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Abstract

:

Oxygen gradient ektacytometry (oxygenscan) measures the changes in red blood cell (RBC) deformability in normoxia and during deoxygenation. We investigated the changes in RBC deformability, measured by both oxygenscan and classical shear-stress-gradient ektacytometry, in 10 patients with sickle cell disease (SCD) during vaso-occlusive crisis (VOC) versus steady state. Oxygenscan and shear-stress-gradient ektacytometry parameters were also measured in 38 SCD patients at steady state on two different occasions. Shear-stress-gradient ektacytometry parameters, maximal RBC deformability at normoxia and the minimum RBC deformability during deoxygenation were lower during VOC compared to steady state. The oxygen partial pressure at which RBCs started to sickle (PoS) was not significantly affected by VOC, but the results were very heterogeneous: the PoS increased in 5 in 10 patients and decreased in 4 in 10 patients. Both oxygenscan and shear-stress-gradient ektacytometry parameters remained unchanged in patients at steady state between two sets of measurements, performed at 17 ± 8 months intervals. In conclusion, the present study showed that both oxygen gradient ektacytometry and shear-stress-gradient ektacytometry are sensitive to disease activity in SCD, and that both techniques give comparable results; however, the oxygen-dependent propensity of RBCs to sickle was highly variable during VOC.
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1. Introduction


Red blood cell (RBC) deformability is severely decreased in patients with sickle cell disease (SCD, [1,2]). This loss of deformability is the consequence of the presence of an abnormal hemoglobin (hemoglobin S), which may polymerize under deoxygenation (Eaton et al., Blood 1987), causing a mechanical distortion of RBCs (i.e., sickling) [3]. In addition, the repetition of sickling–unsickling episodes causes permanent damages to the RBC membrane [4,5] and is accompanied by cell dehydration [6], which further alter the deformability of the cells. The decreased RBC deformability participates in the occurrence of major complications of SCD, including vaso-occlusive crises (VOC), as well as chronic organ damages [2].



Patients with the largest reduction in RBC deformability at steady state are also those with the most severe anemia and high hemolytic rate, because rigid RBCs are more fragile than deformable RBCs [7]. Consequently, SCD patients who develop complications usually attributed to chronic hemolysis (such as recurrent priapism, cerebral vasculopathy, glomerulopathy or leg ulcers) have greater reduction in RBC deformability than patients without any of these complications [8,9,10,11]. In contrast, SCD patients prone to developing frequent VOCs have greater RBC deformability at steady state (although still reduced compared to healthy controls) than those with few VOCs [12,13]. Better RBC deformability is accompanied by a lower hemolytic rate, less severe anemia and greater blood viscosity, all these factors increasing the risk for VOC [12,14,15]. Indeed, the variability in the reduction in RBC deformability in SCD modulates the clinical heterogeneity of the patients [2]. This variability is related to the presence of highly heterogeneous subpopulations of RBCs with variable degrees of deformability (i.e., reticulocytes, dense RBCs, irreversibly sickled cells …).



Recently, oxygen gradient ektacytometry (oxygenscan) has been proposed as a new possible biomarker of clinical severity in SCD [16,17,18]. In contrast to the classical shear-stress-gradient ektacytometry technique, where RBC deformability is measured in normoxic conditions and at increasing shear stresses (typically from 0.3 to 30 Pa), oxygenscan measures the changes in RBC deformability in normoxic conditions and during deoxygenation while shear stress is kept constant (typically at 30 Pa). It allows the determination of maximal RBC deformability at normoxia (EImax), minimum RBC deformability (EImin) reached at low oxygen partial pressure (pO2) and the propensity of RBCs to sickle during deoxygenation (i.e., the pO2 at which RBCs start to sickle, called the Point of Sickling (PoS)) [19]. It has been reported that SCD patients with frequent VOC had a higher PoS and lower EImin at steady state than patients with a low VOC rate [17]. In addition, oxygenscan parameters are sensitive to treatment. For instance, hydroxyurea medication decreases PoS and increases EImax and EImin [17]. The same findings have been found recently with voxelotor, a molecule used to increase hemoglobin S affinity to oxygen, to reduce the susceptibility of RBC to sickling during deoxygenation [20]. Indeed, oxygenscan could be a promising new biomarker in SCD [18]. However, no study has investigated the sensitivity of oxygenscan to detect the changes in RBC rheological properties occurring during VOC. In addition, to be considered clinically meaningful, a biomarker needs to be rather stable in patients with no change in their clinical status, clinical management or therapeutics. The aim of the present study was to investigate the changes in RBC deformability measured by oxygen gradient ektacytometry and shear-stress-gradient ektacytometry in SCD patients during VOC compared to steady state, and to test the stability of RBC deformability in SCD patients at steady state.




2. Materials and Methods


2.1. Patients


Ten SCD patients (8 HbSS and 2 HbSC, 28.1 ± 14.6 years, 3 males/7 females, 7 under hydroxyurea medication) were included in the first part of the study to compare biological markers between clinical steady state and VOC. During VOC, blood was sampled within the first hour of Emergency Department admission before any medication was administered at the hospital, as previously performed in another study [21]. The second part of the study was conducted in 38 SCD patients (29 HbSS, 6 HbSC and 3 HbSβ°, 26.0 ± 14.6 years, 11 males/27 females, 28 under hydroxyurea medication) and compared the biological markers between two periods where they were at steady state (mean time between the two measurements: 17 ± 8 months) with no change in their clinical management and therapeutics. HbSS, HbSC and HbSβ° correspond to patients with homozygous sickle-cell anemia, sickle-hemoglobin C disease and sickle beta 0 thalassemia, respectively. All patients were followed at the Sickle Cell Center of the Academic Hospital of Lyon. Steady state was defined as a period free of any complication and transfusion for at least 3 months. An acute event was considered as a VOC if the painful episode lasted for more than 2 h, the patient felt that the pain was typical of that of vaso-occlusion, no other etiology of pain could be identified by the physicians and the patient was admitted to the Emergency Department to treat the pain [12]. The study was conducted in accordance with the guidelines set by the Declaration of Helsinki and was approved by the Regional Ethics Committees (L14-127).




2.2. Hematological and Biochemical Parameters


Hemoglobin concentration (Hb), hematocrit (Hct), mean cell volume (MCV) and mean corpuscular hemoglobin concentration (MCHC) were determined with a hematology analyzer (Advia, Siemens, Rungis, France). C-reactive protein (CRP) and fibrinogen levels were determined by standard biochemical methods.




2.3. Shear Gradient Ektacytometry


Ektacytometry was carried out with a laser-assisted optical rotational red-cell analyzer (Lorrca MaxSis, RR Mechatronics, Zwaag, The Netherlands). Twenty-five microliters of EDTA blood were added to 5 mL of an iso-osmolar polyvinylpyrrolidone solution with a mean viscosity of 27–33 cP (Mechatronics, The Netherlands) and osmolality of 284–304 mOsm/kg. The Elongation Index (EI) was calculated from the diffraction pattern collected by the camera of the LORRCA Maxsis and reflected RBC deformability [22]. EI data were obtained at 37 °C in normoxic conditions and at 9 increasing shear stresses (0.3, 0.53, 0.95, 1.69, 3, 5.33, 9.49, 16.87 and 30 Pa), as previously described [12,13,23]. Measurements were performed less than 4 h after blood sampling.




2.4. Oxygen Gradient Ektacytometry


Oxygen gradient ektacytometry was carried out with the oxygenscan module of the LORRCA Maxsis to measure RBC deformability over an oxygen gradient. A volume of 50 µL of blood, standardized to a fixed RBC count of 200 × 106, was mixed with 5 mL of Oxy-Iso polyvinylpyrrolidone (PVP) suspension with a mean viscosity of 28–30 cP (Mechatronics, The Netherlands) and osmolality of 282–286 mOsm/kg. The suspension was sheared at 30 Pa and 37 °C while the oxygen partial pressure (pO2) was gradually decreased from 160 mmHg to 20 mmHg (deoxygenation) and then returned to normoxic values [16,17,19]. The diffraction pattern was analyzed by the computer to calculate EImax and EImin, and to determine the PoS values. All measurements were standardized as recommended [17,24,25]. Measurements were performed less than 4 h after blood sampling.




2.5. Statistics


A paired Student’s t-test was used to compare the biological parameters in the same individuals between steady state and VOC, and in the same individuals between the two times of measurements. Pearson correlations were performed to test the associations between different parameters. The significance level was defined as p < 0.05. Data are displayed as means ± SD. Statistical analyses were conducted using SPSS software (version 20, IBM SPSS Statistics, Chicago, IL, USA).





3. Results


3.1. Steady State vs. VOC Comparisons


Hb, Hct, MCV and MCHC were not different between steady state and VOC (Figure 1A–D) but CRP (Figure 1E) and fibrinogen (Figure 1F) levels increased during VOC. Figure 2A–C show the oxygenscan parameters: while EImin (2B) and EImax (2C) decreased, PoS remained unchanged between VOC and steady state (2A). Figure 2D shows the shear gradient ektacytometry RBC deformability values at the 9 increasing shear stresses: although no difference between VOC and steady state was observed at the two lowest shear stresses (0.3 and 0.53 Pa), RBC deformability was lower during VOC at the seven other shear stresses. Mixing steady state and VOC values show correlations between RBC deformability at 30 Pa and EImin (r = 0.81; p < 0.001; Figure 2E), EImax (r = 0.77; p < 0.001; Figure 2F) and, to a lesser extent, PoS (r = −0.58; p < 0.01; Figure 2G).




3.2. Biological and Ektacytometry Parameters Stability


Hematological (Figure 3A–D), biochemical (Figure 3E–F), fetal Hb (HbF), oxygenscan (Figure 4A–C) and shear-stress-gradient ektacytometry (Figure 4D) parameters did not change between the first and the second measurement in SCD patients at steady state. Figure 5 shows the shear-stress-gradient ektacytometry (5A,5C) and oxygenscan (5B,5D) values for two patients having more than two repeated measurements over almost a 2-year period. The different parameters were rather stable over time. When mixing the data obtained at the two separate times, RBC deformability at 30 Pa correlated with EImin (r = 0.65; p < 0.001; Figure 4E), EImax (r = 0.92; p < 0.001; Figure 4F) and with PoS (r = −0.66; p < 0.001; Figure 4G).





4. Discussion


The clinical expression of SCD is highly variable from one patient to another and may change over time for a given patient. Indeed, the occurrence of acute and chronic complications are still unpredictable in most patients, and relevant and accurate biomarkers need to be developed and validated to improve clinical management [26]. SCD is a blood rheological disease characterized by a profound reduction in RBC deformability [2]. Various techniques have been used to measure RBC deformability or RBC membrane stiffness in SCD, including micropipette aspiration [27,28], filtration [29], atomic force microscopy [30], optical tweezers [31], microfluidic systems [32,33] and ektacytometry [1,34,35,36], among others.



Osmolality ektacytometry is by far the most frequent method used to detect RBC membrane disorders such as hereditary spherocytosis, ovalocytosis, stomatocytosis and others [37,38]. The technique consists of measuring the changes in RBC deformability while osmolality varies to force the cells to swell (hypotonic suspension) and shrink (hypertonic suspension) [1]. The resulting changes in RBC deformability are depicted in a curve called osmoscan, which allows the determination of several key parameters reflecting the osmotic fragility, hydration status and cell surface/area ratio of the RBCs [1,37]. While this method is primarily used for the diagnosis of RBC-related membrane disorders, it has also been used in the context of SCD; however, its interpretation is rather complex [37]. Nevertheless, osmoscan studies have demonstrated a decreased RBC deformability in SCD patients compared to controls, with a further reduction during VOC [34,35] and higher RBC deformability in patients taking hydroxyurea compared to those who were not [39].



Shear-stress-gradient ektacytometry is the most frequent method used by scientists working in the field of blood rheology [22], and studies performed in the last 15 years in SCD have focused on the association between RBC deformability and clinical severity using this method [2]. Although the technique provides only a mean index of RBC deformability that does not fully reflect the rheological heterogeneity of the blood suspension and is unable to measure deformability in individual cells [40], it has the advantage of not being time consuming, and of being usable in biological routine. It has been reported that RBC deformability is decreased at low, intermediate and high shear stresses in SCD patients compared to healthy controls [23,41], with a further reduction during VOC [42], as observed in the present study. A reduction in RBC deformability measured above 3 Pa suggests a decreased RBC surface-area-to-volume ratio and/or a loss of membrane elasticity and/or an increase in internal viscosity, while a reduction in RBC deformability measured at shear stresses lower than 3 Pa reflects a loss of membrane elasticity only [43]. Shear-stress-gradient ektacytometry works have shown that patients with the lowest RBC deformability values have a high rate of hemolysis and develop complications, such as priapism, leg ulcers, glomerulopathy or cerebral vasculopathy [8,9,10,11].



Compared to osmoscan and shear-stress-gradient ektacytometry where the ambient pO2 corresponds to a normoxic environment, oxygenscan has the advantage to measure the changes in RBC over a pO2 gradient, which allows the assessment of the RBC sickling process [17,19]. The present study shows that, like RBC deformability measured by shear-stress-gradient ektacytometry, EImin and EImax determined by oxygenscan are impacted during/by VOC. The results were less clear for the PoS. PoS has been demonstrated to be sensitive to treatment, such as hydroxyurea therapy, voxelotor therapy or transfusion, [16,17,20] and to SCD genotypes [16]. In addition, Rab et al. [17] reported a greater PoS at steady state in children and adults with frequent VOCs compared to those with a less severe phenotype, meaning that the RBCs of patients with frequent VOC are susceptible to sickle at greater pO2 than the RBCs of patients with few VOCs. Our results did not demonstrate a significant difference for PoS between acute VOC and steady state, which seems intriguing. One could hypothesize that the most abnormal RBCs during VOC would be occluding vessels, and therefore, they could not be investigated via blood sampling. However, the individual responses were very heterogenous from one patient to another, and studies including a larger group of patients would be needed to compare the PoS between VOC and steady state to better understand why there is a large increase in some patients (5 in 10 in the present study) and a decrease in others (4 in 10 in the present study).



The occurrence of acute and chronic complications is difficult to predict in SCD, and it is indeed necessary to develop biomarkers of disease activity and progression [26]. Indeed, one would expect that such biomarkers would remain unchanged in cases of no disease progression. The two repeated measurements, separated on average by one year and a half, performed in 38 SCD patients at steady state and with stable disease (i.e., no change in their treatment or clinical management, no change in the clinical severity) demonstrated that RBC rheological parameters were rather stable over time. Neither shear-stress gradient RBC deformability nor oxygenscan parameters changed between the first and second measurements, as was also the case for the hematological and biochemical parameters. In contrast, the occurrence of VOC was accompanied by a change in RBC deformability, both in normoxic and hypoxic conditions, without any change in hematological parameters, showing that shear-stress-gradient ektacytometry and oxygenscan methods are able to provide biomarkers of disease activity. Nevertheless, like for the hematological and biochemical parameters, we noted some inter-individual differences in the RBC rheological behaviors between VOC and steady state, as well as between the first and second measurements at steady state; these justify the performance of larger studies such as this one to better understand the biological meaning of these differences, and to test the correlations with the clinical evolution of the patients. The measurements of CRP and fibrinogen levels demonstrated a stability of these parameters over time in stable patients and significant changes during acute complications. It is difficult to know if these biochemical parameters are better biomarkers of disease activity and clinical severity than RBC deformability to follow and predict the clinical evolution of SCD patients. CRP is the most widely used marker of acute and chronic inflammation in SCD, with high levels at steady state correlating with increased VOC frequency in children [44]. It has also been reported that CRP level might be useful to anticipate the development of acute chest syndrome [45]. However, CRP is not specific to SCD and is elevated in several acute and chronic inflammatory states [46]. In contrast, the measurement of RBC deformability at various shear stresses or over an oxygen gradient is more specific to SCD pathophysiology, and offers the advantage of providing markers that may be sensitive to current and candidate SCD therapies [16,17,20]. The recent development of specialized equipment may facilitate access to fast routine measurements of these RBC rheological parameters. However, although some efforts have been made to standardize the oxygenscan [24,25] and shear-stress-gradient ektacytometry methods [22,23], reproducibility of measurements between different laboratories needs to be assessed. The delay between blood sampling and measurements must also be standardized and reduced as much as possible, to avoid any changes in RBC rheology that could be related to blood storage and that would not reflect the disease activity [18,24,25,26]. Finally, international collaborations and prospective studies should be stimulated to help in determining the clinical usefulness of shear-stress-gradient ektacytometry and oxygenscan in large cohorts of SCD patients, and to demonstrate the superiority of such parameters over classical biomarkers of the disease such as hemoglobin concentration, HbF level and others; such collaborations and studies could also demonstrate the complementary nature of the incremental value of such parameters with the other classical parameters to better characterize the disease.




5. Conclusion


In conclusion, the present study showed that both oxygen gradient ektacytometry and shear-stress-gradient ektacytometry are sensitive to disease activity in SCD, and that both techniques give comparable results. The determination of the PoS during VOC gave intriguing results, with some patients exhibiting a decrease while others had an increase, in comparison with the values determined at steady state. Although all measurements were conducted in optimal conditions (i.e., on fresh samples after the onset of VOC), the sample size of the group was limited, and further longitudinal studies are needed to test the effects of VOC on PoS, as well as its clinical relevance.
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Figure 1. Hemoglobin (Hb, 1A), hematocrit (Hct, 1B), mean cell volume (MCV, 1C), mean corpuscular hemoglobin concentration (MCHC, 1D), C-reactive protein (CRP, 1E) and fibrinogen (1F) levels in SCD patients at steady state and during vaso-occlusive crisis (VOC). Black = HbSS; purple = HbSC. 






Figure 1. Hemoglobin (Hb, 1A), hematocrit (Hct, 1B), mean cell volume (MCV, 1C), mean corpuscular hemoglobin concentration (MCHC, 1D), C-reactive protein (CRP, 1E) and fibrinogen (1F) levels in SCD patients at steady state and during vaso-occlusive crisis (VOC). Black = HbSS; purple = HbSC.
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Figure 2. Point of sickling (PoS, 2A), maximal RBC deformability in normoxia (EImax, 2B), minimum RBC deformability during deoxygenation (EImin, 2C) and shear-stress gradient RBC deformability (2D) in SCD patients at steady state and during vaso-occlusive crisis (VOC). Black = HbSS; purple = HbSC. Correlations between RBC deformability at 30 Pa and EImin (2E), EImax (2F) and PoS (2G) in SCD patients (steady state and VOC data are mixed). Difference between steady-state and VOC: * p < 0.05; ** p < 0.01. 
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Figure 3. Hemoglobin (Hb, 3A), hematocrit (Hct, 3B), mean cell volume (MCV, 3C), mean corpuscular hemoglobin concentration (MCHC, 3D), C-reactive protein (CRP, 3E), fibrinogen (3F) and fetal Hb (HbF; 3G) levels measured in SCD patients at steady state on two different occasions. Black = HbSS; purple = HbSC; orange = HbSβ°. 
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Figure 4. Point of sickling (PoS, 4A), maximal RBC deformability in normoxia (EImax, 4B), minimum RBC deformability during deoxygenation (EImin, 4C) and shear-stress gradient RBC deformability (4D) measured in SCD patients at steady state on two different occasions. Black = HbSS; Purple = HbSC; Orange = HbSβ°. Correlations between RBC deformability at 30 Pa and EImin (4E), EImax (4F) and PoS (4G) in SCD patients (first and second measurements are mixed). 
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Figure 5. Shear-stress-gradient ektacytometry (5A,5C) and oxygenscan (5B,5D) parameters measured in two SCD patients at steady state on several occasions. For patient 1, measurements were performed on four different occasions: 0 = first measurement; 2, 7 and 21 = 2, 7 and 21 months after the first measurement, respectively. For patient 2, measurements were performed on three different occasions: 0 = first measurement; 7 and 19 = 7 and 19 months after the first measurement, respectively. 
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