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// Summary and general discussion 

Redd blood cells play an important role in the transport of oxygen to and carbon 
dioxidee from the tissue. To pass the microcirculation, the cells have to be 
highlyy deformable. The aggregation behavior of red blood cells is another cell 
property,, which is considered of high importance and may impair the blood 
flowflow in pathological cases. This thesis describes a number of aspects of two 
instrumentss designed to study the deformability and aggregability of red blood 
cellss in a temperature and shear stress controlled environment. 

Thee Laser-assisted Optical Rotational Cell Analyzer (LORCA) described 
inn chapters 2-4 was developed to measure both the average red blood cell 
deformabilityy and the tendency of red blood cells to form aggregates. The user-
friendlyy design makes the instrument suitable for routine measurements in a 
clinicall  laboratory. 

Thee rheoscope described in chapter 5, with experimental results in 
chapterr 6, was developed to measure the deformability index of large numbers 
off  individual cells in order to determine the red blood-cell deformability 
distributionn of a blood sample. 

Thiss last chapter discusses and combines findings that are of importance 
forr future research on red blood-cell hemorheology. 

RBC-aggregationn measurements 

Chapterss 2 and 3 describe the aggregation mode of the LORCA which is based 
onn syllectometry in a Couette geometry. The instrument measures a set of 
aggregationn parameters that provide information about the kinetics of rouleaux 
andd 3D-aggregate formation, and about the extent of aggregation. This is unlike 
somee other aggregometers, which combine these parameters into a single 
aggregationaggregation index. 

Itt was demonstrated that the LORCA aggregometer is reproducible and 
sufficientlyy sensitive to detect impaired aggregation behavior of red blood cells, 
e.g.,, in samples with changes in the plasmatic environment or in 
hyperaggregation. . 
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Itt was further shown that red blood-cell aggregation is influenced by 
externall  factors. The kinetic behavior mainly depends on temperature. This is 
probablyy related to plasma viscosity, which also depends on temperature. It is 
thereforee recommended to perform clinical aggregation measurements at 37 °C. 
Aggregationn characteristics turned out to depend highly on storage conditions. 
Thee extent of aggregation was strongly reduced after storing the blood for one 
dayy at roomm temperature while this effect was small when stored at 4 °C during 
thee same time. 

Thee decreasing part of the syllectogram is usually described by a two-
exponentiall  curve with a fast phase describing rouleaux formation and a slow 
phasee describing 3D-aggregate formation. The intensity peak in the 
syllectogramm is not included in this representation. This peak is attributable to a 
collectivee RBC-shape recovery after abruptly stopping cup rotation. An 
importantt finding of chapter 4 is the extension of the two-exponential 
syllectogramm representation with an additional exponential term to include the 
syllectogramm intensity peak in the representation. This extension not only 
providess a better description of the syllectogram and hence, its descriptive 
aggregationn parameters, but it also provides the average shape recovery time 
constantt of the cells in whole blood. 

Thee theoretical model of the velocity and shear-rate decay discussed in 
chapterr 4, revealed that the shear rate is not uniformly distributed over the gap 
ass the flow decays after cup cessation. This causes RBCs in the vicinity of the 
bobb to be in different states of shape recovery and aggregation than distant 
RBCs.. The backscatter intensity is therefore a composite signal that depends 
nott only on the number of scattering cells but also on the state of these cells. If 
thee shear rate decay is slow in relation to RBC-shape recovery this RBC 
heterogeneityy is particularly of influence on the shape of the syllectogram. The 
shear-ratee decay happens to be the slowest in the vicinity of the bob and 
increasess with the gap size. The tri-exponential syllectogram representation was 
usedd to quantify the effect of flow decay on the RBC-shape recovery and on 
aggregationn parameters derived from the syllectogram. Chapter 4 showed that 
inn gaps larger than 0.6 mm, the flow decay prolongs the apparent RBC-shape 
recoveryy time constant (Tr). This causes the time before the occurrence of the 
intensityy peak (ttop) to be increased too. Furthermore, the upstroke of the 
intensityy peak (Figs. 4.12, 4.14) is reduced in large gaps. This strongly 
underestimatess the aggregation index {AT) and reduces the syllectogram 
amplitudee {Amp) which serves to express the extent of aggregation. These 
findingsfindings demonstrate that RBC-shape recovery and aggregation parameter 
valuess strongly depend on aggregometer geometry. For accurate syllectogram 
measurementss in future research, gaps up to 0.6 mm are recommended. 
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RBC-deformabilityy measurements 

Chapterr 2 describes the deformability mode of the LORCA, which is based on 
ektacytometry.. Thee most characteristic difference with earlier instruments is the 
introductionn of a video camera to detect the diffraction pattern and the use of 
computerizedd imaging techniques to obtain the best-fit ellipse that describes an 
isointensityy curve of the diffraction pattern. 

Althoughh the LORCA is a convenient instrument to measure red blood-
celll  deformability, it is only capable of measuring the average deformability. 
Too be able to measure the red blood-cell deformability distribution of a blood 
sample,, it is necessary to measure the deformability of large numbers of 
individuall  cells. 

Chapterr 5 describes an automated rheoscope system in which cells are 
deformedd by shear flow between counter rotating glass plates. The 
deformabilityy index of a RBC that is most often used in rheoscopy is defined as 
thee ratio of the long and the short axis of the ellipse. Advanced imaging 
techniquess are used to locate cells, to find the ellipse that best matches each cell 
andd to evaluate whether the determination of cell deformation is reliable. User 
interactionn is limited to manual validation of the automatically approved cells. 
Unlikee other rheoscopes described in literature, this design allows quantitative 
assessmentt of red blood-cell deformability within less than 2 s per cell. The 
meann deformability measured at 3 Pa is in close agreement with that obtained 
withh the LORCA ektacytometer as illustrated by comparative experiments 
usingg heat-treated RBCs (chapter 5). The automated system was adequately 
sensitive,, showing distinct deformability distributions after each additional 
minutee of heat-treatment. It could also easily discriminate between cells in the 
topp and bottom fractions of centrifugally density-separated samples. The 
deformabilityy distribution of the top fraction was close to that of a normal blood 
sample,, whereas the distribution of the bottom fraction was markedly different, 
showingg a reduced mean deformability and a wider distribution. It was 
thereforee concluded that the fraction of high-density (old) cells has to be very 
smalll  in normal human blood. 

Chapterr 6 exploits the possibility to determine RBC-deformability 
distributionss by exploring those from healthy individuals and from samples 
containingg cells with anomalous mechanical properties. These distributions 
weree measured at a shear stress of 3 Pa, which is high enough to elongate the 
cellss in the direction of the streamlines and normally yields a deformability 
indexx halfway the full range. The deformability of healthy volunteers is close to 
aa normal distribution although the left tail is usually slightly elevated. Chapter 6 
illustratess that the deformability distributions of patient samples sometimes 
indicatee an increased fraction of less deformable cells. The deformability 
distributionn yields the standard deviation, an additional parameter that is of 
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greatt value in assessing RBC deformability. The standard deviation was clearly 
differentt in many of the investigated blood samples compared to the group of 
healthyy individuals. In a dialysis patient treated with EPO the mean 
deformabilityy was within the 97.5% confidence interval of the healthy control 
group.. The standard deviation, however, was increased. This specific case 
illustratess the potential of the standard deviation as a parameter to establish 
changess in RBC deformability. 

Thee presence of anomalous cell fractions can be quantified by comparing 
thee deformability distributions of a patient with the pooled distribution of a 
healthyy control group. The part of a deformability distribution that is covered 
byy the control distribution is considered as the normal cell fraction while the 
remainingg fraction is considered as the anomalous one. Anomalous cells are 
subdividedd into hypodeformable and hyperdeformable cells. The 
hypodeformablee fraction was increased, e.g., in sickle-cell patients, while the 
hyperdeformablee fraction was increased in dialysis patients treated with EPO. 
Thee hypodeformable and hyperdeformable cell fractions are good quantitative 
parameterss to establish abnormalities in cell deformability. 

Inn a rare case like elliptocytosis cells behave different in simple shear 
floww and only collectively orient in the direction of the streamlines at a high 
shearr stress. This behavior markedly affects the deformability distribution and 
wronglyy indicates the presence of a large fraction of hypodeformable cells. 
Althoughh the distribution still indicates abnormality it is advisable to only 
comparee distributions of RBCs that in simple shear flow orient in the same 
direction. . 

Futuree LORCA and rheoscope development 

LORCA:: The laser beam (670 nm) necessary for the generation of the 
diffractionn pattern in ektacytometry is also used as the light source for 
aggregationn measurements. The utilized wavelength is less suitable for 
syllectometryy since the intensity of the backscattered light depends on RBC 
oxygenation.. For standardized measurements, blood samples must therefore 
firstfirst be oxygenated. If, however, a (second) light source is used for aggregation 
measurementss at the isobestic point (805 nm) backscatter will be independent 
off  oxygen saturation and oxygenation can probably be omitted. 

Rheoscope:: The automated rheoscope still requires operator intervention to 
rejectt misinterpreted cells, such as small aggregates or overlapping cells. The 
numberr of small aggregates may be reduced by using other suspending media. 
Thee number of overlapping cells may be decreased by reducing the plate-plate 
distance.. This would minimize operator intervention and might even result in 
fullyy automatic determination of RBC-deformability distributions. However, 
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thee variation in the plate-plate distance during rotation has to be reduced when 
decreasingg the overall plate-plate distance in order to preserve a relatively small 
variationn in the shear stress. 

Thee use of time-series containing successive cell pictures might be of 
interestt to study the movement and morphology of single cells in shear flow. 
Time-seriess reveal whether objects are tank-treading or tumbling. Tank-
treadingg is characteristic for normal cells while tumbling is a property ascribed 
too rigid cells. Analyzing time-series may therefore be expedient to further 
differentiatee between normal and anomalous cells. 

Futuree research 

Withh the LORCA we can now easily determine the overall deformability, 
aggregabilityy and shape recovery of RBCs. The automated rheoscope enables 
uss to determine the deformability of large numbers of individual cells in order 
too obtain the RBC-deformability distribution. Both instruments can be utilized 
too study the relationship between RBC mechanical properties and pathologies 
inn a clinical setting. Below, a number of recommendations for future research. 

Itt is of great importance to test the hypothesis that impaired RBC 
deformabilityy and increased RBC aggregability decrease oxygen delivery and 
too what extent This can be done by studying the relation between RBC 
mechanicall  properties and the oxygenation of tissue. 

Thee new approach of determining RBC-shape recovery in whole blood 
usingg the tri-exponential syllectogram representation was tested with normal 
blood.. The method may be valuable for studying the relation between 
pathologiess and cell-membrane elasticity. 

Thee automated rheoscope may be a valuable instrument to establish an 
increasedd fraction of hyperdeformable cells as a response to EPO injection as 
wass observed for dialysis patients that were treated with this hormone. It may 
alsoo be useful as an instrument to monitor sickle-cell patients and to establish 
thee severity of an infection with malaria tropica. 

Bothh the LORCA and the rheoscope may also be utilized to study the 
effectt of blood storage and the use of heart-lung machines on the mechanical 
propertiess of RBCs. The instruments can also be of great advantage when 
studyingg the influence of plasma composition on RBC-mechanical properties or 
whenn studying temporal effects of drug treatment, e.g., in clinical 
pharmacology. . 

Thee determination of RBC-deformability distributions is only one way to 
utilizee an automated rheoscope system. Such system can be used to 
automaticallyy determine the shape recovery time-constant of individual cells 
andd the distribution of this parameter. Finally, it can also be used to assess 
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platelett or RBC-aggregation behavior or to study other particles in simple shear 
flow. flow. 
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