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Abstract: Next-generation ektacytometry provided by the osmoscan module of the Laser Optical 
Rotational Red Cell Analyser (LoRRca) MaxSis is, so far, one of the best complementary diagnostic 
tools for congenital rare anaemias due to red blood cell defects. Osmotic gradient ektacytometry 
(OGE) is currently considered the gold standard for the diagnosis of red cell membrane disorders, 
especially hereditary spherocytosis (HS). Impairment of red cell deformability, leading to a decrease 
in red cell survival rate, is the common trait of hereditary haemolytic anaemias; in general, it is the 
consequence of an abnormal cell shape, increased rigidity or dehydration. Up to now, the next-
generation ektacytometry has been mainly used for the differential diagnosis of red blood cell mem-
branopathies, but experience with structural hemoglobinopathies and thalassemia is still scarce. 
However, recently, many new forms of therapy are being developed for the treatment of hemoglo-
binopathies, particularly sickle-cell disease and β-thalassemia; clinical interest in ektacytometry is 
increasing and should be further explored. Here, we have evaluated the OGE profiles provided by 
the osmoscan module of the LoRRca ektacytometer in 96 patients with different hemoglobinopa-
thies, both structural and thalassemia, with the aim of analysing their usefulness for the early diag-
nosis of these disorders either individually or in co-inheritance with other hereditary RBC defects. 
In addition, this study aims to improve our knowledge of the contribution of red cell deformability, 
osmotic fragility and intracellular viscosity to the physiopathology of haemolysis, especially when 
these disorders are a cause of rare anaemia. From this study, we conclude that the osmoscan profile 
provides complementary information on red cell deformability and hydration homeostasis that may 
contribute to the better understanding of the physiopathology of decreased red cell survival and 
hemolysis which is present in some patients. 
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1. Introduction 
Rare anaemias (RA) are, in more than 80% of cases, genetic disorders caused by mu-

tations in the genes controlling erythropoiesis and/or red blood cell (RBC) structural com-
ponents [1]. Abnormalities of RBC structural components constitute a cause of hereditary 
haemolytic anaemia (HHA) and are classified into three categories: hemoglobinopathies, 
membranopathies and enzymopathies. Hemoglobinopathies and enzymopathies are, in 
general, easily diagnosed by standardised laboratory tests such as electrophoresis, high-
performance liquid chromatography (HPLC) and red cell enzyme activity measurement. 
However, though blood smear examination may be helpful in some cases, the diagnosis 
of membranopathies is frequently hampered by several interferences, mainly due to the 
overlapping of clinical variability, an intense reticulocytosis and/or the frequent blood 
transfusions in more severe cases, especially in new-born babies and children [2]. 
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Structural hemoglobinopathies are due to qualitative changes caused by the substi-
tution of one or more amino acids in globin chains. Because of the nature and location of 
the amino acid or of the substituted amino acids, different changes in the solubility, sta-
bility and function (affinity for oxygen) of the Hb molecule will be produced. In fact, the 
severity of the clinical expression depends on whether they are inherited as heterozygous, 
homozygous or double heterozygous [3]. Each hemoglobinopathy has its own complete 
blood count (CBC) picture, associated or not with a characteristic clinical phenotype. The 
hemoglobinopathies with a worldwide distribution are HbS, HbC, HbD, HbE and thalas-
semias, and they form a group of inherited rare anaemias in general with autosomal co-
dominant character. Some of these hemoglobinopathies are characterised by a great het-
erogeneity from the clinical, pathophysiological and genetic point of view [3]. In thalasse-
mias, a reduction of partial or total synthesis of one or more globin chains (α, β, γ, δβ, γδβ, 
δ, and εγδβ) is observed, and they are classified into two main groups: alpha thalassemias 
(α-Thal) and beta thalassemias (β-Thal) [4,5]. 

Hereditary red cell membrane defects, namely spherocytosis (HS), elliptocytosis 
(HE) and stomatocytosis (HSt) alter membrane cohesion, mechanical stability, and RBC 
hydration homeostasis, respectively. Consequently, RBC deformability is compromised, 
leading to their premature removal from circulation by the spleen, and haemolytic anae-
mia [6]. According to the British Committee for Standards Guidelines [7], a family history 
of HHA associated with a typical clinical phenotype and specific laboratory tests allow 
for an accurate diagnosis of RBC membranopathies in a high percentage of cases. How-
ever, the advent of next-generation sequencing (NGS) technologies has drastically 
changed the diagnostic workflow of HHA, and markedly decreased the frequency of un-
diagnosed cases. Moreover, the reduction in cost of these techniques has allowed the de-
velopment and marketing of targeted NGS-based panels of known genes (t-NGS), and has 
facilitated genetic diagnosis in geographic regions with difficult access to highly special-
ized laboratories [8]. 

During the last few years, the use of combined t-NGS with the osmotic gradient ekta-
cytometry (OGE) provided by the new-generation laser-assisted optical rotational ektacy-
tometer (LoRRca MaxSis Mechatronics Instruments®) has allowed further decreases in the 
number of undiagnosed cases, especially in patients with the previously mentioned diag-
nostic interfering factors [9,10]. The osmoscan module of the LoRRca ektacytometer pro-
vides several rheological parameters of clinical interest that reflect the maximal RBCs de-
formability (EImax), the osmotic fragility (Omin), the hydration state (Ohyper) and the 
area under curve (AUC), directly calculated from Omin and Ohyper at high osmolality 
rate. In a previous publication, we have studied a cohort of 42 unrelated non-transfusion-
dependent (NTD) Spanish patients with HHA to better understand the influence of RBC 
deformability measurement on OGE parameters [11]. The present study intends to expand 
our experience with the LoRRca to the best known structural hemoglobinopathies and 
thalassemia, with the aim of better understanding red cells’ rheological behaviour under 
changing osmotic stress which may explain their loss of deformability. 

2. Patients 
In this study, we have included a total of 96 patients referred to our Rare Anemias 

Unit for diagnosis or diagnostic confirmation. According to clinical and hematological 
phenotype, they have been classified into Hemoglobin D (Hb D): 4 cases; Hemoglobin C 
(Hb C):7 cases Hb C/HbO-Arab: 1 case; Hemoglobin E (Hb E): 5 cases; Hemoglobin S 
mono allelic (Hb S): 24 cases, Hemoglobin S Bi allelic (Hb SS): 7 cases/Hemoglobin SC 
(HbSC): 2 cases, Hb S/HbO-Arab): 1 case; beta-thalassemia (β-Thal): 41 cases ; delta beta 
thalassemia (δβ-thal): 3 cases and alpha thalassemia (α-thal) 1 case. Whole blood from 
healthy control donors was anonymously obtained using the approved medical ethical 
protocol (Research Ethics Committee of the University Hospital Germans Trias i 
Pujol). Patients’ informed consent was gathered in agreement with the study protocol. 
Age at referral ranged from 18 to 67 years and the male/female ratio was 11:10. No patient 
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required RBC transfusion and/or splenectomy, and their general hematological data are 
summarized in Table 1. 

Table 1. Hematological parameters of the patients with hemoglobinopathies included in this study. 

 n = 96 RBCs 
(×1012/L) 

Hb 
(g/L) 

Reticulocytes 
(×109/L) 

MCV 
(fL) 

MCH 
(pg) 

MCHC 
(g/L) 

RDW 
(%) 

HbD 4 5.32 ± 0.5 141.8 ± 5.7 Normal 79.95 ± 5. 26.80 ± 1.9 335.3 ± 6.0 14.25 ± 1.5 
HbC 7 5.01 ± 0.76 134.6 ± 19.4 Normal 78.94 ± 8. 27.15 ± 3.5 340.4 ± 12.0 15.59 ± 5.1 

HbC+ Hb O-
Arab * 

1 6.02 156 205 76.3 25.9 339 17.5 

HbE 5 5.37 ± 0.48 138.7 ± 9.3 Normal 80.47 ± 4 25.9 ± 1.0 322.3 ± 8.0 15.20 ± 0.8 
HbS 24 4.71 ± 0.92 131.1 ± 23.4 Normal 83.93 ± 5 28.02 ± 2.1 333.5 ± 9.2 14.65 ± 1.9 

HbSS * 7 3.09 ± 0.92 88.0 ± 5.2 135.2 ± 9.2 87.57 ± 14 29.92 ± 5.5 341.0 ± 14.5 20.67 ± 1.9 
HbSC 2 4.62 ± 0.2 139 ± 14 Normal 87.3 ± 6 30.05 ± 1.0 345± 9.0 15.60 ± 0.7 

HbS+ Hb O-
Arab * 

1 2.71 76 231.2 85.2 28 329 20.4 

β-thal * 41 5.30 ± 1.01 106.5 ± 21.3 115.3 ± 7.8 63.38 ± 4 20.11 ± 1.3 317.4 ± 5.3 17.33 ± 1.5 
δβ-thal 3 5.21 ± 0.49 148.8 ± 2.5 Normal 80.05 ± 51 27.10 ± 1.9 329.1 ± 6.1 14.55 ± 09 
α-thal * 1 4.66 103 113.6 69 22.1 323 15.3 

Controls 50 4.50–5.1 135–160 40–85 80–95 27–32 300–350 10–15 
RBCs: Red blood cells; Hb: Hemoglobin; MCV: Mean Corpuscular Volume; MCH: Mean Corpuscu-
lar Hemoglobin; MCHC: Mean Cellular Hemoglobin Concentration; RDW: Red cell Distribution 
Width. * Hemoglobinopathies associated with chronic hemolytic anemia. 

3. Methods 
The diagnosis of patients was performed via a stepwise process including RBC mor-

phology and high-performance liquid chromatography (HPLC), complemented by Hb 
electrophoresis and the measurement of key RBC enzyme activities [12]. For analytical 
purposes, 5 mL of whole blood was drawn in EDTA-K3 from the propositus and, when 
possible, from family members. When necessary, the genetic diagnosis of hemoglobinop-
athies was performed by t-NGS [11]. RBC deformability and other rheological parameters 
were studied by osmotic gradient ektacytometry (OGE) using the osmoscan module of 
the Laser-assisted Optical Rotational Deformability Cell Analyser (LoRRca; MaxSis. RR 
Mechatronics) as previously described [9]. OGE provides four distinct parameters of RBC 
rheological homeostasis: (1) Maximum elongation index (EImax) or red cell deformability 
measured by the EI at different osmotic gradients that reaches its maximum value near 
300 mOsm/kg. This suggests that the normal red cell deforms optimally at the tonicity to 
which it is normally exposed. EImax depends mostly on cytoskeleton mechanics; (2) Os-
molality value at minimum EI (Omin) that corresponds to the value of the hypotonic os-
molality where 50 percent of the cells haemolyse, and provides information on the red cell 
surface-to-volume ratio (S/V) and osmotic fragility; (3) Osmolality value at half of EImax 
(Ohyper), that corresponds to the value of osmolality where the cells are at half of the 
EImax and provides information on intracellular viscosity and red cell hydration; and (4) 
The area under the curve (AUC), that is, the distance between the starting point in the hypo-
osmolar region (Omin) and an ending point in the hyper-osmolar region (Ohyper) (Figure 1). 
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Figure 1. Osmotic gradient ektacytometry (OGE) curve provides information on RBC deformabiliy 
(EI), osmotic fragility (Omin) and cell hydration (Ohyper). EI values and the membrane rigidity are 
depending on the RBCs shape and their position along the osmolality axis. 

4. Results 
The results of osmoscan parameters in the different hemoglobinopathies are summa-

rised in Table 2. When compared to the controls, significant (p < 0.05) differences are ob-
served for EImax, Omin, Ohyper and AUX in Hb C Hb SS, and β-thal, indicating that in 
these hemoglobinopathies, decreased red cell deformability is associated with a decreased 
osmotic fragility (OF) and an increased red cell dehydration. In accordance with the val-
ues of osmoscan parameters, all the curves of hemoglobinopathies shift to the left to a 
different degree, depending on the clinical severity of the hemoglobinopathy (Figure 2). 

Table 2. Osmoscan parameters of the hemoglobinopathies included in this study. 

 n = 96  Omín (mOsm/kg) EImax Ohyper (mOsm/kg) AUC 
HbD 4 138 (128–148) 0.615 (0.607–0.622) ** 443 (428–458) 169 (156–182) 
HbC 7 ** 128 (110–146) ** 0.597 (0.577–0,616) ** 415 (403–136) ** 152 (136–168) 

HbC+ Hb O-Arab 1 133 0.53 345 96.9 
HbE 5 * 136.5 (126–146) 0.609 (0.597–0.619) 463 (440–487) * 173 (166–181) 
HbS 24 ** 132.7 (110–155) 0.614 (0.596–0,63) ** 436.7 (406–467) 162 (144–179) 

HbSS 7 ** 108 (78–139) ** 0.572 (0.513–0.631) ** 385 (290–479) ** 146 (114–176) 
HbSC 2 ** 102 (98–106) 0.555 (0.496–0.605) ** 364 (352–356) * 116 (107–124) 

HbS+ Hb O-Arab 1 100 0.545 403 144.6 
β-thal 41 ** 119 (98–139) ** 0.597 (0.567–0.623) ** 411 (411–482) ** 171 (155–185) 
δβ-thal 3 124 (100–148) 0.588 (0.574–0.603) ** 452 (405–498.5) 168 

α-thal (α-/α-) 1 120 0.61 474 189.8 
Controls 50 145.5 (130–161) 0.614 (0.6–0.628) 465.5 (450–481) 166.8 (160–175) 

Results are express as mean ± 2 × standard deviation (2xSD); * t-test p < 0.01; ** t-test p < 0.005. 
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Figure 2. OGE curve profile of the different hemoglobinopathies studied here. 
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5. Discussion 
The LoRRca ektacytometer osmoscan module allows the measurement of the contin-

uous variation of the erythrocyte elongation index (EI) in an osmotic solution that ranges 
from 50 to 550 mOsm/kg. RBC deformability depends on MCV and ion/water content, 
both regulated by ion pumps, ion channels, symporters and antiporters [13]. The RBC 
shape, S/V ratio and the mean cellular haemoglobin concentration (MCHC) are also im-
portant factors that contribute to maintaining the hydration/dehydration equilibrium, the 
osmotic fragility and the cell rigidity [13,14]. As can be seen in Figure 2, the osmoscan 
curves obtained from the patients studied here have in common a left shift of both curve 
tails, suggesting the existence of a different degree of red cell dehydration, depending on 
the type of hemoglobinopathy. The most severe decrease of EImax and left shift of the 
osmoscan curve is observed in patients with Hb SS, HbSC and HbS/HbO-Arab, all asso-
ciated with sickle-cell anaemia (SCA) and/or vase-occlusive crises. The substitution of one 
of the amino acids of the globin chains (glutamine for valine in position 6 of the β chain) 
implies that sickle cells are formed in hypoxic conditions [15]; although the osmoscan 
module does not consider the oxygenation of the sample (this is considered by the Oxy-
scan module), the possible sample deoxygenation during the analytical process may ex-
plain a partial Hb S polymerisation and, in turn, the increase of red cell rigidity and de-
hydration [16]. The AUC, which is an important marker of decreased deformability in 
RBC membranopathies, is also decreased in all hemoglobinopathies studied here. 

Hb S, Hb C and β-thal show a similar osmoscan profile with an intermediate left shift 
of the curve and a decrease in EImax (deformability) suggesting a lower red cell dehydra-
tion compared with Hb SS and HbSC. Finally, Hb D, Hb E and Hb S show an osmoscan 
curve with a slight decrease in EImax and Ohyper and an almost normal profile in accord-
ance with their low or absent clinical expression. 

Beta-thalassemias (β-thal and δβ-thal) show a characteristic left shift of osmoscan 
curve that facilitates its differentiation from iron deficiency anaemia [17,18]. Probably, the 
decrease of the synthesis of one of the globin chains may lead to the imbalance of α and β 
chains’ equilibrium, with overproduction of the normal chain that may increase the red 
cell rigidity and dehydration [19,20]. Concerning alpha-thalassemia (α-thal) we have stud-
ied only one patient with Hb H disease (α-/α-) that exhibited an osmoscan profile sug-
gesting slight overhydration). Probably, the excess of beta globin chains may modify the 
red cell membrane permeability, leading to an increase in red cell water. The study of 
more patients with α-thalassemia is necessary to confirm the existence of a different os-
moscan profile when compared to patients with β or δβ thalassemia. 

From this study we can conclude that, in contrast with RBC membrane defects [11], 
[21], the osmoscan profile, when used as an isolated test, does not allow the differential 
diagnosis of hemoglobinopathies; however, it provides complementary information on 
RBC rheological properties such as cell deformability (EImax) and hydration (Ohyper). 
This contributes to better understanding of the physiopathology of decreased RBC sur-
vival and haemolysis present in some patients. Moreover, despite the low frequency of 
structural hemoglobinopathies, our results may contribute to the diagnosis of patients 
with rare anaemias of unknown etiology. 
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