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1 1 Generall  introduction 

1.11 Blood 

Bloodd is a suspension that consists of plasma with proteins and formed 
elements.. The latter are blood cells or cell fragments.67 Red blood cells (RBCs) 
takee the highest number (99.9%) of formed elements with a volume fraction 
(hematocrit)) of 0.37-0.54 1/1. They are involved in the transport of respiratory 
gasess between lungs and peripheral tissue. The number of RBCs is 
approximatelyy a 1000 times the number of white blood cells and about 20 times 
thee number of platelets. White blood cells are involved in the body defense 
mechanismm and use the blood stream to travel from one organ to another or to 
areass of injury. Platelets play a role in blood clotting. Formed elements cause 
thee fluid to be non-Newtonian, which means that the viscosity changes with the 
appliedd shear rate.25,26 

Hemorheologyy studies the flow of blood and focuses on the properties of 
plasmaa and cells but also on their interaction under various (pathological) 
conditions. . 

1.22 Red blood-cell characteristics 

RBCss are small bags mainly filled with the red pigment hemoglobin bounded 
byy a thin cell membrane. If not deformed by external stress, a cell is shaped like 
aa biconcave disc39 (Fig. 1.1) with an average diameter of 7.8 um, a maximum 
thicknesss of 2.6 um, although the center may narrow to about 0.8 urn. The 
RBCss travel through the circulatory bed and serve to transport oxygen from the 
lungss to the tissue and to transport 
carbonn dioxide back to the lungs. M e m b r a n e' 
Becausee the cells are only partly 
filledd (« 90 fl), they have a relatively 
largee surface, which facilitates the 
exchangee of oxygen and carbon 
dioxide.. If the hematocrit is 
decreasedd or if the hemoglobin 
contentt of the cells is reduced, a state F i g iA R ed b,o od  ̂ ( c r o ss s e c t i o n) 

off  anemia exists. with average dimensions. 
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Chapterr 1, General introduction 

Figuree 1.2 shows a model of the membrane structure. It consists of a 
lipidd bilayer with embedded globular proteins which move around in the plane 
off  the membrane. This gives the lipid bilayer the characteristics of a viscous 
fluid.. The membrane also exhibits elasticity, typical for a solid, which is 
attributedd to a skeleton of proteins (spectrin) and to other molecules that 
supportt the membrane at the side facing the intracellular fluid.39 RBCs have no 
nuclei.. While aging, osmotic gradients drain water from the RBC causing its 
densityy to increase. After circulating in the body for about 120 days cells are 
removedd from the circulation by the spleen. 

Extracellularr side 

~~ Spectrin network 

Intracellularr side 

Fig.. 1.2. The red cell membrane consists of a lipid bilayer with embedded globular 
proteinss which move around in the plane of the membrane. 

1.2.11 RBC deformabilit y 

Althoughh the cell membrane highly resists surface dilation, structures within 
thee cell membrane can be rearranged in order to deform the membrane. This 
kindd of deformation is called shear deformation and the type of elasticity 
involvedd is referred to as shear elasticity. Elastic properties are also attributed to 
thee membrane skeleton and come into effect, e.g., when a force is applied 
perpendicularr to the cell membrane. 

Thee average RBC volume and area are 90 fl and 164 um2, respectively. 
Thiss gives the cell an excess area of about 67 um2 or 40% compared to a sphere 
off  the same volume. The excess area allows cells to deform. The deformability 
increasess with the surface area to volume ratio. 

Anotherr important deformability determinant is the viscosity of the 
intracellularr fluid. The internal viscosity is mainly determined by the 
hemoglobinn concentration, which increases as water is drained, from ca 
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Chapterr 1, General introduction 

99 mPa-s for young cells to ca 14 mPa-s for old cells. Old cells are therefore less 
deformablee than young ones.49'90'91 

RBCC deformability depends on all the aforementioned cell properties and 
iss important for cells to pass the microcirculation with capillaries as narrow as 
3-77 um. 

1.2.22 RBC aggregability 

Whenn RBCs travel through the circulatory bed they are subjected to shear 
stress.. If this shear stress is reduced, RBCs adhere to each other, a process 
knownn as RBC aggregation. During the aggregation process,60 RBCs first 
adheree side-to-side and create stacks of RBCs, the so-called rouleaux. 
Immediatelyy following rouleaux formation, rouleaux connect end-to-end to 
formm larger rouleaux but also side-to-end to create large, so-called 3D 
aggregatess (see Fig. 1.3). If the tendency of RBCs to form aggregates is 
increased,, aggregates may severely obstruct the circulation of blood. Blood of 
healthyy horses is well known for its hyperaggregation while human blood with 
thee same degree of aggregability is linked to pathology. The process of RBC 
aggregationn is not yet fully understood and is therefore subject of many 
hemorheologicall  studies. 

Fig.. 1.3. If the shear stress is reduced, RBCs first adhere side-to-side and create 
stackss of RBCs, called rouleaux. Immediately following rouleaux formation, rouleaux 
connectt end-to-end to form larger rouleaux but also side-to-end to create large, so-
calledd 3D aggregates. 
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Chapterr 1, General introduction 

Redd blood cell deformability and aggregability are important factors affecting 
bloodd flow. Less deformable cells experience a high resistance when passing 
capillariess resulting in a reduced capillary flow. Both RBC deformability and 
aggregabilityy are shear-dependent phenomena that influence blood viscosity in 
largerr vessels. Blood viscosity is increased if cell deformability is decreased but 
alsoo if the tendency to form aggregates is increased.58 Aggregates are more 
likelyy to occur in the low shear regions of postcapillary venules. 5 An increased 
viscosityy is accompanied by an increase in blood pressure (hypertension), to 
maintainn the blood flow. A large number of pathologies have been found in 
hypertensivess having hemorheological alterations (stroke, renal failure, 
aneurysmss and transient ischemic attack).27 

AA number of pathologies are known with impaired RBC deformability. 
Inn sickle cell anemia a fraction of the cells loose their deformability and, if the 
oxygenn tension of the plasma drops below a certain level, change into cells with 
abnormall  shapes (like sickles). Perfusion with these sickled cells is held 
responsiblee for flow blockage in capillaries and for the accompanying tissue 
hypoxiaa and painful crises that sickle cell patients experience.8 A fraction of 
thee RBCs of patients suffering from severe malaria tropica is infected with a 
parasitee (plasmodium falciparum). The deformability of both the infected and 
uninfectedd cells is decreased resulting in a reduction or stagnation of the flow in 
thee capillaries. The decrease in RBC deformability recently appeared to be the 
mostt important predictor for mortality.32 Increased RBC aggregation was 
observedd in a number of pathologies,100 such as inflammatory diseases, 
diabetes,, thrombosis and myocardial infarction. 

1.44 Measuring red blood-cell rheological properties 

1.4.11 Deformability assessment 

Severall  techniques have been developed to obtain a quantitative measure for 
thee average deformability of RBCs in a sample. Other techniques yield the 
deformabilityy of individual cells. 

Filtrationn is a relatively simple technique in which diluted blood or 
sometimess whole blood is in contact with a membrane filter containing 
micropores.. The diameter of the pores is usually about 5 urn and only 
deformablee RBCs are able to pass the membrane when a known pressure 
gradientt is applied across the membrane filter. The filtered volume per minute 
servess as the filterability index.75 Disadvantages of this filtration technique are 
thee possibility of pore blocking by white blood cells54 or by rigid RBCs and the 
lackk of measurement reproducibility when using various membranes. 
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Chapterr  1, General introduction 

Thee cell transit analyzer37 provides an indication of RBC deformability 
forr  large numbers of individual cells. In this instrument a diluted RBC 
suspensionn is placed in a reservoir  on one side of a micropore membrane (pores 
**  5 urn), with pure buffer  on the other  side. A pressure gradient is created 
whichh causes the cells to flow through the pores in the membrane. The cell-
transitt  time and the time to enter  a pore are indicators for  RBC deformability 
andd are measured through changes in the electrical impedance of the membrane 
ass cells pass the filter.  The advantage of this technique is the possibility to 
measuree the deformability of large numbers of individual cells. Besides the 
aforementionedd disadvantages of micropore membranes, this technique is 
unablee to measure the deformability of severely impaired RBCs because these 
aree unable to pass the membrane. Small rigid cells on the other  hand, pass the 
membranee freely, hereby wrongly suggesting undisturbed deformability . 

Micropipett ee aspiration is a technique that measures membrane shear 
characteristicss of individual cells by aspirating part of the cell membrane into 
thee tip of a micropipette. Deformability is related to the underpressure in the 
pipette.. Micropipettes are also used to measure the shape-recovery time 
constant.. In this technique, the micropipette is used to grab and extend a RBC 
thatt  is fixed to a glass plate at the other  end, and to measure the shape-recovery 
time-constantt  (tc) after  releasing the cell. This time-constant mainly depends on 
thee membrane-surface viscosity (77) and the surface elasticity (//) and is 
estimatedd by52 tc = rj/fii (ji * 6.0 + 0.9 uN/m). Micropipett e aspiration has the 
advantagee of being able to measure mechanical properties of individual cells. 
However,, its application is rather  time consuming and the technique is therefore 
unsuitablee for  clinical use.63 Recent studies report the use of optical tweezers to 
realizee RBC extension for  the measurement of RBC-shape recovery.16,53 The 
degreee of automation in these so-called laser-trapping techniques is an 
improvementt  compared to micropipette aspiration although its utilization is still 
timee consuming. 

Inn ektacytometry and rheoscopy (discussed below) RBCs are 
resuspendedd in a high viscous medium. The low volume fraction (« 21031/1) 
causess the suspension to behave approximately Newtonian. If the cells are 
subjectedd to simple shear  flow, e.g. between two parallel glass plates moving in 
oppositee direction (see Fig. 1.4a), cells resemble prolate ellipsoids88 while the 
membranee rotates around the cell's interior , a phenomenon called tank-
treading.36'388 Tank-treading cells are known to orient themselves at a small 
anglee a with respect to the streamlines as shown if Fig. 1.4a. This angle 
decreasess with increasing shear  stress38 (a < 10° for  shear  stresses > 3 Pa). 
Whenn observing the cells through the glass plates, they appear  as ellipses 
alignedd in the direction of the streamlines (Fig. 1.4b). 
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Fig.. 1.4. a) Tank-treading cell in simple shear flow between glass plates moving in 
oppositee direction, b) When observing the cell through the glass plate, it appears as 
ann ellipse aligned in the direction of the streamlines. 

Ektacytometryy (ekta is Greek for: stretch; cyto is Greek for: cell) is a 
techniquee that gives a quantitative measure for the average RBC 
deformability.42'477 In ektacytometry a laser beam traverses a suspension of 
bloodd cells between two concentric cylinders and generates a diffraction pattern 
onn a small projection screen (see Fig. 1.5). In the diffraction pattern, points with 
equall  intensity build up an isointensity curve, which changes from circular at 
restt to elliptical at high shear stress. The ellipticity of the isointensity curve is 
usedd as a measure for the average RBC deformation.87 The major (a) and minor 
(b)) axis of the ellipse are used to calculate the elongation index, EI=(a-b)/(a+b), 
att various shear stresses, resulting in the deformation curve. A shear stress is 
appliedd by controlling the angular velocity of the outer cylinder. 

Rheoscopyy is used to determine the deformability of individual RBCs.81 

Withh this technique (see Fig. 1.6), cells are subjected to simple shear flow in a 
counter-rotatingg cone-plate system, which provides a uniform shear stress in the 
suspensionn between the cone and the plate. Rheoscopes are mainly used as an 
observatoryy tool and focus on elongated cells in the stationary fluid layer 
midwayy between cone and plate. Some researchers made video-recordings of 
rheoscopicc observations and manually quantified the elongation of individual 
cells.911 In this technique the ratio of the long and short RBC axes often serves 
ass the RBC-deformability index,8890 DI = a/b. 

Thee rheoscope is also used to investigate RBC-shape recovery by 
abruptlyy stopping rotation of the cone and plate hereby initiating shape recovery 
off  the cells.8990'91 
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Laserr diode 

Dilutedd blood suspension 
Surfacee mirror 

Staticc inner cylinder (bob) 
Rotatingg outer cylinder (cup) 

Photoo diodes Projection n 
screen n 

Camera a 

Fig.. 1.5. Principle of ektacytometry. A laser beam is scattered by a suspension of 
redd blood cells stressed between a static inner cylinder (bob) and a rotating outer 
cylinderr (cup). Thee shape of the diffraction pattern, projected on a small screen, is 
aa measure for the average RBC deformability and changes from circular at rest to 
ellipticall at a high shear stress. The major (a) and minor (b) axis of the ellipse 
servee to calculate the elongation index, El=(a-b)/(a+b). The photo diodes are used 
forr aggregation measurements using the same geometery. 

Stationaryy layer 

Dl=a/b b 

1 1 
A1 1 
**

i t t 
Microscopee objective 

Fig.. 1.6. The measuring chamber of a rheoscope usually consists of a counter-
rotatingg cone-plate system, which provides a uniform shear stress in the RBC 
suspension.. A microscope focuses on the stationary layer midway between cone 
andd plate. The ratio of the long (a) and short (b) cell axes serves as the 
deformabilityy index, Dl=a/b. 
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1.4.22 Aggregability assessment 

Thee erythrocyte-sedimentation rate (ESR) increases with RBC aggregation and 
iss therefore often used in clinical practice as a relatively simple screening test 
forr inflammatory diseases that are known for their increased RBC 
aggregability.69'799 In its simplest form the test can be performed by stalling a 
tubee with collected blood on a table while measuring the time needed to 
sediment,, a process which may take a few hours to complete. More 
sophisticatedd instruments read the upper edge of the RBC layer during 
sedimentationn and print a sedimentation curve or calculate time constants 
representingg the curve. The ESR technique is relatively simple but the long 
measurementt duration69 (> 1 hour) is a disadvantage. 

Fig.. 1.7. Syllectogram measured in a Couette geometry (see Fig. 1.5). / is the 
intensityy of the light, expressed in arbitrary units (au), backscattered by a layer of 
wholee blood after abruptly stopping cup rotation. The upstroke is attributed to the 
shapee recovery of cells. The intensity of the backscattered light decreases as RBC 
aggregationn develops. The peak duration is exaggerated for clarity. 

Zijlstra1011 observed that the intensity of the light that is backscattered by 
bloodd decreases during RBC aggregation. If the backscattered light is 
continuouslyy recorded after stopping a mixing rod in a test cuvette, a curve is 
obtainedd which qualitatively describes the aggregation process. Zijlstra 
proposedd the name syllectometry for this technique and the obtained curve is 
knownn as the syllectogram. Modem aggregometers expose the RBC suspension 
too a well-defined disaggregation shear rate to dissociate and elongate the cells 
usingg Couette flow.35'44'7'73'74'5 Other researchers measured forward scattering 
off  light using cone-plate systems,6'65'80 which causes the forward scattering 
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intensityy to increase while RBC aggregation develops. Figure 1.7 shows the 
syllectogramm as measured with the Couette geometry of Fig. 1.5. A double 
exponentiall  representation is often used to describe the syllectogram and yields 
thee kinetics of rouleaux and 3D-aggregate formation and the extent of 
aggregation.66 A reduced measurement duration (« 2 min) and an improved 
descriptionn of the aggregation process are important advantages of 
syllectometryy compared to ESR tests. 

1.55 Aim of the thesis 

Thee aim of this thesis is to improve and extend available techniques for 
measuringg RBC deformability (ektacytometry, rheoscopy) and aggregability 
(syllectometry). . 

Ass explained in section 1.4.2., the time-dependent intensity plot 
(syllectogram)) is used to assess RBC aggregability at a routine basis. Although 
thiss technique was introduced many years ago,101 the influence of the 
dimensionss of the flow chamber  on the syllectogram shape has never  been 
investigatedd properly. Especially the initia l part of the syllectogram that is 
ascribedd to RBC shape recovery5 is expected to interfere with the flow decay 
afterr  suddenly stopping the drivin g mechanism. The degree of interference wil l 
bee dependent on the size of the gap between the cylinders. In this thesis we 
investigatee the influence of the gap size on the syllectogram by modeling and 
measuringg the shear  rate decay during the initia l part of the syllectogram. 

Sincee the initia l part of the syllectogram is considered to represent RBC 
shapee recovery,5 it is a potential measure of RBC-relaxation times. Utilizin g 
informationn from the first 500 ms of the syllectogram could provide a unique 
andd fast measurement of RBC-relaxation times in whole blood. In contrast with 
otherr  techniques this enables measuring RBC relaxation in its natural 
environment.. We illustrat e that measuring RBC-relaxation times from the 
syllectogramm is feasible if flow-chamber dimensions are appropriate and if a 
modifiedd mathematical representation of the syllectogram is used. 

Techniquess for  measuring RBC deformability , including rheoscopy, 
oftenn result in an indication of a mean deformability index. This mean value 
mayy be insensitive to small fractions of poorly deformable cells. A 
deformabilit yy distribution, however, is more useful for  studying diseases that 
aree marked by sub-populations of less deformable cells, since even small 
fractionsfractions of rigid cells can cause circulatory problems. 

Generationn of deformability distribution s by manual determination of 
RBC-deformationn indices from rheoscope images is practically impossible 
sincee thousands of cells have to be analyzed for  a reliable histogram. It would 
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takee many hours to analyze a single sample and the cumbersome and tiring 
proceduree is a source of errors. Consequently, an automated procedure is the 
onlyy way to obtain reliable RBC-deformability distributions. We introduce the 
methodologyy to achieve sufficient automation to enable RBC-deformability 
distributionn estimation. The accurate and user-friendly instrument that is the 
resultt of our research is directly beneficial for the study of many diseases that 
aree found with altered RBC mechanical properties (e.g., malaria tropica, sickle-
celll  disease, anemia, hypertension). 

1.66 Outline of the thesis 

Chapterr 2 describes the Laser-assisted Optical Rotational Cell Analyzer 
(LORCA),, an automated instrument that was developed to measure RBC 
deformabilityy and aggregability in a clinical setting. The LORCA is a 
temperature-controlledd ektacytometer extended with facilities to measure 
syllectogramss in the same Couette geometry. The aggregability mode of the 
LORCAA is addressed in more detail in chapter 3. 

Chapterr 4 presents a mathematical model of the suspension velocity and 
shear-ratee decay that follows after abrupt cessation of the driving mechanism, 
inn order to measure the syllectogram. The model is validated in the LORCA 
usingg Particle Image Velocimetry (PIV). Chapter 4 also investigates the effect 
off  the shear-rate decay on the shape of the syllectogram and on the aggregation 
parameterss that it provides. The syllectogram is described by a new tri-
exponentiall  mathematical representation that excellently describes the curve 
includingg the upstroke ascribed to RBC-shape recovery. 

Chapterr 5 describes an automated rheoscope configuration, which 
featuress advanced image analysis techniques to measure the RBC-deformability 
distributionn by analyzing a large number of individual cells in shear flow. 
Chapterr 6 explores such RBC-deformability distributions from healthy 
volunteerss and from various patients. 

Chapterr 7 finally provides overall conclusions resulting from the topics 
discussedd in other chapters and gives recommendations for future research. 
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