzed by multidisciplinary teams in order to finalize the diagnosis. One must 

keep in mind that other diseases may be associated with a primary RBC membrane disorder 

and may affect the EMA test result and/or the ektacytometer curve profile. Based on our 

findings, we propose an optimized flow chart for diagnosis of RBC membrane disorders in 

the context of a hematology laboratory (Fig. 7).

In conclusion, RBC membrane disorders should be diagnosed after conducting a panel of 

complementary analyses including ektacytometer profiling and discussion of the results by 

multidisciplinary teams. The future development of NGS molecular biology will 

undoubtedly constitute an invaluable tool that will revolutionize diagnosis of RBC 

membrane disorders. Functional analyses will still remain an important component of 

patient care and perhaps become even more necessary to validate the diagnosis and to assess 

the functional consequences of identified mutations.
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AIHA auto-immune hemolytic anemia

CBC complete blood count

CDA congenital dyserythropoietic anemia

CHCM Cell Hemoglobin Concentration Mean

CV coefficient of variation
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DAT direct agglutination test

DHSt dehydrated hereditary stomatocytosis (xerocytosis)

DI deformability index

EDTA ethylenediamine tetraacetic acid

EI elongation index

EMA eosin-5′ maleimide

G6PD glucose-6 phosphate dehydrogenase

GPI glucose 6 phosphate isomerase

Hb hemoglobin

HE hereditary elliptocytosis

HPP hereditary pyropoikilocytosis

HS hereditary spherocytosis

Hst hereditary stomatocytosis

LDH lactate dehydrogenase

MCV mean corpuscular volume

MFI mean fluorescence intensity

MGG May Grümwald Grünwald

MHC mean hemoglobin content

OHS overhydrated hereditary stomatocytosis

PBS phosphate-buffered saline

PK pyruvate kinase

PVP polyvinylpyrrolidone

RBC red blood cell

RDW red blood cell distribution width

SAO South-east Asian Ovalocytosis

SD standard deviation
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Fig. 1. 
Age distribution (A) and gender distribution (B) of the populations studied.
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Fig. 2. 
A. Principle of ektacytometry. A laser beam is scattered by a suspension of RBCs stressed 

between a static inner cylinder (bob) and a rotating outer cylinder (cup). The shape of the 

diffraction pattern, projected on a small screen, is a measure of the average RBC 

deformability and changes from circular at rest to elliptical at a high shear stress. The major 

(a) and minor (b) axes of the ellipse serve to calculate the elongation index, EI = (a − b)/(a + 

b). B. Deformability pattern obtained using the new generation ektacytometer and the 

derivation of the three ektacytometry derived parameters (DImax, Omin and Hyper points).
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Fig. 3. 
A. Percentage distribution of the mean fluorescence of RBCs labeled with the dye eosin-5′ 

maleimide (EMA) by flow cytometry in all the 321 samples studied. B. Values of the EMA-

labeled RBC mean fluorescence percentage decrease in the different categories (below 11%, 

11–15%, 16–21% and above 21% of mean fluorescence loss). The line represents the 

median value for each category. The mean value of the mean fluorescence loss is also 

indicated in each category. C. Sensitivity and specificity profiles and calculation of the cut-

off of the EMA test for HS diagnosis. D. EMA test ROC curve. The cut-off of the EMA test 

for HS diagnosis for the 321 samples tested has been estimated at 15% (p < 0.001) with the 

highest sensitivity of 97.4% and a specificity of 93.4%. Only 2 out of 21 HS patients have 
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been diagnosed below this 15% cut-off. E. Diagnosis of the patients based on EMA test with 

a setting of decrease in mean fluorescence of >21% (78 cases). There were 8 false positive 

cases including 3 HPP cases, 4 SAO cases and 1 Noonan syndrome affected patient. F. 

Diagnosis of the patients based on EMA test with a setting of decrease in mean fluorescence 

of between 16 and 21% (16 cases) including 6 HS cases, one case of ABO incompatibility 

and one CDAII-affected patient. In 3 patients, there was no hint for a RBC membrane 

disorder from complete family history, clinical assessment, RBC and reticulocyte indices, 

cytology and biochemistry data analyses. For 5 patients, the ektacytometer-based analysis 

was performed in order to confirm the presence of a RBC membrane disorder. G. Diagnosis 

of the patients based on EMA test with a setting of decrease in mean fluorescence between 

11 and 15% (23 cases) including 2 HS cases, 4 HE cases, 1 HPP case, 3 immune hemolytic 

anemia cases, 1 CDAII case and 1 pyknocytosis case. In 9 patients RBC membrane disorder 

was ruled out with the same criteria as in (F). H. Number of patients with confirmed HS 

diagnosis in each category of the EMA test mean fluorescence loss percentage. No HS case 

was diagnosed below 11% of mean fluorescence decrease of EMA labeled RBCs, while 2 

HS cases were diagnosed below the calculated 15% cut-off, 6 cases in the “gray zone” 

between 16% and 21% and 70 out of 78 cases were true positive HS cases with an EMA test 

up to 21%.
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Fig. 4. 
A. Values for the three ektacytometry derived parameters (DImax, Omin and Hyper points) 

obtained during validation of the new generation LoRRca MaxSis ektacytometer. The CV of 

the repeatability and reproducibility tests for each of the derived parameters was evaluated. 

B. Mean values and standard deviations (±2SD) and CV for each of the three ektacytometry 

derived parameters (DImax, Omin and Hyper points) in normal controls in different age 

categories (newborns to 7 day-old; 7 days to 6 month-old; 6 month-old to one year-old; and 

more than 1 year old).
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Fig. 5. 
Top panel: Final diagnosis of RBC membrane disorders for all the 313 samples studied. 

Other diagnoses included hemoglobinopathies as well as measurements of iron deficiency 

and enzymatic activity defects. “Negative” corresponds to patients with no RBC pathology. 

Bottom panel: Final diagnosis of RBC membrane disorders for the 199 samples analyzed 

both by EMA test-based flow cytometry and by LoRRca MaxSis ektacytometer. Other 

diagnoses included search for hemoglobinopathies as well as measurements of iron 

deficiency and enzymatic activity defects. “Negative” corresponds to patients with no RBC 

pathology.
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Fig. 6. 
RBC membrane disorders diagnosed by the LoRRca MaxSis ektacytometer: A. Hereditary 

spherocytosis ektacytometry curve and blood smear B. Dehydrated stomatocytosis 

ektacytometry curve and blood smear C. Hereditary elliptocytosis ektacytometry curve and 

blood smear D. Pyropoikilocytosis ektacytometry curve and blood smear E. South east 

Asian Ovalocytosis ektacytometry curve and blood smear.
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Fig. 7. 
Proposed work flow chart for laboratory diagnosis of HS and other RBC membrane 

disorders.

* Depending on the Hematology analyzer
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