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Stellingenn behorend bij het proefschrift 

Engineerin gg development s in hemorheolog y 
(Technischee ontwikkelingen in de hemoreologie) 

1.. In een Couette systeem met draaiende cup en stilstaande bob onstaat een shear rate verval 
wanneerr de cup plotseling wordt stilgezet. Het syllectogram van normaal humaan bloed wordt 
hierdoorr beïnvloed wanneer de afstand tussen bob en cup groter is dan 0.6 mm. 
DitDit  proefschrift 

2.2. Het syllectogram wordt in het algemeen gebruikt voor het bestuderen van de aggregatie van 
rodee bloedcellen. De relaxatie-tijdsconstante van rode bloedcellen kan echter ook uit het 
syllectogramm worden bepaald, door de piek te analyseren. 
DitDit  proefschrift 

3.. Filters zijn per definitie selectief. Wanneer (micropore) filters worden gebruikt voor het 
verkrijgenn van een maat voor de vervormbaarheid van rode bloedcellen is de filtratiesnelheid 
afhankelijkk van zowel de grootte als de vervormbaarheid van de cellen, maar ook van eventuele 
verstoppingg van het filter. De vervormbaarheids-resultaten verkregen met filters moeten daarom 
mett voorzichtigheid worden geïnterpreteerd. 
DitDit  proefschrift 

4.. Automatische analyse van reoscopische beelden heeft het bepalen van de 
vervormbaarheidsverrfe/mgg van rode bloedcellen hanteerbaar gemaakt. 
DitDit  proefschrift 

5.. Veranderingen in de mechanische eigenschappen van rode bloedcellen kan de gemiddelde 
vervormbaarheid,, de standaarddeviatie of beide, veranderen. Door niet alleen de gemiddelde 
vervormbaarheidd te meten (via ektacytometrie) maar ook de standaarddeviatie (via reoscopie) 
kann daardoor meer inzicht worden verkregen in de vervormbaarheids-eigenschappen van rode 
bloedcellen. . 
DitDit  proefschrift 

6.. Normale rode bloedcellen in sterk viskeuze media richten zich volgens de stromingslijnen in 
simplee shear flow. Afwijkende cellen worden verondersteld zich anders te gedragen en kunnen 
zichh dan ook anders richten (zoals bij elliptocytosis). Een reoscoop is een uniek instrument 
waarmeee de aanwezigheid en de fractie van dergelijke cellen kan worden vastgesteld. 
DitDit  proefschrift 

7.. Hoe meer mensen er mee kijken, hoe groter de kans op het demonstratie-effect. 

8.. Een variant op het spreekwoord 'Een gek kan meer vragen dan 10 wijzen kunnen 
beantwoorden',, zou kunnen luiden: '10 geleerden kunnen meer vragen dan 1 promovendus kan 
beantwoorden'. . 

9.. De 'druk' op de knop is evenredig met de irritatie. 

10.. De laatste installatie-'procent' duurt het langst. 

11.. Het oponthoud ten gevolge van een file hangt af van de lengte van de file en van de gemiddelde 
snelheids-afhamesnelheids-afhame over het betreffende traject. Het vermelden van alleen de file-lengte tijdens 
dee verkeersinformatie is dus zinloos. Een schatting van de vertragingstijd geeft de gewenste 
informatie. . 

IwanIwan Dobbe 
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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. 

Extracellula rr  sid e 

~~ Spectrin network 

Intracellula rr  sid e 

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. 

12 2 



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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Chapterr 1, General introduction 

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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Chapterr 1, General introduction 

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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Chapterr  1, General introduction 

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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Chapterr 1, General introduction 

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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Abstract t 

Thee capability of red blood cells to deform is of crucial importance for both 
macroo and microcirculation. A satisfying technique for the measurement of this 
deformationn is lacking so far. We developed and tested in various studies an 
instrumentt for automatic measurement of red cell deformability by laser 
diffractometry.. Recently, it appeared mat the applicability of the instrument 
couldd be extended for measuring another structural hemorheological parameter, 
redd blood cell aggregation. In this communication, a description of the Laser-
assistedd Optical Rotational Cell Analyzer (LORCA) is given, followed by the 
generall  methodology for the measurement of both red blood-cell deformability 
andd aggregation. It demonstrates the practical versatility of this instrument in 
thee field of hemorheology. 

Originall  publication: Laser-assisted Optical Rotational Analyser (LORCA); A new measurement for 

measurementt of various structural hemorheological parameters. M.R. Hardeman, P.T. Goedhart, J.G.G. Dobbe, 

K.P.. Lettinga, Clinical Hemorheology, Vol. 14, No. 4, pp. 605-618, 1994. 
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2.11 Introduction 

Thee extreme deformability of red blood cells (RBCs) enables them to pass 
capillariess with a diameter approximately twice as small as the diameter of the 
RBCC at rest. This property is also responsible for the surprisingly low viscosity 
att high shear rates in the large arteries, although these cells take up almost 50 
volumee % of the whole blood. It can therefore be expected that even a slight 
increasee in RBC rigidity may cause important disturbances in both micro and 
macrocirculation.. A large variety of diseases were described in association with 
lesss deformable RBCs (for a review, see ref. 64). However, except in some 
hematologicall  disturbances, it is less clear whether this phenomenon is the 
causee or the result of the underlying disease. Clinical interventions, like 
injectionn with radio contrast media,45 plasma expanders,51 drugs,43'82 etc. can 
alsoo affect RBC deformability. Furthermore, hemorheologists are interested in 
thee effect of disturbed RBC deformability on whole blood viscosity under 
variouss experimental conditions. Therefore, there is a need for a sensitive and 
reproduciblee technique evaluating the capability of RBCs to deform under 
stress.. A survey of various existing techniques can be found elsewhere. 

Duee to its simplicity, filtration of RBC suspensions through filters with 
3-55 urn pores has become very popular. Besides the original whole blood 
filtrationfiltration technique,75 the more laborious filtration of washed RBCs (more or 
lesss completely depleted of rigid, filter clogging, white blood cells) is 
performedd most frequently. Other variations, regarding the performance of the 
filtrationfiltration technique are used, e.g., positive or negative pressure, filters having 
differentt numbers of pores varying from many thousands to ca. 30 or to even 
onee single pore and fabricated from various materials. Filterability has also 
beenn analyzed by measuring the pressure built up across the membrane during a 
shortt or longer period, by the transit time related to a certain volume of blood 
(detectedd by light sensors) or by the number of RBCs (detected by the 
disturbancee of an electric field across the membrane). The latter technique, 
measuringg the mean cell transit time, has recently been extended with pulse-
shapee analysis.37 The mere fact that so many variations of RBC filtration were 
andd still are described illustrates that this technique is rather cumbersome and 
fulll  of pitfalls. Especially the variability between the individual filters should 
worryy each investigator. Unfortunately, but this applies to all existing 
techniques,, a calibration standard is lacking. 

Ann instrument, the Ektacytometer, using laser diffraction analysis of 
RBCss under varying shear stress9 was commercially available up until a few 
yearss ago. Although this instrument had a poor technique for detection of the 
laserr pattern42 and was not thermostated, it gave the impetus for much excellent 
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research.2,7'8'22'24'28'55,61,633 Based on the ektacytometric principle, we have 
developedd a new instrument with a video camera for detection of the laser-
diffractionn pattern, thermostation unit and an ellipse fit algorithm for 
calculatingg the Elongation Index (EI). The instrument was initially called 
LORDD (Laser-assisted Optical Rotational Deformability meter). Later it 
appearedd to have a few other applicabilities beyond the measurement of RBC 
deformability,, e.g., quantitative analysis of RBC aggregation indices, RBC 
relaxationn rate, etc. and was therefore renamed LORCA (Laser-assisted Optical 
Rotationall  Cell Analyzer). In this communication we describe some 
characteristicss of this instrument in relation to the measurement of both RBC 
deformabilityy and RBC aggregation indices. 

2.22 Methods and instrument description 

2.2.11 Sample preparation 

Humann blood was anticoagulated with K3-EDTA (f.c. 4.7 mM), Li-heparin 
(f.c.. 7.5 USP.U/ml) or Na2H-citrate (f.c. 10.5 mM). For measurement of RBC 
deformability,, either 5,10, 15, 20,25 or 50 ul of blood was diluted in 5 mll  of a 
solutionn of 0.14 mM polyvinylpyrrolidone (PVP, M=360 000, Sigma) in 
phosphatee buffered saline (pH 7.4). A large quantity of this PVP - saline 
solutionn was prepared and stored in 5-ml portions at -70 °C. The viscosity at 
377 °C of the PVP medium was 31 mPas. 

RBCC deformability was also measured in non-anticoagulated blood 
directlyy diluted in the PVP medium. PVP - blood mixtures were always 
preparedd immediately prior to the EI measurement. RBC aggregation indices 
weree analyzed in duplicate in whole blood Prior to the measurements, a 
volumee of blood was oxygenated during 0, 5, 10 or 15 min with at least 3 
volumess of air or a 95% O2 - 5% C02 gas mixture at room temperature on a 
rollerbank, , 

2.2.22 Instrument description 

Thee basic instrument, containing the laser, thermostated measuring system, 
stepperr motor and video camera, is shown in Fig. 2.1. The laboratory setup 
consistedd further of an IBM-compatible PC plus printer. Details of the 
measuringg system are depicted in Fig. 2.2. Both concentric cylinders of the 
Couettee system are made of glass. 
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Fig.. 2.1. Laser-assisted Optical Rotational Cell Analyzer (LORCA). Basic instrument 
(right),, computer monitor (left) showing diffraction pattern of elongated RBC, 
Elongationn Index - stress curve, etc. 

Thee inner cylinder (the bob) can be moved vertically with a lever, after which 
thee outer cylinder (the cup) can be removed for cleaning or replacing. The gap 
betweenn the cylinders is 0.3 mm and can be filled with ca. 1.5 ml of test 
suspension,, either manually or with a pump, connected to a flush channel. The 
lightt source, a diode laser (670 nm, 4 mW), is integrated in the bob, with a 
prism,, scatter intensity sensors and a temperature control unit (set to 37 °C). 
Thee measured sample temperature is displayed at the front of the instrument. 
Thee cup is driven by a stepper motor (0-10 rps, 10 000 steps per revolution), 
controlledd by the computer. 

AA commercial version of the LORCA is manufactured by R&R 
Mechatronics,, P.O. Box 225, 1620 AE Hoorn, the Netherlands. 

2.2.33 Determination of RBC deformabilit y 

Inn the application mode for RBC-deformability measurements (Fig. 2.2), the 
laserr beam traverses the diluted blood suspension and is diffracted by RBCs in 
thee volume. The diffraction pattern is projected on a screen monitored by a 
CCD-videoo camera, linked to a frame grabber integrated with the computer. 
Thee diffraction pattern is shown on-line, on part of the computer screen. 
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Staticc bob 
Computer r Laserdiode e 

Rotatingg cup 

RBCC suspension 

j£>> Glass cylinders 
Heater r 

Fig .. 2.2. Schemati c drawin g of LORCA measurin g and detectio n syste m for RBC 
deformabilit yy  determination . 

Thee gap is filled with 1-2 ml of PVP diluted blood. Each subsequent step of the 
measuringg procedure, viz., filling  the cup with PVP diluted blood, adjustment 
off  camera diaphragm, measurement of RBC deformability, printing the results 
andd emptying the cup, is guided by interactive software having a graphical user 
interface. . 

Thee measurement program can be influenced by parameters displayed in 
ann options menu. It is possible to set the shear-stress range at which RBC 
deformabilityy is measured. The program generates a user-specified number of 
shearr stresses uniformly spaced on a logarithmic scale. The shear stress applied 
too the cells is calculated by multiplication of the suspending medium viscosity 
andd the mean geometric shear rate (yr) in the gap. The latter, controlled by the 
rotationall  speed, is calculated as: 

r, r, 
(2.1) ) 2a)(r2a)(r cc

22-, -, 

coco = rotational speed, equal to 2nN/60 where N= number of 
revolutions/min n 

rr hh,, rc = radius of the inner (bob) and inside outer (cup) cylinder, respectively 
rr  = the geometric mean radius of the gap (^Vc ). 

Forr such small gaps r may be equalled to rt,rc and the equation becomes: 

_ 4 gg  {r c IN IN (2.2) ) 

Whenn deforming under increasing shear stress, RBCs change gradually from 
thee biconcave towards a prolate ellipsoid morphology and orient themselves 
alongg the flow vector in the gap, i.e., tangential to the axis. This is accompanied 
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byy a transition from a circular into an elliptic diffraction pattern (Fig. 2.3) 
whichh is oriented perpendicular to the orientation of the elongated cells. 

El l 

0.77 i 

0.6 6 

0.5 5 

00 4 

0.3 3 

0.2 2 

0.1 1 

0 0 

*\*\ El .A -B B 
'A++ B 

0.33 0.95 3.0 9.5 30.0 T (pa) 

— II 1 1 1 1 
-0.522 -0.02 0.48 0.98 1.48 Log(l/x0) {x 0=l Pa} 

Elongationn index (El) 

Fig.. 2.3. Change in diffraction pattern during RBC elongation; calculation of 
elongationn index (El). 

Thee Elongation Index {EI) is used as a measure of RBC deformability. It 
iss calculated from an isointensity curve in the diffraction pattern using ellipse 
fittingfitting and is defined as (A-B)/(A+B), where A and B are the vertical and 
horizontall  axes of the ellipse, respectively. The EI is determined a user-
specifiedd number of times at each shear stress and the mean value is plotted 
versuss the corresponding shear stress (Pa) on the computer screen. Increase of 
shearr stress in logarithmic steps from 0.3 to 53 Pa results initially in a rapid 
increasee of EI until ~ 10 Pa, followed by a slower increment (see Fig. 2.3). For 
comparisonn of various blood samples, the near-maximum value of EI at 30 Pa 
wass chosen. The EI for normal cells at rest is zero and may increase to 0.6 at 
300 Pa. 

Thee instrument is calibrated with 5 um diameter polymer microspheres 
{EI{EI  = 0), while an additional calibration can be done with a standard ellipse-
patternn put on the screen, having a major (A) and minor (B) axis such that 
{A-B)I{A+B){A-B)I{A+B)  is 0.6 {EI=0.6). 
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2.2.44 Determination of RBC-aggregation parameters 

RBC-aggregationn indices are measured with the setup shown in Fig. 2.4. The 
laserr beam is now backscattered by undiluted blood and the intensity of the 
backscatteredd light is detected by the photodiodes. The signal is further 
processedd by the computer. 

Staticc bob 
Laserdiode e 

RBCC suspension 

Glasss cylinders 
Heater r 

Rotatingg cup 

Fig .. 2.4. Schemati c drawin g of LORCA measurin g syste m for the determinatio n or 
RBCC aggregatio n parameters . 

Thiss mode of the LORCA has also an interactive graphical user interface. The 
measuringg program includes, aside from the complete aggregation 
measurement,, the following options: RBC disaggregation, syllectogram display 
andd analysis, reiteration procedure to find minimal shear rate necessary to 
preventt aggregation, aggregation at low shear. Furthermore, there is another 
optionn menu for the desired measuring time, sample rate, shear rate, saving and 
presentationn of results, etc. 

Forr measurement of RBC aggregation, the gap is filled with 1-2 ml of 
oxygenatedd EDTA-blood. The optional disaggregation shear rate and its 
durationn before the motor abruptly stops are normally set to 500 s"1 and 5 s. 
Backscatteredd light is measured by the photo-diode sensors located in the bob. 
Thee analog signal is digitized by the computer and expressed in arbitrary units 
(au). . 

Thee Syllectogram (light backscatter versus time, Fig. 2.5), obtained after 
abruptlyy stopping the motor, consists of an initial increase in backscatter 
intensityy (upstroke), caused by the loss of elongation and orientation of the 
RBC,, immediately followed by a decrease in the backscatter intensity, due to 
RBCC aggregation.88 The program also has an option to display the syllectogram 
withh a logarithmic time scale. Figure 2.5 indicates most aggregation indices. 
Thee part of the syllectogram between the start of the aggregation (Ilop) and the 
finall  level corresponding to full aggregation (I0) are approximated by a bi-
exponentiall  curve with a fast and a slow component: 
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I(t)I(t)  = I0+I re-"> +ƒ (2.3) ) 

wheree I(t) and I0 are the intensity of the backscatter intensity at time t and 
infinity ,, respectively. // and Is are the initial backscatter intensities of the fast 
andd slow component, and 7}  and Ts are the involved time constants. Measuring 
timee is set at 2 minutes since I(t) is usually stable after this period. The 
followingg indices are calculated from the syllectogram (Fig. 2.5): Idis, Itop, tlop, 
Aggregationn Index (AI) defined as [area^4/area(y4+5)]xl00 %, Amplitude 
(Amp),(Amp), tVl and the upstroke^,^-/ .̂ 

y(au u 

Amp Amp 

Fig.. 2.5. RBC aggregation characterized by the syllectogram: lightscatter before 
andd various times after abruptly stopping the motor. RBC morphology 
correspondingg to various parts of the curve is indicated. From left to right: elongated 
floww orientated and disaggregated RBC, undeformed randomly orientated and 
disaggregatedd RBC, RBC aggregated in rouleaux. &u is normally set at ftop+10 s. 
Peakk duration is exaggerated. 

Furthermoree the mean square error (Fit Error), describing the similarity 
off  the measured syllectogram and the syllectogram reconstructed according to 
thee function above, is determined. To get an indication whether there is any 
additionall  (secondary) aggregation at low flow, the ratio of I at an optional low 
shearr rate (e.g., Iw at 10 s~') and I at stasis (Id) can be calculated. In case of 
additionall  flow-induced aggregation, a Flow-to-Stasis Aggregation Ratio 
(FSAR)(FSAR) value of <1 can be expected. To find the threshold shear rate needed to 
preventt aggregation, (/i„ 1(a), Bauersachs et al.6 described a reiteration procedure 
forr the Myrenne aggregometer. We modified this procedure somewhat and 
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introducedd an option to perform a reiteration procedure starting with seven user 
definedd shear rates, with or without an alternating disaggregation shear rate. 

AA choice can be made between a plot of ƒ - ƒ«& versus the shear rate for 
determinationn of ydImi„  (Fig. 2.6) or / directly versus the shear rate for 
determinationn of yhnax (according to Bauersachs). Since both parameters 
indicatee the same threshold, they wil l be referred to by us in the future as 
thresholdd shear rate or ythr. The threshold shear stress can be calculated as ytiu 

timess the viscosity at that shear rate. 

dldl (au) 

125 5 400 0 

YY (S V 

Fig.. 2.6. RBC aggregation; ymr determination. Result of reiteration procedure (see 
text);; difference of / at various shear rates with las plotted versus shear rate. 

Itt may not always be suitable to use the full aggregation program. For routine 
purposess it is recommended to use the following parameters: 

1 1 
2 2 
3 3 
4 4 

5 5 

Extendd of aggregation (amplitude) 
Kineticss of aggregation 
Aggregationn index (extend + kinetics) 
Tendencyy for aggregation or strength of 
formedd aggregations (threshold shear 
stress;; rj = suspension viscosity) 
Deviationn of normal aggregation process 

AmpAmp (au) 
hh (s) 
AI(%) AI(%) 
YthrYthr x n (Pa) 

FitFit  Error (au2) 

Thee instrument is calibrated for aggregation measurements with a suspension of 
polymerr microspheres yielding a fixed light scatter. 
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2.33 Results 

2.3.11 RBC deformability 

Effectt  of anticoagulant 
Forr each of 3 donors, identical £7-stress curves were found in both non-
anticoagulatedd blood and blood anticoagulated with EDTA, heparin or citrate 
(dataa not shown). Measuring the EI of the same samples stored for 6 hours at 
roomm temperature, but in freshly made dilutions in PVP did not influence the 
results. . 

Effectt  of sample size 
Ass can be seen from table 2.1 there is, numerically, a slight trend for increasing 
EIEI at 30 Pa (EI30) with increasing sample size up to 20 ul of blood (in 5 ml of 
PVP)) followed by a plateau. Presumably this is caused by a less precise ellipse 
fitt when the diffraction pattern intensity decreases with a decreasing number of 
RBCs. . 

blood d 
:ol|Hi* !,,-"-- :' ' 

' ^ 1 1 

-rr  : 
0.570 0 
0.011 1 

im : ;?s s 

0.578 8 
0.008 8 

 15f. 

0.583 3 
0.005 5 

WW

0.584 4 
0.008 8 

-;WW -

0.585 5 
0.006 6 

- ; ^ % % 

0.585 5 
0.006 6 

m m 
0.585 5 
0.007 7 

Tablee 2.1. Effect of sample size {yi\ blood) on measured Elongation Index. Mean 
valuee and SD for 6 different healthy donors. 

Basedd on these results it is recommended to use EDTA-anticoagulated blood 
withinn 6 hours after venapuncture and to perform the RBC deformability 
measurementt in a freshly prepared dilution of 25 ul of blood in 5 ml of the PVP 
solution. . 

Relativee error  in determination of EI 
Thee relative error (SD/EI x 100%) of 15 subsequent measurements with 25 ul 
off  the same sample of EDTA-blood diluted in PVP just before the assay, for 
eachh of the applied shear stresses is shown in table 2.2. Further results of EI 
determinationn with the LORCA, compared to results obtained by RBC 
filtration,, under normal and experimental conditions are reported elsewhere.48 
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0.384 4 

0.376 6 

0.451 1 

0.003 3 

0.73 3 

0.457 7 

0.443 3 

' c ' f S ii "1 Sfifi-jgijcï ' ' ' "« i ims i j iw i l t» , " .;.. f lft '^ Ĵ jMPH h-P*?;-'1 NP»*?' ' 

0.512 2 

0.004 4 

0.71 1 

0.516 6 

0.505 5 

0.561 1 

0.003 3 

0.46 6 

0.564 4 

0.554 4 

0.589 9 

0.002 2 

0.34 4 

0.593 3 

0.586 6 

0.607 7 

0.003 3 

0.41 1 

0.611 1 

0.601 1 

Tablee 2.2. Relative error of Elongation Index measurement at various shear 
stresses;; 15 subsequent measurements of the same RBC-PVP mixture. 

2.3.22 RBC-aggregation indices 

Effectt  of anticoagulant 
Althoughh there was a tendency for lower values of heparin anticoagulated 
bloodd in comparison to EDTA anticoagulated blood with respect to both extend 
andd kinetics of RBC aggregation, the differences were not significant 
(tablee 2.3). Since thrombocyte aggregates may be associated with the use of 
heparinn these could interfere with RBC-aggregate formation, which might 
explainn the lower ^-values, i.e., less firm aggregates, found in heparin 
anticoagulatedd blood. The decreased Al (lower Amp, higher ty) for citrated 
blood,, when compared to EDTA or heparin anticoagulated blood, is 
undoubtedlyy mainly due to the 1:9 dilution factor since equal dilution of 
EDTA-bloodd with physiological saline yields similar aggregation indices (data 
nott shown). 

Tablee 2.3. Effect of anticoagulant on RBC aggregation indices. Mean of three 
experimentss

Oxygenation n 
Thee effect of venous blood oxygenation on RBC-aggregation indices is shown 
inn table 2.4. The presence of Hb02 results in increased backscatter intensities 
andd an extended / range. Therefore, all absolute /-values alter with changes in 
thee (^-saturation percentage. This also has consequences for the value assigned 
too area A (Fig. 2.5), which is usually taken as 'Aggregation Index' in similar 
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studiess reported in the literature. Since the value of area A expressed as 
percentagee of area (A+B) is not influenced by % 02 saturation, we decided to 
usee this ratio as Aggregation Index (AI). To enable comparison of other 
aggregationn parameters of various blood samples, however, all samples are 
routinelyy oxygenated before testing. 

Venouss blood 
Oxygen,, blood 

64 4 
99 9 

/«to o 
(a») ) 
24 4 
47 7 

Amp Amp 
m m 
13 3 
26 6 

.-(Mi . . 
2.49 9 
2.56 6 

AreaArea A 
(«tt*s) ) 

84 4 
158 8 

62 2 
61 1 

Tablee 2.4. Effect of oxygenation of venous blood on RBC-aggregation indices. 
AIAI = [area AI area (A+B)] x 100 %. 

Timee (min) 
PÖ2 2 
Stó(%) ) 

Air r 
0 0 
30 0 
64 4 

5 5 
72 2 
91 1 

10 0 
178 8 
99 9 

15 5 
197 7 
99 9 

95%Q2-5%COi i 
5 5 

547 7 
89 9 

10 0 
575 5 
100 0 

15 5 
694 4 
100 0 

Tablee 2.5. Effect of incubation time of venous blood with air or a 95% 0 2 - 5% CO2 
mixturee on 0 2 sat % and p02 

Tablee 2.5 shows that rotation of a blood sample in a tube with at least 3 
volumess of air or a 95% 02 - 5% C02 mixture for 10 - 15 min on a roller bank 
iss sufficient to achieve a Hb02 saturation of 99-100 %. Based on these results it t 
iss recommended to use fresh EDTA anticoagulated blood, which is oxygenated 
withh at least 3 volumes of air during 15 min for measurement of RBC 
aggregationn with the LORCA 

Relativee error  in determination of aggregation parameters 
Relativee errors (SD/mean x 100%) were calculated for various RBC 
aggregationn indices after 11 subsequent measurements in fresh, oxygenated 
EDTAA blood (table 2.6). Regarding the absolute /-values it was noted that, 
exceptt To, at least part of the variation is caused by the slight tendency of these 
valuess to increase with time. For the recommended parameters the following 
relativee errors were found: Amp 2.8%, 7}  3.1%, AI 3.0%, ythr 8.4%, while the 
Fit-Errorr range was 0.033 - 0.068 au2. 

Furtherr results of RBC-aggregation indices obtained with the LORCA under 
normall  and experimental conditions will be described in a separate 
communication. . 
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Parameter r 

Idis Idis 

lfop lfop 

*wp *wp 

ho ho 
h h 
FSAR FSAR 

AI AI 
AMP AMP 

H H 
'fast 'fast 

'stow 'stow 

Ythr Ythr 

Relerr r 

7.4('> > 

3 .8n n 

4.1 1 
4.3(,) ) 

6.9 9 
3.4 4 
3.0 0 
2.8 8 
3.7 7 
3.1 1 
7.1 1 
8.4 4 

Tablee 2.6. Relative error of RBC aggregation indices (11 subsequent analysis on 
thee same oxygenated EDTA blood). Fit-Error range: 0.033 - 0.068 au2. ^Tendency 
too increase with time. 

2.44 Discussion 

Thee LORCA offers a very reproducible method for the analysis of red blood 
celll  deformability. The most characteristic difference with a similar instrument, 
thee Ektacytometer, is the real time detection of the diffraction pattern by a 
videoo camera followed by computerized analysis. Both the added temperature 
controll  and the possibility of measuring RBC aggregation indices as well, 
warrantt a high practical versatility of this instrument in the field of 
hemorheology.. Studies on further applications are in progress. 

31 1 



Chapterr  2, Red blood-cell analyzer  (LORCA) 

32 2 



Thee LORCA as RBC aggregometer* 

3.11 Abstract 

Thee Laser-assisted Optical Rotational Cell Analyzer  (LORCA) is unique in its 
capabilityy to measure at least two important hemorheological parameters, viz., 
deformabilit yy of red blood cells (RBCs) as well as their  aggregation behavior. 
Inn this communication the main principles and characteristics of the 
aggregometerr  mode of this instrument are described. Via syllectometry (laser 
backscatterr  versus time), the method allows the measurement of both static and 
kineticc parameters of the aggregation process, amongst others, total extent of 
aggregation,, aggregation half-lif e and a combination these, defined as 
aggregationn index. When the syllectogram deviates from that representing 
normall  rouleaux formation, e.g., in the case of RBC clump formation, this is 
signalledd by an error  of fit  parameter. Maximal flexibilit y is obtained by various 
optionss like an automated re-iteration procedure, which enables to measure the 
aggregationn tendency and/or  the aggregate stability, and aggregation at low 
shearr  rate. Experiments dealing with reproducibility , stability and sensitivity of 
thee instrument are described. The latter  include a few "classic"  methods for 
inducingg subtle changes in RBC aggregation behavior  both regarding cellular 
factorss (heat treatment) and changes in medium constituents (fibrinogen, 
dextrans). . 

Itt  can be concluded that the aggregometer  mode of the LORCA 
considerablyy increases the feasibility of this instrument for  hemorheological 
investigations. . 

'Originall  publication: The Laser-assisted Optical Rotational Cell Analyser (LORCA) as Red blood cell 

aggregometer.. M.R. Hardeman, J.G.G. Dobbe, C. Ince, Clinical Hemorheology and Microcirculation, Vol25, 

No.. l,pp. 1-11,2001. 
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3.22 Introduction 

Inn contrast to blood platelets, human RBCs aggregate spontaneously in resting 
wholee blood. Under normal circumstances RBC aggregates resemble stacks of 
coinss and are therefore called rouleaux. These rouleaux can grow, besides end-
to-end,, also side-to-end finally forming 3D-networks. Obviously the latter have 
aa considerable effect on the viscosity of blood which rises in an exponential 
wayy from flow to stasis. The study of the phenomenon of RBC aggregation and 
thee splendid microscopic appearance of the resulting rouleaux have attracted 
manyy scientists, starting already more than 300 years ago when Anthoni van 
Leeuwenhoeckk gave the first accurate qualitative description of the 
phenomenonn of RBC aggregation causing (or possibly as a result of) stagnation 
off  the blood flow and its reversibility, in the tadpole.57 It took more than 250 
yearss for Dognon31 to give a qualitative description of the aggregation process, 
occurringg when stirred blood suddenly comes to a standstill. In 1957 Zijlstra101 

describedd a technique for quantification of this aggregation process by 
measuringg the decrease in light backscatter. He proposed the name 
"syllectometry".. This was published later more in extenso by Brinkman,15 The 
syllectometricc principle for measuring RBC aggregation has been used since 
thenn by many investigators and is also implemented in the Laser-assisted 
Opticall  Rotational Cell Analyzer (LORCA), developed by us and used in this 
study.. The suitability of this instrument for measurement of both RBC 
deformabilityy and RBC aggregation was previously demonstrated.48 Recently, 
thee measurement of a third modality, i.e., RBC relaxation rate, using the same 
instrument,, was described.5 The application of the LORCA47'48 for 
measurementt or RBC deformability was outlined in detail in chapter 2. In the 
presentt study, the main characteristics of the LORCA as aggregometer will be 
demonstratedd including its sensitivity with respect to various kinds of subtle 
changess in cellular factors and changes in medium constituents. 

3.33 Materials and methods 

3.3.11 Description of the instrument 

Thee basic instrument, manufactured under the name LORRCA,59 as well as the 
methodologicall  aspects were described in detail elsewhere.47'48 Briefly, the 
systemm for the measurement of RBC aggregation consists of a Couette system 
(twoo concentric cylinders) with a gap of about 0.3 mm that can hold about 1 ml 
off  test fluid, e.g., whole blood. The outer cylinder can rotate with varying 
speedss with the aid of a stepper motor. The light source, a laser diode (670 nm, 
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44 mW) is integrated in the fixed inner cylinder, as is a photo diode (sensor) and 
aa temperature control unit. 

3.3.22 Determination of RBC aggregation indices 

Afterr a short period of rotation at an adjustable shear rate, high enough to cause 
completee disaggregation, the motor is stopped abruptly and the elongated and 
orientatedd RBCs retake their normal biconcave shape and orientate randomly. 
Thee latter causes an increase in scatter intensity (upstroke) monitored by the 
photodiodee sensor. This is followed by the aggregation process, reflected by a 
decreasee in laser backscatter intensity (I). Initially, mainly 2D rouleaux are 
formedd followed by the slower formation of 3D networks. The displayed curve, 
obtainedd by plotting / versus time (Fig. 2.5), is called syllectogram.101 Light 
backscatterr intensities are expressed in arbitrary units (au). Calibration is 
performedd with water (zero reflection) and a special calibration fluid, as 
describedd in the technical reference of the instrument. 

Variouss indices reflecting total extent, kinetics, avidity and pattern of 
aggregation,, are calculated as indicated in the syllectogram of Fig. 2.5. Both the 
aggregationn measuring procedure and the subsequent analysis of the 
syllectogramm are computer controlled. The program allows the investigator to 
determinee optionally many parameters. The total extent of aggregation is shown 
byy the amplitude (Amp), while the kinetic aspect is represented by the 
aggregationn half-life (/%). In order to combine the static and kinetic parameter, 
ann index reflecting a relevant part of the syllectogram (Fig. 2.5), arbitrarily 
takenn from the top to 10 sec thereafter, was calculated. Others, using a similar 
technique,333 have taken area A for calculation of such an index. In our 
experience,, however, the latter is rather sensitive to various experimental 
conditions,, which are not expected to affect the aggregation process, like 
hemoglobinn oxygenation grade. The quotient: area.4 / area (A+B) was found to 
bee more consistent in this respect. Therefore, the LORCA Aggregation Index 
(AT)(AT) is defined as being equal to {area AI area (A+B)} x 100%. 

Byy considering a fast and slow component, the descending part of a 
normall  syllectogram, representing the progression in rouleaux formation (see 
Fig.. 2.5), can be fitted fairly well by the bi-exponential function: 

Isc(t)Isc(t) = I0+I re~"Tf + ls-e
t,T>  (3.1) 

AA mean square error (Fit Error) is calculated which reflects the deviation from 
normall  rouleaux formation as described by equation (3.1). The threshold shear 
rate,, y^, is used as a measure for the tendency of aggregation. It represents the 
minimall  shear rate needed to prevent RBC aggregation and can be determined, 
optionally,, with a re-iteration procedure as described by Bauersachs et al.6 
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Finally,, the LORCA program has the option to measure and calculate the Flow 
too Stasis Aggregation Ratio (FSAR). The latter can be used to demonstrate 
whetherr there will be any additional aggregate formation at a low shear rate 
(e.g.,, 10 s_l), relative to that occurring with stasis as endpoint. Usually, 
however,, FSAR values are > 1, meaning that there is rather break down of 
aggregatess due to flow than extra aggregate formation. 

Althoughh all optionally chosen parameters and indices derived from the 
syllectogramm (see Fig. 2.5) and equation (3.1) are displayed routinely, the 
numberr of them used in practice is, for reasons of simplicity, restricted to: 

(1)) Amp (in arbitrary units, au): Amplitude, total extent of aggregation; 
(2)) t% (in s): Half-life, kinetics of aggregation; 
(3)) AI(in %): Aggregation Index, A/(A+B) x 100%; 
(4)) Fit Error (in au2): Deviation from normal rouleaux formation; 
(5)) Ythr (in s_1): Threshold shear rate, aggregation tendency and aggregate 

stability. . 

Recentlyy however, Firsov et al., using a similar nephelometric backscatter 
techniquee found that the kinetic parameters Tf en Tst calculated from equation 
(3.1),, have a meaning for discriminating various clinical pathologies.35 

3.3.33 Sample preparation 

Bloodd was taken from the antecubital vein in a 4.5 ml vacutainer (B&D) 
containingg EDTA as anticoagulant. In relation to the wavelength of the diode-
laserr used (670 nm) it was noticed previously that the percentage of 
hemoglobinn oxygenation could affect the amount of scatter intensity. Although 
thee LORCA Aggregation Index appeared to be remarkably constant in this 
respect,477 it is recommended to oxygenate each sample routinely before the 
aggregationn measurement. This can easily be performed by pre-incubation with 
air,, i.e., transferring the blood sample into a 40-ml culture tube placed on a 
rollerr bank for 10-15 min. After this, the suspension was bright red colored, 
indicatingg that the hemoglobin was oxygenated, as confirmed by blood gas 
measurement.47 7 
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3.3.44 Effect of anticoagulant 

Bloodd from the same donor was taken into B&D vacutainers with respectively 
EDTA,, citrate or heparin. No differences were found for EDTA and heparin, 
whilee the use of citrate resulted in slightly lower amplitude, increased half-life 
andd thus, decreased Aggregation Index, due to the dilution of the blood by the 
latterr anticoagulant. For detailed results see.47 

3.3.55 Effect of hematocrit 

Afterr centrifugation various mixtures of RBCs and plasma were prepared and 
submittedd to the aggregation procedure. Ht values were determined with the 
micro-Htt centrifuge method according to standard protocol. The total extent of 
RBCC aggregation, as measured with the LORCA, was found to be non-linear 
dependantt on Ht with an optimum between 0.42 and 0.46 1/1, in line with the 
findingsfindings of Deng et al., obtained with light transmission technology.29 Over the 
Htt range 0.18 to 0.78 1/1 a steady decrease was found for XVl with the overall 
resultt that the Aggregation Index increased with Ht (not shown). 

3.3.66 Effect of temperature 

Althoughh several authors published about the effect of temperature on RBC 
**  58 65 

aggregation,, ' reports appeared in the literature about RBC aggregation 
measurementss performed at "room temperature", 25 °C and 37°C. In order to 
checkk whether one or more of the aggregation indices - as measured with the 
LORCAA - were affected, we performed experiments with blood from three 
differentt donors, comparing aggregation in the range from 20°C to 40 °C. 

Thee temperature controlled LORCA measuring system was set at various 
valuess upward from the ambient temperature. The aggregation procedure was 
startedd after the sample temperature had reached the set value. 

3.3.77 Effect of storage temperature 

EDTA-bloodd of three different donors was kept both at room temperature 
(199 °C) and at 4 °C for 21 hours. Prior to analysis each sample was incubated 
forr 10 min at 37 °C. 

37 7 



Chapterr 3, The LORCA as RBC aggregometer 

3.44 Instrumental characteristics, effect of experimental and 
clinicall  conditions 

3.4.11 Stability and reproducibilit y 

Elevenn subsequent RBC aggregation measurements, initiated 15 min after each 
other,, were carried out with sub-samples from the same blood. 

3.4.22 Extreme experimental conditions 

Sincee fibrinogen is known to be an important factor in physiological RBC 
aggregation,33 experiments were conducted in the absence of fibrinogen. This 
wass achieved by either shaking non-anticoagulated blood for 15 min with glass 
pearls,, followed by decantation of the supernatant, or by resuspension of 
washedd RBCs into phosphate buffered saline (PBS). On the other hand, in order 
too reach an increased level of RBC aggregation, dextrans were used. Both the 
additionn of a 1% dextran 70 solution to whole blood as well as the resuspension 
off  washed RBCs in 2% dextran 70 and 2% dextran 500 were studied. All 
dextrann solutions were made in PBS. 

3.4.33 Hyperaggregation (cryoglobulinemia/horse blood) 

Thee hemorheological pattern of blood taken from a patient with 
cryoglobulinemiaa was determined. Immediately after venapuncture the blood 
wass kept at 37 °C and all procedures thereafter were performed at 37 °C. For 
furtherr testing of the LORCA regarding its suitability to measure RBC 
hyperaggregation,, EDTA-horse blood was investigated. 

3.55 RBC related effects 

3.5.11 Effect of decreased RBC deformability by heat treatment 

RBCC membrane rigidification can be expected to influence their aggregation 
behaviorr as well. Since moderate heat treatment of the cells affects their 
deformability,, washed RBCs were resuspended in PBS and kept in a water bath 
off  48  0.5 °C during zero (control), 5, 7 and 9 min. At the end of each heating 
periodd temperature was restored quickly in a water bath at room temperature 
(19+11 °C). After centrifugation the supernatant was removed and the RBCs 
resuspendedd in their original plasma (Ht 0.45 1/1) after which the aggregation 
proceduree was performed. In order to check whether and to what extent 
rigidificationrigidification of the RBCs took place, deformability was checked with the 
LORCA,, set in the RBC deformability mode.48 
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3.66 Results 

Thee results of the measurements performed at different temperatures are shown 
inn table 3.1. It can be seen that the static extent of aggregation parameter, 
amplitudee (Amp), is hardly affected by temperature changes within this range, 
inn contrast to the kinetic parameter (t>/) which is clearly affected. The higher the 
temperaturee the faster the aggregation and this has also consequences for the 
aggregationn index which increases with temperature. These effects are, most 
probably,, a reflection of the concomitant decrease in plasma viscosity. Since 
thee aggregation index is often used for characterization of clinical material, 
RBCC aggregation measurements should preferable be performed at 
physiologicall  temperature (37 °C). 

Ass can be deducted from table 3.2, blood samples should be kept, for 
subsequentt aggregation analysis, preferably at 4°C. 

Followingg the results of the methodological studies presented in a 
previouss communication,47 and those of the present study cited above, we 
decidedd to conduct all further experiments with air incubated (oxygenated) 
EDTA-bloodd at 37 °C and at standardized hematocrit. Clinical blood samples 
weree measured at native, but known, hematocrit, usually either within 6 hours 
afterr venapuncture or stored overnight at 4 °C. Occasionally however, clinical 
bloodd samples were also analyzed at a standardized hematocrit (0.451/1). 

Temperature e 

(°G) ) 
20 0 
25 5 
30 0 
37 7 
40 0 

Amp Amp 
(ail ) ) 

24 4 
24 4 
26 6 

25.0+0.7 7 
25 5 

00 0 
3.0 0 
2.8 8 
2.4 4 

2.00+0.07 7 
1.9 9 

AI AI 
(%) ) 
56 6 
58 8 
61 1 

9 9 
65 5 

FitFit  Error 
(au2) ) 
0.030 0 
0.041 1 
0.019 9 
0.041 1 
0.037 7 

ïthr ïthr 

(a-1) ) 
150 0 
125 5 
125 5 

1 1 
175 5 

Representativee experiment out of three different donors, au = arbitrary units. 

Valuess at 37 :  instrumental SD (n = 11). 

Tablee 3.1. Effect of temperature on RBC-aggregation indices. 

39 9 



Chapterr 3, The LORCA as RBC aggregometer 

AmpAmp (au) 
ty,ty, (S) 

AI(%) AI(%) 

yihr(s~yihr(s~ll) ) 

FSAR FSAR 

Freshh blood 

7 7 
2.30+0.09 9 

9 9 
1 1 

1.40+0.05 5 

Storedd blood 
Roomm temperature 

20.0 0 
2.10 0 
63.0 0 
150 0 
1.40 0 

4°C C 
24.0 0 
2.20 0 
61.0 0 
250 0 
1.40 0 

Representativee experiment out of three different donors, au = arbitrary units. 

Valuess of fresh blood:  instrumental SD (n = 11). 

Tablee 3.2. Effect of short-term storage temperature on RBC-aggregation indices. 

Ass a measure for instrument stability and reproducibility, relative errors 
(SD/meann x 100%) of selected aggregation indices are shown in table 3.3. 
Relativee errors around 3% were found for Amp, t% and AI, while that for ythr was 
aroundd 8%. When the experimentally obtained aggregation curves for normal 
bloodd are compared to the calculated reference curve, characterized by equation 
(3.1),, they visually fit  extremely well (Fit Error ranging from 0.033 to 
0.0688 au2). For more detailed results, including those of other indices, shown in 
thee syllectogram (Fig. 2.5), see ref. 47. 

Relerr(% ) ) 

Parameter r 
AI AI 
3.0 0 

Amp Amp 
2.8 8 

** * 
3.7 7 

tfhr tfhr 

8.4 4 
Tf Tf 
3.1 1 

TTs s 

7.1 1 
FSAR FSAR 

3.4 4 
N=11;; Fit Error range: 0.033 - 0.068 au2. 

Tablee 3.3. Relative error of selected RBC aggregation indices. 

Thee dependence of RBC aggregation on plasma proteins and the effect 
off  their substitution by dextrans, as reflected by the LORCA, are depicted in 
Fig.. 3.1. When RBCs are suspended in PBS the syllectogram is limited to the 
upstrokee only, representing the return of elongated RBCs to their resting, 
biconcavee shape. Defibrinogenation of blood reduced the extent of aggregation 
(Amp)(Amp) with only 20%. Regarding the kinetics (t%) however, the process was 
aboutt twice as slow as in the case of whole blood. This seems compatible with 
thee finding that the aggregation tendency (yth  ̂ is also about half of that in 
wholee blood. Similar results were obtained with RBCs resuspended in serum 
(nott shown). Addition of 1% dextran 70 to whole blood resulted only in a slight 
increasee in Amp and somewhat faster aggregation half-life (tV:). The twice 
higherr value of ythr found under these circumstances, however, indicates a 
considerablee higher aggregation tendency. RBCs resuspended in PBS solution 
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off  2% dextran 70 and 2% dextran 500 resulted in increased extent of 
aggregationn with a much faster aggregation rate in the latter case. Of interest, 
furthermore,, is that the atypical syllectogram (characterized by its relatively 
highh Fit Error) can be associated with a clumpy microscopic appearance of 
thesee aggregates (not shown). 

a) ) 

/ ( a u u 
100--

AmpAmp t. 

(au)) (s) 

II  29.9 19 
III  23.7 5.8 
IIII  34.6 
IVV 0.7 

FitFit Err 

(au :) ) 

0.05 5 

0.04 4 
1.4 4 1855 008 

0.23 3 

IVV RBCs in buffer 

III Defibrin. blood 

II Whole blood 
•• III Blood + 1% Dextran 70 

100 10 
t (s ) ) 

IVV RBCs In saline + 2% dextran 500 

RBCss in saline + 2% dextran 70 

II Control 
III RBCs in plasma 

Fig.. 3.1. Effect of variations in the plasmatic environment or resuspension fluid of 
RBCss on their aggregation behavior, a) RBCs resuspended in buffer (PBS). Whole 
blood,, defibrinogenated blood and blood with 1% dextran 70 added, b) RBCs 
resuspendedd in plasma, 2% dextran 70 in PBS and 2% dextran 500 in PBS. Control 
iss non-manipulated blood. 

Thee suitability of the technique for measurements of hyperaggregating samples 
wass demonstrated with blood trom a patient with cryoglobulinemia and with 
horsee blood (table 3.4). The reiteration program (ythr) demonstrated that an 
increasedd shear rate, up to 900 s~', was needed for complete disaggregation. For 
horsee blood, secondary aggregation was noticed (FSAR < 1.0) as well as 
considerablee deviation from normal rouleaux formation (Fit Error = 0.25). The 
latterr was confirmed by the microscopically seen clump-aggregates (not 
shown). . 

Cryoglobulinemia a 

Horsee blood 

Ydisaggr Ydisaggr 

(s-1) ) 
400 0 
1000 0 
1000 0 

Amp Amp 
(au) ) 
16 6 
19 9 
27 7 

h h 
(s) ) 
1.0 0 
0.9 9 
0.5 5 

AI AI 

(%) ) 
76 6 
78 8 
85 5 

FitFit  error 
(au2) ) 
0.03 3 
0.05 5 
0.25 5 

Ythr Ythr 

800 0 
800 0 
900 0 

FSAR FSAR 

1.1 1 
--

0.6 6 
YdisaggrYdisaggr = initial disaggregation shear rate. 

Tablee 3.4. RBC hyperaggregation, effect of dissociation shear rate. 
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HI HI 
IV V 

/(au) ) 
100--

80--

60--

4a a 

20' ' 

10--
- 2 - 1 0 1 2 3 3 

100 10 10 10 10 10 

t(s) ) 
Fig.. 3.2. Effect of RBC-heat treatment during 0 (control), 5, 7 and 9 min on their 
aggregationn behavior and deformability. Eho = elongation index at 30 Pa. 

Ass expected, heat treatment of RBCs decreased their deformability as 
indicatedd by the decrease in elongation index, EI,46 which appeared to be 
consistentt with the decrease in the upstroke of the syllectogram (Fig. 3.2). 
Furthermore,, heat-treated cells showed a decrease in both extent and rate of 
aggregation. . 

3.77 Discussion 

Althoughh the LORCA was presented as an instrument capable of measuring 
bothh deformability and aggregation behavior of RBCs,47'48 the latter application 
hass not yet been widely put into practice. Only recently, results were published 
regardingg the aggregometer mode of this instrument, either comparing some of 
itss features with other aggregometers100 or applying the technique in clinical 
studies.27'944 The characteristics of the LORCA aggregometer, as described in 
thiss communication, show that the technique is highly reproducible and 
sensitivee to both changes in the protein environment and in the variation of 
cellularr properties as well. Besides an evaluation of the total extent of 
aggregation,, the method allows a judgement on the kinetics of the process. 

Heatt treatment El30 Amp t1/2 Al Upstroke 

(min)) (au) (s) (%) (au) 

00 0.60 26 3.2 55 14.4 
55 0.46 23 6.1 41 8.3 
77 0.32 21 7.7 36 5.5 
99 0.23 15 9.4 34 3.9 

IVV 9 min 48 C 

II 7 min C 

55 min C 
II Control 
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Sincee an error of fit  is calculated for each documented syllectogram, comparing 
thee depicted syllectogram with that of normal blood, the method may 
discriminatee between the normal aggregation process (resulting in rouleaux) 
andd deviating behavior, such as clump formation. A considerable increased Fit 
ErrorError  was seen for example in RBCs resuspended in 2% dextran 500. The latter 
suspensionn displayed under the microscope clumpy aggregates instead of 
normall  rouleaux. That is why it is recommended, in the case of a deviating 
largee Fit Error, always to perform simple microscopic inspection al well. 

AA high threshold shear rate (ytht)> determined as the minimal shear rate 
neededd to prevent aggregation, was shown to be associated with a high 
tendencyy for aggregation. Preliminary experiments showed that the latter is 
equivalentt to the stability of the aggregates, i.e., the minimal shear rate needed 
too break down existing aggregates. 

Althoughh fibrinogen is generally seen as an essential factor for RBC 
aggregation,, defibrinogenated blood showed a slow, but only 20% reduced 
extentt of aggregation. Apparently, plasma proteins other than fibrinogen may 
contributee to the aggregate formation. This is in line with the findings of others 
whoo noticed a much higher level of RBC aggregation in whole blood than in 
RBC-salinee suspensions containing similar fibrinogen concentration as in 
normall  blood.29 

Severall  times it was reported that existing aggregometers of the type as 
wass used in the present study, i.e., analyzing the aggregation process after a 
shearedd blood sample comes to a sudden halt, are not sensitive in measuring the 
completee aggregation process in a state of hyperaggregation.10'66'78 This 
restrictionn is due to insufficient initial shear rate (fixed or set as default in 
variouss aggregometers), resulting in incomplete dispersion of RBC aggregates 
andd leading to underestimation of aggregation. Since the LORCA is fitted with 
aa warning signal when an abnormal high value for /,/,,. (the minimal shear rate 
neededd to prevent aggregation or to break down existing aggregates) is reached, 
thiss problem does not occur. Software in control of the aggregation mode of 
thiss instrument allows the same blood sample to be measured again at higher 
initiall  shear rate, i.e., at least as high as ylhr. 

Thee type of cell rigidification caused by moderate heat treatment did 
showw a clear effect on aggregation indices. This could mean that severe 
impairmentt of deformability, as obtained with heat treatment and affecting the 
wholee cell, results in considerable decrease in aggregation index, showing a 
dose-responsee effect with respect to the duration of heat treatment. 

Duee to the shear stress concomitant with the prevailing disaggregation 
shearr rate the RBCs will be, prior to stopping the motor, more of less elongated. 
Thee size of the fast ascending part of the syllectogram immediately following 
thee motor stop, the so-called upstroke, is a measure for the relaxation of the 
elongatedd RBCs. The time needed to reach the top value of the syllectogram 
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(t(ttoptop)) thus reflects the state where the elongated cells recovered their normal 
shapee and can be considered as related to the relaxation time of these RBCs. As 
wass demonstrated before,5 this process is not linear with time. Therefore, when 
thiss relaxation time for the differently elongated RBC populations is calculated 
relativee to the size of their deformation (upstroke/ttop\ this quotient can only be 
consideredd as an indication of the cell's relaxation rate. Using this 
syllectometryy technique, however, it can be confirmed that the more rigid the 
cellss are the slower their relaxation rate is. Of course, the plasma viscosity has 
alsoo to be taken into account here. This phenomenon was recently studied by 
Baskurtt and Meiselman5 who described a method for analyzing the recovery 
timee constant of elongated RBCs. 

Besidess the backscatter of light, a few groups studied the use of 
ultrasoundd for measuring RBC aggregation13. Since the latter technique may 
havee the potential for non-invasive in vivo RBC aggregation measurements, we 
validatedd the laser backscatter results with those of ultrasound, using a specially 
adaptedd echo probe on the LORCA. Regarding the kinetics of RBC 
aggregation,, a comparable outcome was found whether light or ultrasound 
backscatterr was measured.11 In separate series of experiments, using similar 
geometry,, parallel results were found for the LORCA amplitude (au) and the 
integratedd ultrasound backscatter power (dB) in hypo- normal- and 
hyperaggregatingg RBC suspensions. 

Thee present study has validated the LORCA for use as an aggregometer 
andd it can be anticipated that this modality of the instrument will allow 
identificationn of a number of clinical disorders. In addition to the capacity for 
measurementt of RBC deformability, it can be concluded that the instrument is 
uniquee in offering a reliable method for two crucial hemorheological 
parameters,, deformability and aggregability. Furthermore, other kinetic 
parameters,, related to the physical properties of RBCs, such as 7}  and Ts, can be 
obtainedd as well. 

Besidess its proven suitability for measurement of RBC deformability and 
thee suggested potential for investigation of the RBC relaxation or recovery 
behavior,, the present study shows that the instrument is an accurate and 
sensitivee RBC aggregometer as well. 
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Abstract t 

Inn syllectometry light is incident on a layer of whole blood initially exposed to 
shearr flow. The backscattered light is measured after abruptly stopping the 
drivingg mechanism. The resultant time-dependent intensity plot, the so-called 
syllectogram,, is commonly used to assess red blood cell (RBC) aggregability. 

Thiss paper presents a mathematical model of the velocity and shear-rate 
decayy that follows after abruptly stopping the driving mechanism. The model is 
validatedd in a Couette-type aggregometer using Particle Image Velocimetry 
(PIV).. To investigate the effect of shear-rate decay on syllectogram shape, the 
gapp width was varied. The syllectogram, including the upstroke ascribed to 
RBC-shapee recovery, is perfectly described by a new tri-exponential 
mathematicall  representation. 

Thee shear-rate decay time for gaps larger than 1 mm exceeds the RBC-
shapee recovery time. Syllectograms obtained using large gaps differ in many 
respectss from those obtained using small gaps: The former show a prolonged 
shape-recoveryy time-constant, a delayed intensity peak, a reduced upstroke of 
thee intensity peak and a considerable increase of the half-life parameter. In 
addition,, the extent of aggregation and the aggregation index for large gaps are 
lowerr than for small gaps. 

Thiss study yields a better understanding of the velocity and shear-rate 
decayy following upon abruptly stopping the driving mechanism. It also 
providess a better mathematical representation of the syllectogram and 
recommendss a maximum gap width for accurate RBC-shape recovery and 
aggregationn measurements in whole blood using syllectometry. 

Submittedd for publication. Original title: 'Syllectometry: Effect of aggregometer geometry in the assessment of 

redd blood-cell shape recovery and aggregation'. J.G.G. Dobbe, G.J. Streekstra, J. Strackee, M.C.M. Rutten, 

J.M.A.. Stijnen, CA. Grimbergen. 
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4.11 Introduction 

Syllectometryy as originally described by Zijlstra15,101 is commonly employed to 
measuree RBC aggregability.6'33'35'48'5<65'73'74'80,85 In this method blood is 
illuminatedd and subjected to shear stress, causing the cells to elongate and align 
inn the direction of the flow. The backscattered light is measured after the 
drivingg mechanism stops. The resultant time-dependent intensity plot is called a 
syllectogram.. A high intensity peak shows up at the beginning of the plot as 
cellss return to their original randomly-oriented biconcave shape and lose their 
alignment.. The intensity of the backscattered light decreases as aggregation 
proceeds.. A mathematical representation of the syllectogram yields aggregation 
parameterss that are used to assess RBC aggregability.6,35,48'56'73'85 

Besidess biological differences between individual blood samples, the 
measurementt protocol and the configuration of the aggregometer also influence 
thee shape of the syllectogram. This may result in a misinterpretation of the 
derivedd aggregation parameters. Modern aggregometers shear the blood 
sampless at a rate that is high enough to fully disaggregate and elongate the 
cells.. This high disaggregation shear rate is found essential for a high intensity 
peakk in the syllectogram. '85 

Thee width of the blood layer may also influence the syllectogram, an 
issuee that has not yet been addressed in the literature. The intensity of the 
backscatteredd light increases with the number of scattering particles, and 
thereforee with the size of the gap," effectively leading to an increase of the 
syllectogramm intensity scale. Moreover, mass inertia of the suspension increases 
withh the size of the gap, which causes a prolongation of the shear-rate decay. 
Thiss is expected to influence RBC-shape recovery and the time before the 
occurrencee of the peak in the syllectogram. 

Inn this paper, we present a mathematical model for the suspension 
velocityy and shear-rate decay in aggregometers that follows upon abruptly 
stoppingg the driving mechanism. Our model is derived from the Navier-Stokes 
equationss for one-dimensional flow in a narrow gap. The model is validated 
usingg Particle Image Velocimetry (PIV)70 and is subsequently used to study the 
effectt of shear-rate decay on the shape of the syllectogram. We also propose an 
improvedd mathematical representation of the syllectogram that includes the 
peakk associated with RBC-shape recovery. The effect of the shear-rate decay 
forr different gaps is related to the clinical parameters that are derived from the 
mathematicall  syllectogram representation. The results help us to gain a better 
understandingg of the physics and biomechanics behind syllectometry and to 
alloww for a recommendation for the maximum gap width to be used in 
syllectometry. . 
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4.22 Materials and methods 

4.2.11 Experimental setup 

Thee experiments are carried out with the LORCA Couette aggregometer,48 as 
depictedd in Fig. 4.1 (see also chapter 3). A laser beam (670 nm) is incident on a 
layerr of blood between a static inner cylinder (the bob, radius =15.7 mm) and a 
rotatingg outer cylinder (the cup). Four different highly polished Plexiglas cups 
weree used, resulting in gap widths of 0.37, 0.60, 1.05 and 2.00 mm. Light that 
iss backscattered by the layer of blood in the gap is collected by two photodiodes 
insidee the static bob and is converted into an electrical signal. After cup 
cessation,, the electrical signal is sampled for 120 seconds at 250 Hz using the 
analog-to-digitall  converter board of a personal computer. The data are stored to 
diskk for off-line analysis. 

Masss inertia and elasticity of the mechanical parts cause the cup to 
behavee as a second-order system that exhibits ringing in response to motor 
cessation.. To damp residual oscillatory motion, the commercial system was 
augmentedd by a simple brake mechanism, consisting of a cotton belt strained 
aroundd the spindle that drives the cup. 

Photoo diodes 

Laserr diode 

Wholee blood 
Surfacee mirror 
Glasss cylinders: 
Bob b 
Cup p 

Fig.. 4.1. LORCA aggregometer setup. A laser beam is incident on a layer of blood 
betweenn a static inner cylinder (bob) and a rotating outer cylinder (cup). 
Backscatteredd light is collected by two photo diodes. 
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4.2.22 Modeling the velocity and shear-rate decay 

AA Couette geometry is used to create a shear rate that is virtually uniform over 
thee gap, provided that the bob radius is large in relation to the gap width. To 
simplifyy the calculation of the velocity decay u(y,t) (y: distance to the bob, 
t:t:  time) following cup cessation, the Couette geometry is approximated by a 
parallell  plate system (Fig. 4.2a). 

Inn this parallel plate system a simple shear flow is obtained by moving 
thee upper plate with respect to the static lower plate in the x-direction at a 
constantt speed u0. In this configuration the shear rate equals y0=du/dy = u0/d, 
wheree d is the distance between the plates. If the tangential velocity of the outer 
cupp in the Couette system is taken equal to the velocity of the moving plate in 
thee parallel plate system the stationary shear rate is observed to deviate from 
thatt of the parallel plate system. In the present experimental setup this deviation 
rangess between +6% and -17% for the largest gap (2 mm) and decreases 
roughlyy proportionally with the gap width. The exact magnitude of the shear 
ratee deviation is of lesser importance since we are mainly interested in the 
generall  behavior of the velocity-decay time in response to abrupt cup cessation 
(seee Fig. 4.2b). 

a)) b) u(y,t) „ — ^ 

Fig.. 4.2. a) The upper plate of a parallel plate system moves at constant speed u0 

inn the x-direction to invoke a proportional velocity profile u(y,t) approximating the 
floww in a Couette system if the cup rotates at the same (tangential) velocity u0. 
b)) Suspension inertia causes the velocity to slowly decay after abrupt cessation of 
thee cup at t = 0 (for clarity, the profiles at t0..t3 are drawn at different locations). 

Inn a non-Newtonian suspension like blood, viscosity changes with shear 
rate255 and is markedly affected by RBC aggregation, which only occurs at low 
shearr rates. The viscosity change immediately following cup cessation, 
precedess RBC aggregation and is mainly due to changes in cell deformation. 
Celll  deformation is considered to have a negligible influence on blood viscosity 
duringg velocity decay.25 Thus, the velocity decay following cup cessation is 
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calculatedd for  a Newtonian fluid  in the approximately equivalent parallel-plate 
system.. The partial differential equation for  this one-dimensional viscous-flow 
problemm is obtained from the Navier-Stokes equation, which reduces to: 

du(y,t)du(y,t)==  d2u(y,t) „  „ 
dtdt dy2 K ' } 

withh vthe kinematic viscosity (v=ij/p, with 77 the dynamic viscosity and p the 
density)) of the suspension. The solution of the velocity decay u(y,t) and shear-
ratee decay y(y,t) in the absence of cup ringing are found with the appropriate 
initia ll  and boundary conditions and yields (see the appendix at the end of this 
chapter): : 

u(y,,)u(y,,) = -u0 sj!tf)J")  (4.2a) 

r(y,0r(y,0 = -2r0t(-i)"J^fjJ"^  , (4.2b) 

withh u0 the initia l tangential cup velocity, y0 the initia l shear  rate and d the gap 
width. . 

Figuree 4.3 displays in three dimensions the normalized velocity (a) and 
shearr  rate (b) decay in the absence of cup ringing. The parameters u, ymdy are 
normalizedd (u/u0, yfyo and y/d, respectively). In this particular  instance the 
kinematicc viscosity was that of normal human blood at a shear  rate of 400 s_1, 
beingg 3.8-10"6 m2/s.25 The smallest gap width (0.37 mm) was considered. Fig. 
4.3bb illustrates that the shear  rate reverses and rises sharply in the vicinit y of the 
cupp immediately after  cup cessation. 

Inn practice, mass inertia and the drivin g mechanism's elasticity should be 
takenn into account that cause ringing of the cup in response to motor  cessation. 
Thee ringing effect superimposes an oscillation on the smoothly decaying fluid 
velocity.. The appendix shows that ringing adds two additional terms to 
equationss (4.2a) and (4.2b). Figure 4.4 shows the effect of damped oscillatory 
motionn (50 Hz, time-constant = 5 ms) for  the same geometry as in Fig. 4.3. In 
Fig.. 4.5 the damping is reduced (time-constant = 40 ms), clearly revealing the 
effectt  of oscillatory motion. Figure 4.5 characterizes the commercial LORCA 
aggregometer.48 8 
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Fig.. 4.3. a) Relative velocity profile and b) shear rate profile between bob and cup 
followingg cup cessation. No cup ringing; d = 0.37 mm; v of normal human blood at 
4000 s-1. 

Fig.. 4.4. a) Relative velocity profile and b) shear rate profile between bob and cup 
followingg cup cessation. Damped cup ringing (50 Hz, time-constant = 5 ms); 
dd = 0.37 mm; v of normal human blood at 400 s"1. 

Fig.. 4.5. a) Relative velocity profile and b) shear rate profile between bob and cup 
followingg cup cessation. Undamped cup ringing (50 Hz, time-constant = 40 ms); 
dd = 0.37 mm; v of normal human blood at 400 s"1. 
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4.2.33 Influence of the shear-rate decay on the syHectogram 

Itt appears from Figs. 4.3 - 4.5 that the shear rate is not uniformly distributed 
overr the gap during the velocity decay. If layers of fixed width represent the 
bloodd in the gap then RBCs in each layer are in a different state of shape 
recoveryy and/or aggregation after cup cessation yielding different contributions 
too the syllectogram. In addition, cells in close vicinity of the bob give a larger 
contributionn to the intensity of the backscattered light than distant cells do." 
Thee net result is a gap width dependent syllectogram. 

tt Y 1/2 (ms) 

160 0 

140 0 

120 0 

100 0 

80 0 

60 0 

40 0 

20 0 

0 0 
0.000 0.50 1.00 1.50 2.00 

dd (mm) 

Fig.. 4.6. The shear-rate half-life (t^) at the bob in normal human blood versus the 
gapp width (d) after shearing at 400 s"1. The dotted line indicates the typical half-life 
valuee (Trx) of RBC-shape recovery.5 

Thee shear rate is the actual parameter affecting RBC deformation and 
aggregation.. The shape recovery of cells can only be measured if the shear rate 
decayss faster than do cells recover their biconcave resting shape. The shear-rate 
decayy happens to be slowest in the vicinity of the bob where cells' contribution 
too the backscatter intensity is the highest." Since it is not possible to describe 
thee shear-rate decay by a single time-constant as can be seen from equation 
(4.2b),, a half-life parameter was used. The half-life depends on the gap width 
(d)(d) and is defined as the time required for the shear rate to reduce by 50% of its 
initiall  value. Equation (4.2b) was used to determine numerically the shear-rate 
half-lifee ty/2(d) at the bob in normal human blood25 (v = 3.8-10-6 m/s at 
y=y= 400 s"), see Fig. 4.6. A shape-recovery time Tr = 62 ms with half-life 
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TTrr>> /2/2 = 43 ms, has been reported for human RBCs in a phosphate-buffer 
saline/dextrann solution of similar kinematic viscosity.5 Figure 4.6 shows that 
thee shear-rate half-life exceeds the RBC-shape recovery half-life for 
d>d> 1.1 mm, resulting in a prolongation of the observed RBC-shape recovery 
timee as measured from the syllectogram (see section 2.4). 

4.2.44 Tri-exponential syllectogram representation 

Inn a syllectogram, four RBC-behavioral stages are distinguished (Fig. 4.7). 
Thesee are: 1) The initial plateau during the disaggregation stage originates from 
thee light that is backscattered by the elongated RBCs that are aligned in the 
directionn of the flow. The intensity of the light relates to the state of elongation 
andd thus depends on the shear rate. 2) In the shape-recovery stage that follows 
immediatelyy after cup cessation, cells collectively lose their alignment and 
returnn to their biconcave resting shape. The recovery stage is accompanied by 
ann exponential increase in light backscatter5 leading to a high intensity peak in 
thee syllectogram. 3) Aggregation starts during the shape-recovery stage when 
externall  shear forces fail to keep the RBCs dissociated. RBCs start to aggregate 
side-to-sidee as stacks of coins, called rouleaux, causing the backscatter of light 
too decrease exponentially65 with a time-constant of about 1 - 3 s in normal 
humann blood. 4) Rouleaux formation is immediately followed by so-called 3D 
aggregatee formation during which rouleaux connect end-to-end as well as side-
to-end,, creating larger 3D aggregates. In normal human blood, the formation of 
3DD aggregates is a slower process6 with a time-constant of about 10 - 25 s. 

Thee conventional mathematical representation of the syllectogram 
containss two time-constants and describes the curve from the peak onward. ' ' 
Thiss study introduces a third time-constant to include the upstroke caused by 
RBCC shape recovery.5 Thus, the intensity curve I(t) was fitted using a tri-
exponentiall  function containing three time-constants associated with RBC-
shapee recovery (Tr\ rouleaux formation (Tf) and 3D aggregate formation (Ts): 

I(t)I(t)  = -Ir-e-t/Tr +I f<e~t/Tf +I s-e~t/T*  +I 0 , (4.3) 

wheree ln If, and Is denote the contribution of shape recovery, (fast) rouleaux 
formationn and (slow) 3D aggregate formation, respectively. 

Thee curve fit is performed using the Levenberg-Marquardt algorithm 
forr fitting non-linear functions. Since the syllectogram is sampled uniformly 
mostt data points stem from the tail of the curve. To prevent the fitting 
algorithmm from focusing on this region, the curves were re-sampled by 
selectingg 500 points uniformly distributed on a logarithmic time scale. 

Severall  aggregation parameters are derived from the syllectogram as 
indicatedd in Fig. 4.7. The amplitude (Amp) is used to describe the extent of 
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aggregation.6'44 Aggregation kinetics is described by the time-constants Tf and 
TTss but also by t%. The latter is the time that elapses until the peak intensity is 
reducedd by half the amplitude (to 1%). In clinical hemorheology a single 
parameterr is sometimes used to describe the overall aggregation behavior of the 
suspension.. This aggregation index {AT) is a value between 0 and 1 and depends 
onn both the extent and kinetics of aggregation.6'33'48'74'85 It is often determined 
fromm the areas A and B bounded by t = ttop and t = ttop + 10 s as48 AI = A/(A+B) 
(seee Fig. 4.7). 

Thee time elapsed until the occurrence of the peak is sometimes used as 
ann indication of the RBC-shape recovery time. The peak occurs when the first 
derivativee of equation (4.3) equals zero. The first derivative depends on all 
parameterss of equation (4.3) including the aggregation parameters. The fact that 
tttoptop is influenced by the aggregation process makes it an unsuitable candidate 
forr representing the RBC-shape recovery time. 

/(au) ) 

Amp Amp 

Fig.. 4.7. The syllectogram distinguishes four behavioral stages: 1) Disaggregation, 
2)) RBC-shape recovery, 3) Rouleaux formation immediately followed by 4) 3D 
aggregatee formation. The peak duration is exaggerated, au = arbitrary units. 
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4.33 Experiments 

4.3.11 Measurement of the velocity decay 

Particlee Image Velocimetry (PIV)70 (PIV 1100, Dantec, Skovlunde, Denmark) 
wass used to verify the theoretical velocity decay in the Couette system (bob 
radiuss = 15.7 mm, gap width = 1 mm, see Fig. 4.8). A long distance objective 
(numericall  aperture = 0.1) was focused on a laser-illuminated suspension layer 
containingg light scattering seeding particles (polyamid, 0 = 20 urn). The focal 
planee was approximately 2 mm below the surface. The suspension surface was 
coveredd with a glass plate to reduce optical disturbances. The small clearance 
(approximatelyy 0.5 mm) between the glass cover plate and the top of the 
rotatingg cylinder was bridged by the suspension. 

Longg distance 
objective objective 

Surface e 
.. mirror 

Laserr illumination 

Cup p 

\ \ üüROÏROÏ J 
iBobb '\ 

\ \ 

Suspension n 

Fig.. 4.8. Velocity measurement using particle image velocimetry. A camera focuses 
onn a laser-illuminated region of interest (ROI) between the static bob and the 
rotatingg cup. The velocity of seeding particles in the ROI is repeatedly determined 
basedd on their displacement in image-pairs with a known inter-image delay. 

Thee seeding particles were suspended in water (v = 10"6 m2/s). The local 
suspensionn velocity was determined from the displacement of interrogation 
areass between pairs of images using correlation techniques.70 The inter-image 
delaydelay for any given pair was 1.5 ms. Image-pairs were taken every 6.66 ms for 
aa period of 200 ms. A mechanical brake mechanism was utilized to reduce the 
effectt of mechanical ringing. The velocities of all interrogation areas in the gap 
weree plotted versus the distance to the bob (y) and versus the time (f). Gaussian 
smoothingg was used to reduce noise. 

Figuree 4.9a shows the theoretical velocity decay accompanied by that 
measuredd using PIV in Fig. 4.9b. Figure 4.10 shows cross-sections of the 3D 

Camera a 
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illustrationn in Fig. 4.9. It demonstrates that both the velocity profiles 
(Fig.. 4.10a) and the velocity-decay curves (Fig. 4.10b) closely match the 
theoreticall  curves (dotted lines) despite a deviation close to the cup 
immediatelyy following cup cessation. The deviation is due to optical deflections 
att the cylinder walls and to residual mechanical ringing. Taking these sources 
off  deviation into consideration we conclude that the theoretical model provides 
aa fairly good representation of the velocity and shear-rate decay in the gap. 

a)) ^  b) 

Fig.. 4.9. Velocity decay of water in a Couette system after cup cessation, 
a)) Theoretical, b) measured using Particle Image Velocimetry (PIV). Bob 
radiuss = 15.7 mm; gap width = 1 mm. 

200 0 

Fig.. 4.10. Cross-sections of Fig. 4.9 showing: a) velocity profile between bob 
(y/yO(y/yO = 0) and cup (y/yO = 1) at different time points, b) Velocity-decay curves at 
differentt locations. The dotted lines represent the theoretical curves. 

55 5 



Chapterr 4, Effect of aggregometer geometry 

4.3.22 Syllectogram measurements 

Blood-samplee preparation 
Bloodd samples, 25 ml each, of eight healthy donors were collected from the 
antecubitall  vein using EDTA as anticoagulant. Since backscattering depends on 
thee level of oxygenation, the blood samples were fully oxygenated before each 
experiment.488 The volume fraction of RBCs was in the range of 0.44-0.46 1/1. A 
syllectogramm was measured after disaggregating the blood sample at a shear 
ratee of 400 s~ for 10 seconds. Measurements were performed within 1-6 hours 
afterr blood withdrawal. 

Validationn of tri-exponential syllectogram representation 
Thee validity of three mathematical syllectogram representations were assessed 
byy comparing them against the measured syllectogram of a healthy volunteer 
(0.377 mm gap). The measured curve was first fitted using the bi-exponential 
curvee strip method implemented in the LORCA. ' The same syllectogram was 
thenn fitted to the bi-exponential and tri-exponential representations of the 
syllectogramm using the Levenberg-Marquardt fitting algorithm.71 The bi-
exponentiall  representations excluded the RBC-shape recovery term (Ir, Tr). 

AA ƒ (au) 
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aff fit 
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Fig.. 4.11. Deviation (AI) between mathematical syllectogram representations and a 
measuredd curve. au=arbitrary units. 
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Figuree 4.11 shows the difference {AT) between the mathematical representations 
andd the measured curve. It demonstrates that, in the first few seconds, the tri-
exponentiall  syllectogram representation matches the measured curve more 
closelyy than the bi-exponential variants. This justifies the use of the tri-
exponentiall  representation for studying RBC-shape recovery in small gaps. The 
tri-exponentiall  fit  also proves ideal for studying the effect of the shear-rate 
decayy on the shape of the entire syllectogram in the case of larger gaps as well. 

Effectt  of the gap width on shape recovery and on aggregation parameters 
Syllectogramss of eight individuals were measured using four different gaps: 
0.37,, 0.60, 1.05 and 2.00 mm. A fresh sample was used after each cup change. 
Inn the following, the two-tailed paired t-test was used to test the null hypothesis 
off  equal means. 

Syllectogramss of a single individual obtained using the four different gap 
widthss indicate (Fig. 4.12a) that backscatter intensity increases with the gap 
width.. The dots represent the syllectogram, while the solid lines represent the 
tri-exponentiall  fit. An enlargement of the syllectogram peak (Fig. 4.12b) 
revealss mat the peak is delayed and that the fit  deviates from the measurement 
forr gaps larger than 0.6 mm. The most prominent delay is observed for the 
2-mmm gap, which is consistent with the theoretical shear-rate half-life 
(«1500 ms, see Fig. 4.6). Figure 4.12b also shows that, as the gap width 
increases,, the peak amplitude decreases while the overall backscatter intensity 
increases. . 

Thee histogram of Fig. 4.13a shows the shape recovery time-constant Tr 

andd the time until the occurrence of the peak ttop, for different gaps. It illustrates 
thatt the 0.60 mm gap has virtually the same time constant (P > 0.05) as the 
0.377 mm gap. The important increase (P < 0.05) in the shape-recovery time for 
largee gaps is explained by the fact that the shear-rate half-life is close to the 
RBC-shapee recovery half-life in these gaps (see Fig. 4.6). The intensity peak 
occurss at a different time point ttop for all gaps larger than 0.37 mm (P < 0.05) 
althoughh a major delay is only observed in the case of the 2-mm gap. Figure 
4.12bb shows that the tri-exponential fit  underestimates the true delay for large 
gapss (> 1 mm). 
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Fig.. 4.12. a) First 60 s of syllectograms of one healthy volunteer measured using 
fourr different gaps. The dots indicate the measured syllectograms while the solid 
liness represent the tri-exponential fit. b) First 500 ms of the syllectogram showing 
thee deviation of the fit for large gaps. au=arbitrary units. 
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Fig.. 4.13. a) The recovery time-constant Tr and ttop for different gap widths (d). b) 
Changess in kinetic aggregation-parameter estimates obtained by tri-exponential 
fittingg of the syllectograms. Results of the 0.37-mm gap served as reference. The 
errorr bars indicate the standard error of the mean (N=4 for the 2-mm gap, N=8 for 
alll other gaps). 
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Too determine the change in syllectogram parameters for gaps > 0.37 mm, 
thee estimated parameters for a 0.37 mm gap were taken as reference. The data 
wass normalized by taking the ratio of each estimated parameter and its 
referencee value, which yielded a series of relative time parameters. This 
enabledd the data to be represented in a single cumulative graph (Fig. 4.13b). As 
cann be seen in Fig. 4.13b, for larger gaps, the aggregation time-constants 7}  and 
TTss are different (P < 0.05 for the 0.60 and 1.05-mm gaps) although the effect is 
ratherr small. This is an important finding since it allows comparing Tf and Ts 

parameterss obtained from aggregometers with different gaps. An increased 
shear-ratee decay time is accompanied by a decrease in peak intensity (see Fig. 
4.12b).. This causes the half-life parameter t% to increase considerably 
(PP < 0.05) for all gaps larger than the reference gap (Fig. 4.13b). 
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Fig.. 4.14. Changes in intensity parameters compared to the intensity level during 
disaggregationn /*, in different gaps (d). Results of the 0.37-mm gap served as 
reference.. The error bars indicate the standard error or the mean (N=4 for the 2-mm 
gap,, N=8 for all other gaps). 

Thee backscatter increases with the number of scattering particles and 
consequentlyy with the size of the gap (Fig. 4.12). This causes the estimate of all 
intensityy related parameters (e.g., Amp) to increase accordingly. To judge 
whetherr the intensity-related parameters also changed as a consequence of the 
shear-ratee decay we normalized them. Normalization was achieved by 
calculatingg the ratio - for each gap - of the parameter of interest and the 
backscatterr intensity during disaggregation (Idjs). The latter is only affected by 
thee gap width and not by the state of the cells since the disaggregation shear 
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ratee (hence, cell elongation) is held constant throughout the gaps. The ratio of 
eachh intensity-related parameter and Idis therefore cancels the effect of increased 
scatteringg when using larger gaps. Figure 4.14 shows the of normalized 
intensity-relatedd parameter estimates, where the values for the 0.37-mm gap 
weree again taken as reference. The figure demonstrates that Upstroke/Idis (with 
UpstrokeUpstroke = Itop-Idis) clearly decreases (P < 0.05) with the gap width. The 
reducedd intensity peak decreases (P < 0.05) the extent of aggregation (Amp) and 
thee aggregation index (AI) for all gaps larger than 0.37 mm although the effect 
iss relatively small for the 0.6-mm gap. This finding proves that it is incorrect to 
comparee the Amp and AI values between aggregometers with different gap 
widths. . 

4.44 Discussion 

Thiss paper studied the influence of aggregometer-geometry dependent shear-
ratee decay on the shape of the syllectogram. Based on the Navier-Stokes 
equationss a complete mathematical model of the velocity and shear-rate decay 
iss presented. We also propose an improved mathematical representation of the 
syllectogramm that includes the upstroke ascribed to RBC-shape recovery. This 
representationn is used to quantify the effect of prolonged shear-rate decay on 
RBC-shapee recovery and aggregation parameters. 

Thee mathematical model of the velocity decay was validated by 
experimentt and reveals that the shear rate is not uniformly distributed over the 
gapp after cup cessation. This causes RBCs in close vicinity of the bob to be in a 
differentt state of shape recovery and aggregation than distant RBCs. Clearly, 
thee backscatter intensity is a composite signal that depends not only on the 
numberr of scattering cells but also on the state of these cells. This finding 
confirmedd our expectation that the shape of the syllectogram and many of its 
derivedd parameters depend on the gap width. 

Thee experiments showed that the tri-exponential syllectogram 
representationn performs excellently in fitting the complete aggregation curve of 
normall  human blood, including the upstroke. For the 2-mm gap, however, the 
upstrokee shows up with a slight delay causing a mismatch of the curve fit. This 
delayy is well explained by the prolonged shear-rate decay time that exceeds the 
RBC-shapee recovery time. 

Usingg the tri-exponential syllectogram representation, we showed that 
manyy RBC-shape recovery and aggregation parameters changed considerably 
inn gaps larger than 0.6 mm as a consequence of prolonged shear-rate decay: 
Thee shape recovery time-constant Tr is clearly increased and the occurrence of 
intensityy peak ttop is delayed. The upstroke following cup cessation is relatively 
smalll  for large gaps. This is the reason why the extent of aggregation (Amp) 
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andd the aggregation index (AI) are underestimated in the case of larger gaps. 
Thee reduced upstroke also causes the half-life parameter (t%) to increase 
considerablyy in large gaps (> 0.6 mm). 

Thee use of small gaps in aggregation measurements is sometimes 
criticizedd because of the limited space available for 3D aggregate formation.73 

Inn pathological cases, aggregates of 500 pm may appear.56 Our results with 
bloodd of healthy volunteers show relatively small differences in the aggregation 
time-constantss attributable to rouleaux formation (Tj) and 3D aggregate 
formationn (Ts), which allows comparing only these two parameters between 
aggregometerss with different gap widths. 

Thee RBC-shape recovery time-constant of 59  6 ms found after 
shearingg blood at 400 s"1 in a 0.37-mm gap agrees with the value (62+12 ms) 
foundd by Baskurt and Meiselman5 for RBCs in a Dextran medium of 
comparablee viscosity. Their experiments show a relatively large oscillation in 
thee first 150 ms following cup cessation probably caused by: 1) the higher mass 
off  the commercial LORCA cup compared to our Plexiglas cup, and 2) the 
absencee of an additional brake mechanism. This effect does not influence the 
curvee fit and can be ignored if its amplitude is small in relation to the 
syllectogramm and the repetition interval of the oscillation is small compared to 
thee shape recovery time-constant. Our new approach for determining RBC-
shapee recovery in whole blood using the tri-exponential syllectogram 
representationn is more physiological and considerably simplifies the 
measurement.. Moreover, it prevents modification of RBC properties caused by 
washingg and re-suspension in artificial media. 

4.55 Conclusions 

Modelingg the velocity and shear-rate decay provided important insight into the 
physicss involved in syllectometry using Couette aggregometers. The shear rate 
followingg cup cessation is not uniformly distributed over the gap, which causes 
cellss to be in different states of shape recovery and aggregation. The increased 
masss inertia of the suspension prolongs the shear-rate decay and increases the 
apparentt RBC-shape recovery time-constant for large gaps. These facts cause 
thee syllectogram to be gap-width dependent. As a result most RBC-shape 
recoveryy and aggregation parameters change considerably in gaps larger than 
0.66 mm. Thus, for accurate syllectogram measurements a gap width of up to 
0.66 mm is recommended. 

Thee novel tri-exponential syllectogram representation performs better 
thann conventional bi-exponential representations, especially in the first few 
secondss of the measurement. This results in an improved accuracy of the 
parameterss describing the syllectogram. With the addition of the new shape-
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recoveryy term, it is now possible to measure the time-constant describing RBC-
shapee recovery in whole blood as well. 
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4.66 Appendix, Calculation of the velocity and shear-rate 
decay y 

Too calculate the decay of the velocity profile we assume a Newtonian fluid and 
thee initial flow (t < 0) laminar and one-dimensional with a velocity component 
inn the jt-direction only. Provided that the gap is small in relation to the bob 
radius,, the velocity profile in a parallel plate system (Fig. 4.2a) approximates 
matt in a Couette geometry. Under these assumptions the Navier-Stokes 
equationss reduce to a single, second order partial differential equation: 

euiy,t)euiy,t)=v=vöMy,t)öMy,t) ( A 4 1 ) 
dtdt dy2 ' V } 

withh v the kinematic viscosity (v=rj/p, TJ: dynamic fluid viscosity, p. fluid 
density).. For (t<0) the velocity alters proportionally with the position y 
betweenn the plates and accordingly we take as initial condition u(y,t) = Yoy-, 
withh Yo the initial shear rate. When at t = 0 the cup stops, mass inertia causes the 
fluidd to stop slightly retarded. For the initial and the boundary conditions we 
thuss have: 

u(y,0)u(y,0) = y0y (A4.2) 
u(0,t)u(0,t) = 0 (t>0) (A4.3a) 
u(d,t)u(d,t) = 0 (t>0), (A4.3b) 

withh d the position of the outer border (gap width). If cup cessation is followed 
byy oscillatory motion, (A4.3b) has to be replaced by: 

u(d,t)u(d,t) = —[Ae'"< sin[fi>  t]]  (A4.3c) 

Inn the last equation, (A4.3c), A and co describe the initial amplitude and radial 
frequencyy of the oscillatory motion while tc represents the time-constant 
associatedd with the oscillatory motion decay. 

Underr the conditions (A4.2), (A4.3a) and (A4.3b), i.e., no oscillatory cup 
cessation,, the solution for this differential equation can be obtained using 
Laplacee transformation; the procedures and the solution(s) are fully described 
inn reference [23]: 

« C O - r . ^ Z^^ (A4-4a) 

with: with: 

a{n)a{n) = 2  (-1)" s i n f ul  e  ̂ " (A4.4b) 
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Too solve the differential equation with the oscillatory boundary condition we 
alsoo made use of the Laplace transformation. First eq. (A4.1) was transformed, 
incorporatingg the initial condition (A4.2). With u(y,t) => U(y,s), eq. (A4.1) 
transformss into: 

dy dy 
(A4.5) ) 

Likewisee the boundary equations (A4.3a) and (A4.3c) were transformed: 

U(0,s)U(0,s) = 0 (A4.6a) 

U(d,s)U(d,s) = Areas Areas 
2„ 22 , ,.2,-2 ll  + 2f„s + f,V+re> 

(A4.6b) ) 

Eq.. (A4.5) was solved using the method of variation of parameters. Introducing 
eq.. (A4.6a) and (A4.6b) as boundary conditions resulted in: 

At]At]  ox sinh(>>-\As/v) u(yu(y S) =
 y°y ^os i n h(W-y/^) | 

ss ssmh(dyfs7v) (l + 2tcs + t*s2 + t2u)2)sinh(dyjs/v) 
(A4.7) ) 

Thee inverse Laplace transformation of the first two terms of U(y,s) produced 
thee solution without ringing, i.e., eq. (A4.4a). For the inverse transformation of 
thee third term its poles (= zeros of the denominator) were computed and from 
thesee values with help of Mathematica version 4.0 (Wolfram Research, 
Champaign,, IL) the appropriate residues. For the complete solution of the 
differentiall  equation with an oscillatory boundary condition we thus have: 

,, , d ^ a(n) 
u(y,t)u(y,t) = -r0-L

 + 

A-A-
a(n)rr a(n)rr 

^^  h(i-2^fv.tc+^y(v.tcY+M
2)+ 

(i(i  + tcQ>)  e 

sinh h 

sinh h 

Ji- i + , - .ö ö 

++ 10) 

(A4.8a) ) 

(A4.8b) ) 

(A4.8c) ) 

Withh a(n) as defined under (A4.4b). 
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Fromm this equation the shear  rate y(y,t) follows as the partial derivative of u(y,t) 
\oy\ \oy\ 

y (^ 00 = -y0£* (» ) -

b(n)nb(n)n4 4 

ddss ^(i-2(-)v./ c+(-r(v.o2
+M 2j + AA——^-Yu ^-Yu 

AAn n 

—— Re 
t. t. 

with with 

V*iM-J-V*iM-J-
JJ ^  r| — + / • » | 

.. cosh 

J J 
sinh h 

[4 [4 
4 4 

(( 1  1 
++ 1(0 

ff  1  1 
II  K )_ 

b(n)b(n) = 2-(-iycoJffl.e^" 

(A4.9a) ) 

(A4.9b) ) 

(A4.9c) ) 

(A4.9d) ) 

Again,, the terms (A4.9b) and (A4.9c) cover  the effect of oscillatory cup 
cessationn and should be omitted if the cup stops instantly. 
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DD Automated rheoscope* 

Abstract t 

Background::  Red blood cells (RBCs) have to deform markedly to pass the 
smallestt capillaries of the microcirculation. Techniques for measuring RBC 
deformabilityy often result in an indication of the mean value. A deformability 
distribution,distribution, however, would in fact be more useful for studying diseases that 
aree marked by sub-populations of less deformable cells, since even small 
fractionss of rigid cells can cause circulatory problems. 
Methods::  This paper presents an automated rheoscope that uses advanced 
imagee analysis techniques to determine a RBC-deformability distribution by 
analyzingg a large number of individual cells in shear flow. The sensitivity was 
measuredd from density separated fractions of a single blood sample and from 
cellss rendered less deformable by heat treatment. 
Results::  Measurement of the deformability distribution was highly 
reproducible.. The sensitivity test showed markedly different deformability 
distributionss of density-separated cells and yielded distinct deformability 
distributionss after each additional minute of heat treatment. 
Conclusions::  The excellent performance of the automated rheoscope promises 
successfull  clinical application. The RBC-deformability distribution 
demonstratess the presence of less deformable sub-populations. An increased 
fractionfraction of less deformable cells increases the standard deviation, suggesting 
thatt this may be an important parameter in the assessment of pathological blood 
samples. . 

Submittedd for publication. Original title: The measurement of the distribution of red blood-cell deformability 

usingg an automated rheoscope. J.G.G. Dobbe, G.J. Streekstra, M.R. Hardeman, C. Ince, C.AGrimbergen. 
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5.11 Introduction 

Redd blood cells have the ability to deform under the influence of externally 
appliedd shear stress. This property is essential for the cells to pass the smallest 
capillariess of the microcirculation. RBC deformability measurements have 
gainedd great interest within the field of hemorheology because a large number 
off  pathologies were found to be associated with impaired RBC 
deformability.3,64 4 

AA number of methods are reported to measure RBC deformability, most 
off  them yielding an indication of the mean value. Techniques like micropore 
filtering77 and cell transit time analysis37 give biased results if the filter is 
blocked,, e.g., by pathological rigid RBCs or by white blood cells. These 
shortcomingss are overcome by the LORCA (Laser-assisted Optical Rotational 
Celll  Analyzer) which is based on diffractometry9 and which we 
commercializedd earlier.48 The clinical potential of this in vitro measurement 
wass recently reviewed.49 In blood samples with populations having 
heterogeneouss deformability, which is found in sickle cell anemia9 and, more 
recently,, in malaria,32 the diffraction pattern changes to a compound shape, 
whichh is not well described by an ellipse. With the decomposition technique 
describedd by Streekstra et al.,86 it is possible to find the fractions of up to two 
sub-populationss in the final diffraction pattern but it requires the deformability 
off  the sub-populations to be known. 

AA deformability distribution of a large number of cells, would help detect 
RBCC sub-populations with impaired deformability, e.g., in patients suffering 
fromfrom malaria tropica or sickle cell disease. Current techniques for measuring 
thee mechanical properties of individual RBCs, such as micropipette aspiration5 

andd the use of optical tweezers,1619 are too labor-intensive to utilize on a large 
numberr of cells. In rheoscopy80'81,89'90'91'97 cells are subjected to a simple shear 
floww between a counter-rotating transparent cone and transparent plate. In this 
treatment,, the cell membranes rotates around their interior, a process called 
tank-treading.366 Rheoscopes described in literature 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.91 1 

Thiss paper presents an automated rheoscope that uses advanced image 
analysiss techniques to determine the RBC-deformability distribution by 
analyzingg a large number of cells in shear flow. Techniques are described 
whichh enhance rheoscopes to do quantitative measurements. Imaging analysis 
methodss are presented which automatically identify focussed cells with a 
properr shape and surface area. The elongation of cells is determined by ellipse 
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fittingg and the ratio of the long (a) and short (b) axes serve as the deformability 
indexx (S=a/b). The algorithms are integrated in a single computer program that 
minimizess human interaction to visual inspection and to validation of analyzed 
cells.. The reproducibility of the system was tested by repeatedly measuring the 
deformabilityy distribution of a single test subject. The sensitivity was measured 
fromfrom density separated fractions of a single blood sample and from cells that 
weree made less deformable by heat treatment. 

5.22 Materials and Methods 

5.2.11 Equipment 

AA plate-plate type rheoscope was designed and constructed (Fig. 5.1). The 
platess are made of glass with a thickness of 0.8 mm and are mounted on two 
counter-rotatingg aluminum discs. The lower glass plate (0 28 mm) is fixed to 
thee lower disc while thee upper glass plate (0 18 mm) is glued on an aluminum 
holder,, which can be removed to change blood suspensions. The holder is 
securedd to the upper disc with a metal ring. This mechanical construction 
guaranteess a spacing between the insides of the glass plates of 100.7  7.5 um. 

Rotationn of the two aluminum discs is controlled separately by dc 
motors.. These are driven by four-quadrant dc servo amplifiers (ADS 50/5, 
Maxonn Motor, Sachseln, Germany) in conjunction with a motion controller 
boardd (PCI-Servo-2A, National Instruments, Austin, TX). A 500-line optical 
shaftt encoder is attached to each motor shaft and provides feedback to the 
motionn controller board. This configuration guarantees a constant motor 
revolutionn speed and enables software-control of each motor in either direction. 

Thee rheoscope flow chamber is placed on the stage of an inverted 
microscopee (Axiovert S100TV, Carl Zeiss, Jena, Germany). Bright field 
illuminationn is used in combination with a long distance 40x objective 
(numericall  aperture = 0.6) with slide thickness correction followed by a 1.6x 
magnifier.. A non-interlaced video camera (XC-75CE, Sony Europe, 
Badhoevedorp,, The Netherlands) sends images to a frame grabber board 
(PCII  1408, National Instruments, Austin, TX) which was mounted inside a PC. 
Thee standard lamp holder is replaced by a modified type, equipped with a 
video-frame-triggeredd stroboscope (5 J/flash) to eliminate residual motion blur. 
Eachh time a frame is captured, the PC triggers the stroboscope within the 
integrationn time of the camera. 

RBCss are suspended in a high viscous medium (31 mPa-s) and are 
stressedd between the counter-rotating plates. Cells migrate from the plates 
towardss a narrow band midway between the plates.9 The microscope is 
focussedd on a layer near the bottom of this narrow band to minimize 
obstructionn of image formation due to cells outside of the focussed layer. Cells 
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inn other planes appear blurred and can therefore be discriminated from focussed 
cells. . 

Distilledd water 

Temperaturee sensor 
(R100,, close to upper plate) 

Rbcc suspension 
\ \ 

Planee of focus 
(Regionn Of Interest = 100x80 |tm2) 

Hii I A Xenon flash tube 
5J/flash h 

w w 
Opticall interference filter 

•• 380-420 nm 

Heater r 

ccw w 
Upperr plate C |3 
(onn holder) 

Typicall image 
f f 

~J55 Lower plate <t |^ 

40xx Long distance objective 

1.6xx Magnifier 

Non-interlacedd video camera i 

Fig.. 5.1. A dilute RBC suspension is subjected to shear stress between two counter-
rotatingg glass plates. Elongated cells are observed with an inverted microscope 
usingg stroboscopic illumination. The upper plate is mounted on a holder, which 
servess as a water bath for controlling the suspension temperature. CW, Clock Wise; 
CCW,, Counter Clock Wise. 

RBCss contain the red pigment hemoglobin. The light absorption 
coefficientt in the Soret region (415 nm, violet) is relatively high for both 
oxygenatedd and deoxygenated hemoglobin.12'95 Water on the other hand, the 
mainn constituent of the suspending medium, shows an extremely low 
absorptionn coefficient in the Soret region. The use of a small-bandwidth 
interferencee filter (380-420 nm) in this part of the spectrum makes the cells 
appearr as dark objects on a bright background. 

Thee upper plate holder serves as a tiny water bath, temperature 
controlledd at the bottom. The loss of thermal energy is mainly in the upward 
direction,, partly caused by convection but also by conductance because the 
holderr is secured only at the top. The wall of the holder is separated from the 
counterr rotating part by a layer of air, which has a high thermal resistance. 
Sincee both glass plates have the same thickness, the suspension temperature 
wass estimated as Tsus = (Tup+Tbot)/2 with Tup and Thot the temperature at the top 
off  the upper plate and at the bottom of the lower plate. Throughout the 
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experiments,, 7^ was set to 38 °C resulting in a 7^ of about 36 °C. The latter 
wass measured with a microtip thermocouple dipped in an oil drop on the 
rotatingg lower plate. The suspension temperature was therefore 37  1 °C. 

5.33 Shear-stress control 

AA constant shear stress is evident to obtain accurate deformability distributions. 
Thiss section investigates the effect of fluctuations in the plate-plate distance and 
uncertaintyy in the viewing location on the obtained shear stress. 

Thee counter-rotating plates create streamlines that approximate 
concentricc circles. The shear rate (j) depends on the angular velocities of the 
upperr (cou) and lower (coi) plates, the position from the center (r) and on the 
distancee (d) between the plates (see Fig. 5.2) and is given by: 

rr  = ^\cou-6)l\ (5.1) 

Thee shear stress (r) is the product of shear rate and the (dynamic) viscosity (77), 
off  the dilute RBC suspension, which is approximately equal to that of the 
suspendingg medium: v=yrj. It can be seen from equation (5.1) that, if the 
viewingg location, /*, is fixed, the shear rate is linearly proportional with the 
differentialdifferential angular speed. Since the region of interest (ROI) that is observed 
withh the camera is small (100x80 urn) in relation to /*, the shear stress is 
approximatelyy homogeneous over the ROI. The velocity of the narrow band of 
RBCss midway between the two plates can be altered without changing the 
shearr stress by giving the angular velocity of both plates an offset in the desired 
directionn while maintaining the differential angular speed. 

Assumingg that the rotational speed is well controlled, the shear rate 
deviationn will be due to the uncertainty in the radial distance of the ROI and/or 
fluctuationss in the distance between the plates. If the desired shear rate is set at 
yy = o)u - &,  r I d»then deviations in r and d, denoted by Ar and Ad, respectively, 
resultt in a relative shear-rate deviation equal to: 

// dev 
Arr d M 
rr  d + Ad d + Ad 

100%% (5.2) 
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Upperr plate 

^0?^0? Velocity gradient 

Lowerr plate 
<£4-» » 

COO I 

Fig.. 5.2. The glass plates rotate in opposite direction. The angular velocity of the 
platess can be adjusted to obtain the desired velocity gradient (shear rate) and cell 
velocityy in the plane of focus, located at a distance hf from the lower plate. 

Ourr experiments were recorded as far from the center as the geometry 
permittedd (3.8 mm). The plate-plate inter distance was 100.7  7.5 urn. 
Figuree 5.3 shows the relative shear rate deviation versus r for different 
deviationss of the plate-plate distance. For Ar = 100 urn, the figure shows that 
thee shear rate ranges over [-5,+10] %. 

y d e v < % > > 

Add (um) 

rr (mm) 

Fig.. 5.3. Relative shear rate deviation (%) in the ROI at different deviations in the 
radiall and plate-plate distance. The standard plate-plate distance was taken 
100.77 (jm. Experiments were carried out at 3.8 mm from the center. The 
arrowheadss indicate the expected shear rate range: [-5,10] %. 
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Focusingg on the static layer results in too few cells within the ROI to enable a 
statisticallyy justified measurement of the deformability distribution of the entire 
sample.. Focussing on a moving layer would include the cells in the circular 
streamlines;; however, that count would also be limited. The problem is solved 
byy local disturbances in the flow caused by non tank-treading particles, such as 
contaminants.. The disturbances prevent the cells from staying in a single 
circularr streamline. This effectively increases the number of different cells that 
passs the ROI during a measurement and results in statistically adequate 
deformabilityy distributions. 

5.44 Secondary flow 

Whenn the rotational speed or the plate-plate distance increases, the primary 
concentricc flow may be disturbed by a secondary (radial) flow. Secondary flow 
iss negligible if the viscous forces, Fv, supercede the centrifugal forces, FC.S3 In 
thee plate-plate system, the centrifugal force per unit fluid volume (V) can be 
expressedd as Fc/V = pw2r, with p the fluid density and © the angular velocity. 
Forr the shear stress, T=rjar/d, the viscous force per unit fluid volume equals 
FFvv/V/V = TA/V = Tjeo-r/d2,A being the surface area acted upon and d the distance 
betweenn the plates. The effect of secondary flow is negligible if: 

Centrifugall  force 2 

=^l=^l  « i 5 (53) 
Viscouss force v 

withh v the kinematic viscosity, rj/p. The distance between the plates was 
100.77 um, the medium viscosity 31 mPa-s. The maximum angular velocity is 
aboutt 25 rad/s at shear stresses of up to 30 Pa. With these parameters the ratio 
off  centrifugal and viscous forces is below 710-3 giving negligible secondary 
flow. flow. 

5.55 Image analysis 

Digitizedd cell images show focussed and unfocussed cells. Figure 5.4a is a 
microscopicc image of a suspension containing normal (deformed) and less 
deformablee cells at a shear stress of 10 Pa. The approximately ellipsoidal tank-
treadingg RBC88 projects to an ellipse in 2D. The ellipse was therefore chosen as 
aa model for describing the shape of the projection, and the ratio of the ellipse's 
longg (a) and short (b) axes was used as the parameter representing cell 
deformability,, 3=a/b. 

73 3 



Chapterr 5, Automated rheoscope 

Thee next sections describe the analysis procedure, which involved 
localizationn of individual cells, in-focus validation, fitting the cell-edge pixels 
too an ellipse and cell validation. Figure 5.4b shows analysis results 
superimposedd on the original picture (Fig. 5.4a). 

a)) b) 

Fig.. 5.4. a) Microscopic image of a 1:1 compound suspension of normal cells (*) and 
lesss deformable (#) human cells at a shear stress of 10 Pa. b) Same picture with 
resultss of image analysis superimposed. 

5.5.11 Blob detection 

Analysiss is performed on individual cells that have to be marked in the ROI 
(100x800 urn2) by a bounding rectangle. The cumbersome task of locating and 
markingg cells manually is automated with a relatively simple blob-detection 
algorithm. . 

Thee algorithm starts with segmentation at a threshold level, which is a 
fractionn of the background intensity level around the pixel under consideration. 
Thee local background level is taken the highest intensity level found within an 
areaa of 40x40 urn2 with the pixel under consideration in the middle. If the 
intensityy of the pixel is below 80% of the local background level, it is 
consideredd a cell pixel, 1, otherwise, it counts as a background pixel, 0. This 
thresholdd level is not very critical and was chosen pragmatically. 

Segmentationn yields a binary image in which a blob is identified as a 
groupp of connected pixels with a surface areas in a specified range 
(\A(\Aminmin,, Amax]  u.m2). Thus, small and large objects, such as touching cells, are 
rejected.. The object perimeter (p) in pixel units is approximated by summing 
thee distances between bounding pixels and is used as an estimate of the number 
off  pixels to extract during edge detection. The rectangle that delimits the blob is 
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enlargedd (1 um » 4 pixels) to form the bounding rectangle that is used for cell-
edgee detection and analysis. 

5.5.22 Cell-edge detection 

Canny211 described an 'optimal' edge detection algorithm based on three 
performancee criteria: 1) detection of most probable edge points only, 
2)) localization as close as possible to the real edge, 3) only one response to a 
singlee edge. The optimal detector kernel depends on the type of signal and has 
too be determined numerically. An reasonable approximation of the best 
performingg operator for step-edge detection is the derivative of a Gaussian. 
Althoughh optimized for step edges, this type of filter performs well for general 
edge-detectionn purposes and was therefore utilized in this application. The 
standardd deviation of the Gaussian (a) serves as a filter parameter to reduce 
noise.. It is not a very critical parameter and its value was pragmatically chosen 
ass 2 pixels (giving a kernel size of 13x13 pixels). The magnitude {M(x,y, a)) of 
thee intensity gradient is determined at each pixel according to: 

M(xM(xiyiy,<T),<T) = J[l(x,y)*Gx(x,y,cT)]2+[l(x,y)*G y(x,y,cTtf (5-4a) 

With: : 

I(x,y)I(x,y) the image intensity at (x,y) 

„„  , . dG(x,y,(r) x 
GGxx (x, y, a)= ' - =- - G(x, y, a) 

oxox a
l 

dG(x,y,a)dG(x,y,a) y 
G(x,y,<r)=G(x,y,<r)= ' = - G{x,y,o) 

tyty a1 

_x_x22
++y y 

G{x,y,a)=G{x,y,a)= X e 2cr2 

In-a In-a 

andd with " * " the convolution operator. 

Determinationn of the edge-gradient magnitude is followed by a non-maximum 
suppressionn technique21'68 that suppresses all pixels of M(x,y,cr) that are not 
locall  maxima, resulting in edges of one pixel wide. Segmentation is finally 
performedd using Canny's hysteresis thresholding. This approach considers a 
highh and a low threshold level. All pixels above the high threshold level are 
assumedd edge pixels. During a trace that starts at each of these high level 
pixels,, neighboring pixels with levels between the high and low threshold levels 

(5.4b) ) 

(5.4c) ) 

(5.4d) ) 
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aree also included as edge pixels. This greatly reduces the chance of missing 
contourss with slightly fluctuating gradient magnitude values since it requires 
thee gradient magnitude to drop below the low threshold level before the trace is 
broken. . 

Thee gradient-threshold levels are obtained from the gradient-magnitude 
histogramm of the edge pixels that remain after non-maximum suppression. The 
highh threshold is set at the magnitude above which thep most intense pixels are 
found,, p being an estimate of the blob perimeter determined during blob 
detection.. The low threshold is set at a user-specified percentage (10%) below 
thee high threshold level. 

5.5.33 Determining cell parameters 

Ellipsee fit.  The orientation of the cells in the video image depends on the 
orientationn of the camera with respect to the streamlines. The cells are therefore 
describedd by the equation of a tilted ellipse. The ellipse parameters (see Fig. 
5.5a),, namely location (x0,yo), orientation (#>) and axes (a,b) are obtained by 
leastt squares fitting of the data points to the edge of the ellipse.1'50'84 

Outlierr  rejection. The ellipse parameters are heavily biased if outliers exist in 
thee data points, or when part of a neighboring cell coexists in the rectangular 
analysiss region. The fitting algorithm is therefore encapsulated by an iterative 
proceduree that skips the most-distant data point until all data points are within a 
user-specifiedd distance (d) from the fit. The procedure rejects objects (for 
invalidd shape) if the remaining number of pixels drops below a user-specified 
numberr (Nmin) or if the average distance from these pixels to the best-fit ellipse 
exceedss davg. 

Distancee to ellipse. The distance of a data point to the obtained ellipse has to 
bee calculated in order to reject outliers. Calculating this distance requires 
solvingg a quartic equation, which is an inefficient procedure. A good 
approximationn can be obtained using orthogonal hyperbolae.76 Confocal 
ellipsess and hyperbolae intersect orthogonally (see Fig. 5.5b). This property is 
exploitedd to find the confocal hyperbola that crosses a specific data point. The 
distancee from the data point to the point of intersection between the ellipse and 
thee hyperbola provides a good approximation of the shortest distance to the 
ellipse.76'77 7 

76 6 



Chapterr 5, Automated rheoscope 

a)) b) 

Fig.. 5.5. a) Tilted ellipse with its five ellipse parameters indicated: location (x0, yo), 
orientationn (<p) and axes (a,b), b) the closest distance of a data point to the best-fit 
ellipsee is estimated using the confocal hyperbola that goes through the data points 
andd intersects the ellipse orthogonally. 

Accuracyy of ellipse parameters. The accuracy of the five ellipse parameters is 
nott directly obtained from the ellipse fitting but is estimated using the Bootstrap 
method.72'922 This method takes M random data points from the set of N that 
remainedd after outlier rejection. M is normally taken equal to N resulting in a 
neww hypothetical data set in which some data points appear more than once 
whilee others are omitted. By repeatedly (300x) generating these hypothetical 
dataa sets from the original set, and by fitting each set to the equation of a tilted 
ellipse,, a distribution is obtained for each of the five ellipse parameters. The 
averagee value is a good estimate of the true parameter while the standard error 
servess to indicate the accuracy of the estimate. If the relative error of one of the 
parameterss exceeds a user-specified limit (> E %), the object is rejected. 

5.5.44 In focus validation 

Well-focussedd images contain more detail, resulting in higher gradient 
magnitudes,, than images that are out of focus. Geusebroek41 described a robust 
automaticc focussing technique for microscopy. This technique applies a 2D 
first-orderfirst-order Gaussian derivative filter to the image to extract the intensity 
gradient.. Its average magnitude is then used as a focus score (F): 

He)He) = jjrjj  I [Hx, y) * Gx (x, y, a)f + [l(x, y) * Gy (x, y, a)} , (5.5) 

wheree I(x,y) the image gray value at location (x, y), Gx and Gy the first order 
derivativee of the 2D Gaussian in the x and y direction, crthe standard deviation 
andd N,M the size of the image in the x and v direction. Geusebroek's technique 
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grabss images while incrementally advancing the z-position to adjust the focal 
plane.. The in-focus plane is the one with the highest focus score. 

AA variant of this focus score is applied to pixels that define the cell edge, 
obtainedd through the edge detection algorithm described above. Geusebroek's 
focuss score depends on the luminance level, which is undesirable in this 
particularr application since it would necessitate an intensity-dependent 
adjustmentt of the assessment limit for the focus score. The score of each pixel 
iss therefore normalized to the local background intensity, hh The local 
backgroundd level is set at the highest intensity level found within an area of 
40x400 jim2 with the pixel in question in the center. The focus score was 
thereforee redefined as: 

F„(a)F„(a)  = ^Jl  , (5-6) 

wheree i indexes the TV edge pixels. Gx(Xj,yir a) and Gy(xuyu G) are filter masks 
containingg the first derivative of a 2D Gaussian in the x- and y direction. The 
focuss score depends on a which was taken 2 pixels. The focus score of cells 
thatt are assumed in focus is determined pragmatically and was taken 
F„F„  > 0.075. 

5.5.55 Cell-validation criteri a 

Thee image-analysis algorithms described in the previous paragraphs do not 
onlyy serve to determine the deformability index of cells but also to validate 
cells.. The fact that the iterative ellipse-fit procedure fails because edge pixels 
aree too far from the best-fit ellipse is a good criterion to detect an anomalous 
shape.. Objects are also rejected if the surface area of the fitted ellipse exceeds a 
user-specifiedd range ([Ami„,  Ama$, Results of both approved and rejected 
objectss are stored to a results-file along with the cause of a possible rejection. 
Thee rejection criteria and the involved analysis parameters are given in table 
5.1: : 
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Validationn criterion 

Analysis s 

Coordinatee rejection 

Focus s 
Shape e 

Surfacee area 

SD**  of ellipse 
parameters s 

Analysis s 
parameter r 

™mirb™mirb M 

F„ F„ 
\d\avg \d\avg 

AA min> -Amax 

E E 

Causee of rejection 

Unsuccessfull  mathematical analysis (like ellipse fit, 
hyperbolicc distance estimation, ellipse center outside 
boundedd rectangle) 
Thee number of edge coordinates with a distance 
dd < 2.0 urn to the best-fit ellipse, is limited (A/^ < 50) 
Objectt not in focus (Fn < 0.075) 
AverageAverage distance from edge coordinates to best-fit 
ellipsee is too large (f/^ > 0.15 pm) 
Projectedd cell surface area is not in specified range 
[A[Amimi„,„,  Arwn] = [20-150] urn2 

Excessivee ellipse parameter inaccuracy (E > 10%) 

SDD = Standard Deviation resulting from bootstrap method 

Tablee 5.1. A number of validation criteria are used to approve or reject objects. The 
resultss of both approved and rejected objects are stored along with the cause of a 
possiblee rejection. 

5.66 Software 

Wee implemented analysis software in a graphical programming language 
(LabVIEWW 5.1, National Instruments, Austin, TX) using a special image 
analysiss library (Advanced IMAQ-Vision 4.1.1, National Instruments, Austin, 
TX).. The analysis functions that were not available in the commercial package 
weree written in C (C++ Builder 1.0, Borland, Scotts Valley, CA) and they link 
too the other software in the form of a dynamic link library (DLL). The software 
enabless the operator to successively grab images for viewing purposes and to 
takee single snap-shots for image analysis. Cells can be marked with a 
rectangularr frame for individual analysis manually or automatically. 

Figuree 5.4b is a typical microscopic image of a compound suspension of 
ordinaryy cells and less deformable cells, mixed in a 1:1 ratio. The results of 
edgee detection and ellipse fitting are superimposed for visual inspection. 
Quantitativee results 'per cell' consist of the major and minor axis (a, b) of the 
ellipse,, the central position (xo, yo) and the tilt angle (<p), each parameter 
accompaniedd by its standard error. An overall error-of-fit parameter (\d\avg) 
servess as an ellipse matching parameter and provides a measure of the average 
distancee of the data points to the best-fit ellipse. The focus score, a measure of 
thee focusing quality, is calculated based on the normalized intensity gradient of 
edgee pixels. Table 5.2 shows a selection of the set of image analysis results 
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accompanyingg Fig. 5.4. The operator evaluates these qualitative and 
quantitativee results and is able to exclude invalid objects, such as contaminants 
andd misinterpreted cells, with a mouse-click. Cells that were rejected by the 
softwaree are accompanied by a rejection error that describes the cause of 
rejection. . 

Ceil l 

1 1 
2 2 
3 3 
4 4 
5 5 
6 6 
7 7 
8 8 
9 9 
10 0 

Orient t 

141 1 
251 1 
135 5 
124 4 
129 9 
128 8 
146 6 
132 2 
82 2 
43 3 

a a 

6.07 7 
0.00 0 
7.52 2 
6.92 2 
6.46 6 
6.10 0 
7.00 0 
6.15 5 
6.85 5 
6.23 3 

b b 
d im) ) 

3.57 7 
0.00 0 
2.37 7 
2.12 2 
3.03 3 
3.29 9 
2.75 5 
4.62 2 
3.09 9 
2.91 1 

9 9 

78.5 5 
0.0 0 

81.4 4 
79.6 6 
80.2 2 
79.1 1 
79.6 6 

170.2 2 
80.8 8 
91.7 7 

6 6 

1.70 0 
0.00 0 
3.20 0 
3.27 7 
2.13 3 
1.86 6 
2.54 4 
1.33 3 
2.23 3 
2.14 4 

0.30 0 
1.75 5 
0.11 1 
0.08 8 
0.07 7 
0.09 9 
0.18 8 
0.64 4 
0.09 9 
0.10 0 

Focus s 
score e 
0.062 2 
0.050 0 
0.046 6 
0.091 1 
0.088 8 
0.081 1 
0.054 4 
0.063 3 
0.073 3 
0.079 9 

Rejection n 
.ifioor" 11 >.: 
Focus s 

Analysis s 
Focus s 

--
--
--

Focus s 
Focus s 
Focus s 

HighSD D 
Crdd cnt = Edge coordinate count 
a,, b = Long and short axes of fitted ellipse 
(p-(p- Ceil orientation. Note: y-axis is oriented downward 
55 = Deformability index (a/b) 
\d\gvg\d\gvg = Average distance to best-fit ellipse (urn) 
Rejectionn error describes the cause of a possible analysis error 

Tablee 5.2. Selection of analysis results obtained from the microscopic image 
containingg a mixture of ordinary (deformable) and less deformable cells (see 
Fig.. 5.4). 

AA report generator reads the results file and draws a frequency 
distributionn of any of the determined parameters. The rejection error can be 
usedd as a selective filter to include cells into the frequency distribution, e.g., to 
inspectt the effect of including cells that were rejected for their shape. The 
defaultt number of bins is taken \k rounded to the nearest integer, where K is 
thee number of included cells. The bin count can be overridden manually. The 
frequencyy distribution of the analyzed parameter is accompanied by a list of 
descriptivee parameters, including: average, standard deviation, standard error of 
thee mean, mode, median and range. 
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5.77 Experiments 

Inn all experiments, human blood was anticoagulated with K3-EDTA (4.7 mM). 
Wholee blood was diluted to a final hematocrit (volume fraction of RBCs) of 
2x10~33 1/1 in 5.0 ml of a solution of 0.14 mM polyvinylpyrrolidone (PVP, 
M=3600 000, Sigma-Aldrich, St. Louis, MO) in Phosphate Buffered Saline 
(pHH 7.4). The viscosity at 37 °C of the PVP medium was 31 mPa-s. About 
1000 ul of the dilute suspension was used for each experiment. 

Afterr placing the suspension in the measuring chamber, the water bath, 
containingg the heater and sensor element, was filled with distilled water. A 
measurementt started as soon as the desired temperature was reached. Images 
weree stored to disk every 0.5 s until 1000 images were acquired. These images 
weree analyzed off-line to obtain the deformability distribution of the cell 
population. . 

Thee deformability was simultaneously measured by the LORCA 
ektacytometer48'599 for mutual comparison of the average deformability index 
Oavg* Oavg* 

5.88 Results 

Thee acquisition of 1000 images took about 15 minutes. An operator spent 
roughlyy one hour for automated analysis and visual validation of these images. 
Fromm the recorded images the software analyzed about 6000 cells, 
approximatelyy 66% of which were rejected based on the cell-validation criteria. 
Mostt of the rejected objects were out-of-focus or were partly overlapping cells. 
Thee operator rejected about 5 - 10% of the objects that passed automatic 
validation.. The manually rejected objects mainly comprised RBC aggregates18 

(doublets),, overlapping cells and contaminant. The analysis procedure yielded a 
sett of 1500-2500 valid cells to build up a deformability distribution 
(*1.8s/cell). . 

Thee deformability distributions that result from the experiments in the 
nextt sections are modeled by a scaled Gaussian: 

f(S)f(S) = A-e2{"  > , (5.7) 

withh A the scaling factor, s the mean deformability and a the normalized 
secondd moment. Fitting is performed using the Levenberg-Marquardt 
algorithm.71 1 
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5.99 Reproducibility 

Thee reproducibility of 10 subsequent measurements was tested at a shear stress 
off  3 Pa, which is high enough to elongate the cells in the direction of the 
streamliness and usually yields a deformability index halfway the full range 
(«« [1.0, 4.5]). Blood from a single sample was diluted in the PVP-solution just 
beforee each measurement. Figure 5.6 shows a normalized deformability 
distributionn (area under the curve = 1) of one of these measurements 
(2522(2522 RBCs, 100 bins). The vertical scale,/, represents the probability density. 
Thee solid curve was obtained by fitting the model. 

ƒ ƒ 
3 3 

2 2 

1 1 

0 0 
11 1.5 2 2.5 3 3.5 

5 5 

Fig.. 5.6. Frequency distribution of RBC deformability (dots) of a healthy volunteer 
measuredd at 3 Pa. The solid line represents a Gaussian fit to the data points. 
/=probabilityy density; £=deformability index (S=a/b, a:long axis; b: short axis of ellipse 
thatt best matches the cell's contour). 

Tablee 5.3 lists the average deformability and the standard deviation (SD) 
off  the 10 sub-samples in the reproducibility test. The average deformability of 
thee first sample fell outside the 95% confidence interval of the remaining 
sampless and was therefore rejected. It was checked whether the remaining nine 
meanss originated from the same cell population. To that end the variance (<x) 
off  the complete material (all cells) was estimated in two ways: 1) by forming a 
pooledd estimate (Sp2) and 2) by computing the variance of the means (SM): 

SiSi = S (5-9), 
MM k-\ 

Ztis.-s.y-Ztis.-s.y-
s;=-s;=-(( t 

I " ,, I- >

(5.8) ) 
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withh k (=9) the number of sub-samples, nt the number of cells in each sub-
sample,, £ the deformability index of cell j in sub-sample i, $ the mean 
deformabilityy index in sub-sample i and s the mean deformability index of all 
(N(Ntottot)) cells. The F-distribution was used to test the null hypothesis of equal 
meanss at the 5% level of significance- The variance resulting from the 
distributionn means was SM

2=2.95 while the pooled variance was SP
2=0.05 

resultingg in F=59 (=SM
2/Sp2) which is in the critical region of the F-distribution 

givingg sufficient reason to reject the null hypothesis of equal means. The 
variationn in the distribution means of these homogeneous samples should 
thereforee be attributed to instrument inaccuracy. This inaccuracy has to be 
takenn into account in future clinical results. If one describes the inaccuracy with 
aa normal density with a standard deviation ainstr (instr^instrument), one can 
estimatee its value from:14 

S^^J—iSiS^^J—iSi  -S2
P) = o.04 (5.10) 

VV  tot 

Thee standard deviation of the deformability of the cells in this experiment (cr̂ /) 
cann be estimated by S<y = Sp = 0.21 with a 95% confidence interval 
[0.200 < crdef< 0.22]. 

Tablee 5.3 also shows that in this experiment the average 
deformabilityy obtained with the LORCA ektacytometer is close to that obtained 
withh the rheoscope. 

Sub-sample e 
1 1 
2 2 
3 3 
4 4 
5 5 
6 6 
7 7 
8 8 
9 9 
10 0 

;;  q ĵjjg ĵgjpt:^.... , 

1177 1177 
2096 6 
2087 7 
2357 7 
2483 3 
2797 7 
2522 2 
2604 4 
2339 9 
1959 9 

Averagee (excluding sub-sample 1) ( tS^) 

®&g®&g ; 

2.00 2.00 
2.18 8 
2.20 0 
2.20 0 
2.19 9 
2.21 1 
2.21 1 
2.23 3 
2.15 5 
2.11 1 

4 4 

 m,:"  :;'::"' -

0.32 0.32 
0.20 0 
0.20 0 
0.21 1 
0.20 0 
0.24 4 
0.21 1 
0.22 2 
0.21 1 
0.21 1 
0.21 1 

i -AJK.v* AA  <:v 

èè : :

2.24 2.24 
2.25 5 
2.23 3 
2.18 8 
2.21 1 
2.23 3 
2.23 3 
2.20 0 
2.18 8 
2.19 9 

2.21*0.03 3 

Tablee 5.3. Results of a reproducibility test conducted at a shear stress of 3 Pa. The 
averagee deformability of the first sample fell outside the 95% confidence interval of 
thee remaining samples and was therefore rejected. The right column shows the 
deformabilityy as measured with the LORCA ektacytometer. 
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5.100 Artificial deformability reduction 

Thee stiffness of the RBC membrane can be reduced artificially by heat 
treatment,622 typically performed at 48 °C. The sensitivity of the rheoscope was 
testedd using such heat-treated RBCs. 

EDTA-anticoagulatedd blood of a healthy volunteer was washed twice in 
phosphatee buffered saline (PBS) and the washed RBCs were resuspended in 
PBSS to obtain the same hematocrit as the original blood sample. 200-ul 
portionss of this suspension were further distributed into 10 Eppendorf test tubes 
thatt were placed in a water bath, thermostated at 48 °C. The tubes were 
subsequentlyy removed from the water bath at 1 minute intervals. They were 
thenn placed in a water bath at room temperature (22 °C) to cool down for one 
minute.. This procedure resulted in 10 sub-samples heat-treated for one to ten 
minutes.. The remainder of the washed but unheated blood served as a reference 
inn the determination of the effect of heat treatment. The blood suspensions were 
dilutedd in the PVP solution just before each measurement, as described earlier. 
Thee effect of heat treatment was measured at an increased shear stress of 10 Pa 
inn order to enhance the difference in deformability between ordinary, 
nontreatedd cells and those rendered less deformable through heat treatment. 

DD Rheoscope 
•LORCA A 

0 11 2 3 4 5 6 7 8 9 10 
Heatt  treatmen t duratio n (min) 

Fig.. 5.7. Average deformability index, Savg, measured with the rheoscope and the 
LORCAA ektacytometer. The error bars indicate the standard deviation of the RBC-
deformabilityy distribution. 
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Eachh sub-sample was analyzed to obtain the deformability distribution. 
Figuree 5.7 shows the average deformability indexes Savg measured with the 
rheoscopee and with the LORCA ektacytometer. The error bars indicate the 
standardd deviation of the RBC-deformability distribution. The average 
deformabilityy values obtained with both instruments are quite similar although 
smalll  differences were found in the first five minutes of heat treatment. A two-
sidedd sign test at the 5% level of significance could not reject the hypothesis of 
equalityy in this experiment. 

Figuress 5.8a-d show the normalized deformability distributions 
(17000 RBCs each) of cells heat-treated for 0, 2, 5, 7 and 10 minutes. The 
untreatedd RBCs show the highest average deformability and their distribution is 
usedd as a reference for the remaining graphs. The deformability distributions of 
heat-treatedd cells exhibit a left-shift that increases with the duration of heat 
treatment. . 

Thee solid graphs in Fig. 5.9a and Fig. 5.9b show the bimodal 
deformabilityy distribution of two compound suspensions containing untreated 
andd 10-minute heat-treated cells at a ratio of 1:1 and 3:1, respectively. Each 
deformabilityy distribution is obtained by analyzing 1700 RBCs. The 
contributionss of two types of cells show up as two distinct peaks. The dotted 
curvess represent the weighted sum of the individually fitted deformability 
distributionss from Fig. 5.8d. The discrepancy between the compound 
distributionn and the sum of the individual distributions is attributable to the low 
numberr of cells used to generate the bimodal distribution. 

5.111 Mixtures of density-separated cell fractions 

Whilee aging, the area of the RBC surface decreases and osmotic gradients drain 
waterr from the cell causing its volume to decrease and its internal viscosity and 
densityy to increase. The net effect is a decreased deformability.62,90 This 
density-deformabilityy (or density-age) dependence was exploited to separate 
lesss deformable (older) cells from deformable (younger) cells by centrifugation. 
First,, the blood sample was centrifuged at 2000 g for 10 minutes. Most of the 
supernatantt was removed, which concentrated the red cells into a hematocrit of 
0.800 1/1 in the donor's plasma. Density separation was effected by 
centrifugationn of these concentrated cells at 2000 g for one hour. Following 
centrifugationn 12.5 \i\ of blood was taken from the top and from the bottom 
portions,, and suspended into 5 ml of the viscous PVP-solution, described 
earlier,, giving a final hematocrit of 2x 10"31/1. 
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a) ) b) ) 

c) ) d) ) 

Fig.. 5.8. The four (identical) right curves represent the deformability distribution of 
unheatedd RBCs and serve as reference. The left curves depict the deformability 
distributionss of a) 2 min, b) 5 min, c) 7 min, d) 10 min heat-treated RBCs. The 
dottedd curves represent the best-fit Gaussian curves, /^probability density; 
^deformabilityy index (S=a/b, a:long axis; b: short axis of the ellipse that best 
matchess the cell's contour). 

Figuree 5.10a shows the deformability distributions of the cells in the top 
andd bottom fractions. Each curve was obtained by analyzing 1600 cells. Again, 
thee dotted curves represent the best-fit Gaussian curves. As is clear from the 
figure,, not only the average deformability but also the standard deviation is 
differentt in the top and bottom fractions. Figure 5.10b is the deformability 
distributionn of 1600 cells from a 1:1 mixture of the top and bottom fractions. 
Thee dotted line represents the weighted sum of the Gaussian curves obtained 
fromfrom Fig. 5.10a, which appears to closely match the measured deformability 
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distribution.. The dcformability distribution of the top fraction (Fig. 5.10a) very 
muchh resembles that of the whole sample of a healthy volunteer (Fig. 5.6). The 
distributionn of the bottom fraction, however, is markedly different. We 
concludedd therefore that the fraction of high-density (old) cells has to be very 
smalll  in normal human blood. 

a) ) 

o.oo v* 
1 1 

Fig.. 5.9. Bimodal deformability distributions obtained from a compound 
suspensionn of unheated (deformable) and 10 minute heat-treated (less 
deformable)) cells mixed at a ratio of a) 1:1 and b) 3:1. The dotted curves represent 
thee weighted sum of the individually fitted deformability distributions from Fig. 8d. 
/=probabilityy density; ^deformability index. 

a) ) 

ƒ ƒ 

b) ) 

ƒ ƒ 

Fig.. 5.10. a) Deformability distributions of the fraction of young (deformable) and 
oldd (less deformable) cells. The dotted curves represent the best-fit Gaussian 
curves,, b) Deformability distribution of a 1:1 mixture of young and old cells. The 
dottedd line represents the sum of the Gaussian curves from (a), ^probability 
density;; ^deformability index. 
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5.122 Discussion 

Withh the automated rheoscope we are now able to measure the RBC 
defomabilityy distribution. Other techniques result in an indication of the mean 
deformability,, which is of limited value in assessing the impairment of RBC 
mechanicall  properties: a low average may be caused by a small fraction of rigid 
cellss or a larger fraction of cells with only a slightly reduced deformability. 
Rigidd cells may entirely block capillary blood flow, causing ischemia of the 
tissue,, while the same is not true for the latter category of cells. A better way to 
studyy the clinical effects of RBC deformability is through measuring the 
deformabilityy distribution of a large number of cells. The cumbersome and time 
consumingg task of manually assessing the RBC deformability of a large 
numberr of cells individually has discouraged investigators from measuring 
RBC-deformabilityy distributions. 

Thee automated rheoscope system described in this paper uses advanced 
andd robust imaging techniques to analyze the elongation of individual cells in 
simplee shear flow. This method significantly reduces the time required to 
determinee the RBC deformability («1.8 s/cell) and provides a relatively fast 
wayy to determine the deformability distribution of a blood sample (l!4h, 
includingg analysis). Automatic assessment also minimizes operator subjectivity. 

Thee rheoscope performance can be enhanced by decreasing the plate-
platee distance, however, this requires an improvement of the rotational 
accuracy.. A decreased plate-plate distance will be beneficial because it reduces 
thee number of cells that are out-of-focus and reduces overlapping cells. This 
minimizess operator intervention and might even result in fully automatic 
determinationn of RBC-deformability distributions in less than 15 minutes. 

Thee system was found highly reproducible. Instrument inaccuracy 
introducedd a standard error in the mean deformability index (« 2.19) of only 
0.04,, measured at a shear stress of 3 Pa. The mean deformability measured at 
100 Pa is in close agreement with that obtained with the LORCA ektacytometer, 
ass illustrated by comparative experiments using heat-treated RBCs. The system 
wass adequately sensitive, showing distinct deformability distributions after 
eachh additional minute of heat treatment. It could also easily discriminate 
betweenn cells in the top and bottom fractions of centrifugally density-separated 
samples.. The deformability distribution of the top fraction was close to that of a 
normall  blood sample, whereas the distribution of the bottom fraction was 
markedlyy different, showing a reduced mean deformability and a wider 
distribution.. It was therefore concluded that the fraction of high-density (old) 
cellss has to be very small in normal human blood. An increased fraction of less 
deformablee cells was found to increase the standard deviation of the 
distribution,, which is therefore an important parameter in the assessment of 
pathologicall  blood samples. 
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Thee excellent performance of the automated rheoscope promises 
successfull  clinical application. 
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OO RBC-deformability distributions* 

Abstract t 

Background::  Red blood cells (RBCs) have to deform to pass the smallest 
capillariess of the microcirculation. Available techniques for measuring RBC 
deformabilityy often provide an indication of the mean deformability. The latter 
mayy be decreased either by a slight overall deformability reduction or by the 
presencee of a small fraction of rigid cells. A distinction between these two cases 
cann be made with a RBC-deformability distribution (RBC-DD). 
Methods::  This paper explores RBC-DDs of healthy individuals and of cells 
withh anomalous mechanical properties (sickle cell disease, dialysis patients, 
elliptocytosiss and cultivated malaria tropica). The distributions were measured 
withh an automated rheoscope, which uses advanced image analysis techniques 
too obtain the deformability index of a large number of individual cells subjected 
too simple shear flow. 
Results::  The RBC-DD of healthy volunteers is close to a normal distribution. 
Inn the investigated patients, distributions were markedly different and yielded 
significantt changes in the mean, in the standard deviation or in both. The 
presencee of hypodeformable and hyperdeformable cell fractions can 
qualitativelyy and quantitatively be assessed from the deformability distribution 
(DD).. In elliptocytosis, cells orient differently with respect to the streamlines, 
comparedd to normal cells. This causes the DD to be biased. 
Conclusions::  The RBC-DD is a powerful representation to establish sub-
populationss with anomalous deformability. Fractions of hypodeformable and 
hyperdeformablee cells and the standard deviation of the DD are new and 
excellentt quantitative parameters to assess alterations in RBC deformability. 

'Originall  publication: Analyzing red blood-cell deformability distributions. J.G.GDobbe, M.R. Hardeman, G J. 

Streekstra,, J. Strackee, C. Ince, CA. Grimbergen, Blood Cells, Molecules, and Diseases, Vol. 28, No3, pp. 373-

384,, May-Jun 2002. 
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6.11 Introductio n 

Redd blood cells at rest have an average diameter of 7.8 um and have to deform 
markedlyy to pass the smallest capillaries of the microcirculation (3-7 urn). 
Reducedd RBC deformability is found in a number of diseases.3,27'49'64 Diseases 
likee sickle cell anemia and malaria tropica are believed to contain a normal 
fractionn of deformable cells and an anomalous fraction of less deformable 
and/orr rigid cells. This assumption is based on the observation of a reduced 
meann deformability3,27,89 and demonstrated qualitatively from the shape of the 
diffractionn pattern in ektacytometry.9,32,62,48 This diffraction pattern is circular 
forr rigid cells and for cells at rest and changes to elliptical when normal cells 
aree exposed to shear stress. In pathological cases where a fraction of rigid cells 
coexistss with normal cells, e.g., in severe sickle cell anemia, the elliptical 
diffractionn pattern is superimposed by a circular pattern. 

Availablee techniques for measuring RBC deformability usually provide 
onlyy a mean deformability index. This index may either be reduced by a slight 
overalll  decrease in cell deformability or by the presence of a small fraction of 
rigidrigid cells. A decrease in RBC deformability increases blood viscosity, which 
causess the blood pressure to increase in order to maintain the flow.3'27 Rigid 
cellss obstruct capillary flow and result in ischemia of the tissue. The availability 
off  a RBC-deformability distribution (RBC-DD) would be helpful to 
demonstratee the existence of cell-populations with anomalous mechanical 
properties.. Recently, we introduced an automated rheoscope (see chapter 5) in 
whichh RBCs are deformed by simple shear flow within a counter-rotating plate-
platee chamber. Advanced image-analysis techniques allow the deformability of 
aa large number of individual cells to be measured, in order to acquire the RBC-
DD.. Tests with this automated rheoscope showed that the instrument was able 
too discriminate between the RBC-DDs of density-separated cells. Cells 
renderedd less deformable by heat treatment yielded distinct RBC-DDs after 
eachh additional minute of heat treatment. 

Thiss paper illustrates the usefulness of comparing RBC-DDs of healthy 
individualss and of cells with anomalous mechanical properties (in sickle cell 
disease,, dialysis patients, elliptocytosis and cultivated malaria tropica). The 
fractionn of anomalous cells is derived from the DD and distinguishes 
hypodeformablee and hyperdeformable cell fractions. These fractions are used in 
conjunctionn with the mean deformability and the standard deviation of the 
distributionn to quantitatively establish impaired or improved RBC-
deformability. . 
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6.22 Materials and Methods 

6.2.11 Equipment 

Thee experiments in this paper are carried out with an automated rheoscope (see 
chapterr 5). In this rheoscope a plate-plate flow-chamber is placed on an 
invertedd microscope stage. A dilute suspension of RBCs is inserted into the gap 
(100.77  7.5 urn) between the two counter-rotating parallel plates (see chapter 
5,, Fig. 5.1). The blood suspension is thermostated at 37 °C with a small water 
bathh above the upper plate. Cell images are magnified by an assembly of a 40 x 
longg distance objective and a 1.6x magnifier and are projected on a non-
interlacedd video camera. 

Too obtain a high contrast between the RBCs and the surrounding 
medium,, bright field stroboscopic illumination is used in conjunction with an 
interferencee filter in the Soret region (380-420 nm). 

Imagess are digitized and analyzed off-line by dedicated software. Cells 
aree automatically located in each image and the contour of each cell projection 
iss fitted by an ellipse, allowing to estimate the major (a) and minor (b) axes of 
thee cell as well as the orientation angle (<p) with respect to the streamlines of the 
flow.flow. For visual evaluation of the results the ellipses overlay the original cells. 
Misinterpretedd cells can be rejected by a mouse click. Parameters of approved 
cellss are stored on disk and the deformability index, S=a/b, of individual cells 
servess to create the RBC-DD. 

6.2.22 Testing a sample against a healthy control group 

Fromm a RBC-DD we obtained two descriptive parameters, the mean 
deformabilityy (<^) and the standard deviation of the distribution (SD), These 
parameterss are determined for a group of healthy individuals in which both 
parameterss are assumed normally distributed. We determined whether Savg and 
SDSD of a patient sample originate from a healthy population by checking each of 
thee parameters against the 97.5% confidence intervals of the corresponding 
paramee » of the healthy control group. Since two parameters were involved in 
assessingg RBC-deformability impairment, the overall assessment confidence is 
95%% as is normal practice in statistical analysis, hereby accepting a 
misinterpretationn in 1 of 20 cases. 
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6.2.33 Estimating the fractions of normal and anomalous RBCs 

Thee presence of RBCs with anomalous deformability is assessed by comparing 
aa patient distribution with the pooled distribution of a healthy control group 
(controll  distribution). Each distribution is normalized in such a way that its area 
iss equal to 1. The part of the area of a patient distribution that is covered by the 
controll  distribution is considered to represent the normal cell fraction. The 
remainingg area is considered to represent the anomalous cell fraction. Cells in 
thee anomalous fraction with a deformability below the mean of the control 
groupp are considered hypodeformable and the remaining cells are considered 
hyperdeformable.. The normal cell fraction and the hypodeformable and 
hyperdeformablee cell fractions are represented by the areas indicated in Fig. 6.1 
andd are calculated from the proportions of these areas. For this purpose the 
controll  distribution and the DDs are subdivided into an equal number of bins. 
Inn most experiments the valid cell count was approximately 2000. In these 
casess the number of bins was chosen 45. The deformability range is chosen 
suchh that the mean deformability of the control distribution is centered between 
twoo consecutive bins (see Fig. 6.1). 

f f 
Patien tt  distributio n 
Contro ll  distributio n 

x>\.x>\.  Hyperdeformabl e 
fractio n n 

Meann of • 
controll distribution 

Fig.. 6.1. Schematic patient distribution together with a hypothetical control 
distributionn (dotted curve). The indicated areas describe the normal cell fraction and 
thee fractions of hypo- and hyperdeformable cells, /^probability density; 
£=deformabilityy index. 

DDss of healthy volunteers are not quite identical but are close to the control 
distributionn since this is a pooled distribution. Therefore, small fractions of 
hypodeformablee and hyperdeformable cells are observed in blood from healthy 
individuals.. Large fractions, however, indicate the presence of anomalous cells. 
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6.2.44 RBC orientation 

Ann alternative way to assess anomalous cell characteristics is by considering 
thee orientation of the cells in simple shear flow. Different cell orientations were 
describedd earlier for sickle cells9 that do not feature normal tank-treading at low 
shearr stresses and therefore orient perpendicular to the direction of the flow. 
Wee used polar plots to illustrate both the deformability and the orientation of 
individuall  cells in a single graph. In these polar plots, the distance of each dot 
too the origin represents a cell's deformability index Awhile the angle cp between 
thee vertical axis and the line between the dot and the origin represents the 
orientationn of the cell with respect to the streamlines. The inline cell fraction is 
consideredd to orient with an angle (p in the range [-45,45]°. The remaining cell 
fractionfraction is named the perpendicular fraction. 

6.2.55 Blood samples 

Inn all experiments, human blood was anticoagulated with K3-EDTA (4.7 mM). 
Wholee blood was diluted to a final volume fraction of RBCs of 2x10~31/1 in a 
solutionn of 0.14 mM polyvinylpyrrolidone (PVP, M=360 000, Sigma) in 
Phosphatee Buffered Saline (pH 7.4). The viscosity of this PVP medium was 
311 mPa-s at 37 °C. About 100 ul of the dilute suspension was used for each 
rheoscopee experiment. Informed consent was obtained from all patients. 

Thee method to classify cells into normal and anomalous fractions was 
evaluatedd by creating mixtures of normal and less deformable cells. The latter 
weree obtained by heat treatment, which artificially reduces the deformability of 
thee cell membrane.62 In this procedure, blood from a healthy volunteer was 
washedd twice in phosphate buffered saline (PBS) and the washed RBCs were 
resuspendedd in PBS to obtain the same volume fraction of RBCs as in the 
originall  blood sample. Portions of 200 ul of this suspension were subdivided 
intoo three Eppendorf test tubes and were placed in a water bath, thermostated at 
488 °C. The tubes were removed from the water bath after 2, 5 and 10 minutes, 
resultingg in three portions with different RBC rigidity. These heat-treated 
sampless were each mixed with the remainder of the unheated (but washed) cells 
inn 1:1 proportions. 

6.33 Results 

6.3.11 Image characteristics of RBCs in flow 

Whenn subjected to simple shear flow most of the RBCs in normal blood feature 
steadyy tank-treading,3 a process in which the membrane rotates around the 
cell'ss interior. This property causes normal RBCs to show up as ellipsoids in 
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thee rheoscope flow-chamber. The 2D projection of focussed cells show a 
uniformm intensity distribution as can be seen from Fig. 6.2a. When exposed to a 
shearr stress of 3 Pa, the fraction of these steadily tank-treading RBCs in the 
PVP-solutionn is about 95% in normal human blood.90 

Cellss with a slightly reduced deformability are distinguished from 
normall  cells by their state of elongation. If deformability is severely impaired 
(Fig.. 6.3a), cells appear as smaller and darker objects. Although slightly 
malformed,, their projections still closely resemble an ellipse. The utilized 
wavelengthwavelength is highly absorbed by hemoglobin, which is the main cellular 
content.. Cells with a higher hemoglobin concentration, e.g., older cells, and 
morphologicallyy distorted cells, e.g., spherical cells, absorb more light and 
appearr therefore darker. Darker objects are also observed when cells (partly) 
overlapoverlap (see Fig. 6.2d-e) or when cells form small aggregates. Real-time 
imagess confirmed the formation of doublets after flow cessation and revealed 
thee characteristic diamond shape of these doublets if a shear stress was 
subsequentlyy applied (see Fig. 6.3b). Overlapping cells and the small fraction of 
aggregatess (< 5%) were manually rejected. 

•• • • 

a)) b) c) d) e) 

Fig.. 6.2. Normal tank-treading cells (« 95% of the RBCs in a normal blood sample), 
a)) Cell in focus, b) Cell in front of plane of focus, c) Cell behind plane of focus, 
d-e)) Partly overlapping cells. 

a) ) 

•• • • • 

Fig.. 6.3. a) Anomalous cells, b) Small aggregates. 
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6.3.22 Determining sub-fractions from mixtures of normal and less 
deformablee cells 

Thee method to classify cells into normal and anomalous fractions was evaluated 
usingg 1:1 mixtures of normal cells and cells rendered less deformable by heat 
treatment.. The unheated (but washed) cells served as control in this experiment. 

ƒ ƒ 

——22 min HT(n=2226) 

- * -- 5 min HT (n=2088) 

- — 1 00 min HT(n=1957) 

Controll distribution 
(n=2755) ) 

1 22 3 4 

s s 
Fig.. 6.4. Deformability distributions showing the effect of heat treatment (HT). The 
dottedd curve represents the unheated cells and serves here as the control curve. 
Thee other curves represent 1:1 mixtures of unheated and 2, 5 and 10-minute heat-
treatedd cells. n=number of RBCs;/=probability density; £=deformability index. 

Thee DDs of the unheated cells (control distribution) and the mixtures 
weree measured at the relatively high shear stress of 10 Pa. This shear stress was 
chosenn in order to enhance the differences in the deformation of normal cells 
andd heat-treated cells. Figure 6.4 shows the control distribution and the DD of 
thee mixtures. The DD of the mixture containing 2-minute heat-treated cells 
showss a reduced deformability but it is still unimodal. The mixtures containing 
55 and 10-minute heat-treated cells clearly show bimodal distributions indicating 
thee presence of two populations with different deformability. For this specific 
test,, the distributions were subdivided into 45 bins in the range 5= [1.00, 4.22]. 
Tablee 6.1 gives the cell fractions that were judged normal and hypodeformable. 
Noo hyperdeformable fractions were observed in this experiment. The mixture 
containingg 2-minute heat-treated cells shows a normal fraction of 73%. 
Mixturess containing 5 or 10-minute heat-treated cells showed even smaller 
fractionss of normal cells, 54% and 58%, respectively. The DD of the mixtures 
iss actually the sum of their individual DDs. The right tail of the distribution 
representingg the less deformable fraction (left peak, see curve: 10 min HT, in 
Fig.. 6.4) overlaps the control distribution and therefore increases the normal 
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celll  fraction above the expected 50%. The DD of 5-min heat-treated cells is 
hardlyy covered by the control distribution (left peak in curve: 5 min HT, see 
Fig.. 6.4). A further deformability reduction by prolonged heat treatment 
(100 minutes) has therefore no substantial effect on the observed 
hypodeformablee fraction (see table 6.1). 

Treatmentt  duration of heat-
treatedd fraction (min) 
00 (washed but unheated) 
2 2 
5 5 
10 0 

Fractionss (%) 
Hypo--

deformable e 
0 0 
27 7 
46 6 
42 2 

Normal l 

100 0 
73 3 
54 4 
58 8 

Tablee 6.1. Fractions of hypodeformable and normal cells in an unheated blood 
suspensionn and in 1:1 mixtures of unheated (0) and 2,5 and 10-minute heat-treated 
cells. . 

6.3.33 Control distributio n 

AA shear stress of 3 Pa was chosen for measurements in the remainder of this 
studyy for a number of reasons: 1) It is sufficiently high to align normal cells in 
thee direction of the streamlines yet does not disrupt (anomalous) cells; 2) It is in 
thee steep part of the deformability versus stress curve9,48 (see chapter 2, 
Fig.. 2.3), where changes in cell characteristics are expected to have a stronger 
effectt on the deformability index than at lower shear stresses. 

Thee RBC-DDs of 20 healthy volunteers (12 men, 8 women) were 
determined.. It appeared that the mean deformability (Savg) and the standard 
deviationn of the distribution (SD) of one test subject fell outside the 97.5% 
confidencee intervals of the remaining individuals; these data were therefore 
removedd from the data set. Figure 6.5 shows the variation of both deformability 
parameterss of the remaining 19 individuals (small dots). 

Thee measurement data of these 19 individuals in the control group also 
servedd to determine the control distribution. For this purpose, the deformability 
indexess of all cells (43009) were pooled to obtain an estimate of the DD for 
healthyy individuals (Fig. 6.6). The dotted line represents a scaled Gaussian 
fittedd to the data points using the Levenberg-Marquardt algorithm.71 Although 
closee to a normal distribution the control distriubtion is actually not normal. 
Thee control distribution is used as reference curve in order to extract the 
fractionsfractions of normally deformable, hypodeformable and hyperdeformable cells 
fromfrom patient RBC-DDs. 
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• • • 

1 1 

• • 
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•• * 

•1 1 

1.55 2.0 

Savg Savg 

2.5 5 

•• Sickle cell 
oo EPO-treated dialysis 
•• Malaria tropica (cultured) 
AA Elliptocytosis 
•• Control group 

Confidencee interval 

Fig.. 6.5. Scatter plot showing the mean deformability index, Savg, and the standard 
deviation,, SD, of the RBC-DD of 19 healthy individuals and of patient samples. 
Sampless with a RBC-DD mean and standard deviation inside the dotted frame 
(97.5%% confidence interval of both Savg and SD) are considered normal. (#) patient 
inn severe crisis; (+) infected blood; (*) parasitized cells. 

Controll distribution 
(pooled,, n=43009) 
Gaussiann fit 

Fig.. 6.6. The pooled RBC-deformability distribution of 19 healthy individuals. The 
dottedd line represents a scaled Gaussian fit, which indicates that the deformability 
distributionn deviates from a normal distribution especially in the left tail of the curve. 
n=numberr of RBCs; ̂ probability density; £=deformability index. 
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Fig.. 6.7. Fractions of a) normally deformable, b) hypodeformable and c) 
hyperdeformablee cells in the healthy control group and in patient samples. 
(#)) patient in severe crisis; (+) infected blood; (*) parasitized cells (The malaria 
tropicaa sample was cultivated). 

6.3.44 RBC-deformabilit y distribution s in pathologies 

Thiss section describes RBC-DDs of a number of samples with cells having 
anomalouss mechanical properties. Figure 6.5 provides an overview of the mean 
deformabilityy and standard deviation of individuals in the healthy control group 
andd of patients. Figure 6.7 shows the fractions of normally deformable, 
hypodeformablee and hyperdeformable cells in patient blood as well as those in 
healthyy individuals. 

Again,, all measurements were performed at a shear stress of 3 Pa. To 
estimatee the fractions of normal and anomalous cells the patient and the control 
distributionn were subdivided into an equal number of bins (= 45) in the range S 
== [1.00, 3.55] thereby centering the mean deformability in the control group 
(2.19)) between two consecutive bins. 

Sicklee cell disease. In sickle cell anemia, a fraction of the cells become less 
deformablee and assume abnormal shapes when exposed to low plasma oxygen 
tension.899 The reduced deformability is held responsible for the blockage of the 
microcirculationn during painful crises that these patients experience. 
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Sampless of two sickle-cell patients were investigated using the 
rheoscope.. The DDs of these patients are given in Fig. 6.8. Both the mean and 
standardd deviation of patient A were different from the control group (see 
Fig.. 6.5). The hypodeformable cell fraction was 30%. The patient visited the 
hospitall  for a checkup and went home afterwards. Patient B was in a severe 
crisis.. The mean deformability (4vy = 1-63) was significantly below the control 
value.. In this case the hypodeformable fraction was markedly increased to 70%. 

Mostt cells of these sickle cell patients were aligned in the direction of the 
streamlines.. A remarkable fraction of cells in the perpendicular direction was 
observedd in an elliptocytosis patient (discussed later). 

Dialysiss patients treated with EPO. Erythropoietin (EPO) is a kidney-
synthesizedd hormone that stimulates the RBC production. Dialysis patients are 
oftenn injected with this hormone to compensate for the reduced production by 
thee affected kidneys. The newly produced (young) cell fraction is more 
deformable49'900 than average. The presence of an increased number of 
deformablee cells in dialysis patients treated with EPO should emerge from their 
RBC-DD.. Figure 6.9 shows the DD of two dialysis patients A and B, together 
withh the control distribution (dot-line). The distributions show indeed a right-
shiftt compared to the control distribution confirming the presence of an 
increasedd number of young, hyperdeformable cells (see also Fig. 6.7c). The 
meann deformability of patient A was within the 97.5% confidence interval of 
thee control group. It was therefore not possible to establish an increased RBC 
deformabilityy by the mean. The standard deviation, however, was 0.34 and 
showedd a slight but significant increase. Patient B showed the inverse situation. 
Thee mean deformability was significantly increased to 2.34 while the standard 
deviationn was within the confidence interval of the control group. The results of 
aa third patient C did neither show a significant change in the mean 
deformabilityy nor in the standard deviation. Upon inquiry it appeared that this 
patientt recently started using EPO. The RBC-DD appears to be useful in 
discriminatingg between EPO users and non-EPO users by the increased 
hyperdeformablee fraction. 
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-- Sickle cell disease, A 
(n=1853) ) 

-Sicklee cell disease, B 
(crisis,, n=2010) 
Controll distribution 

Fig .. 6.8. Deformability distributions of two sickle cell patients showing a large 
fractionn of hypodeformable cells. Patient A visited the hospital for a routine check 
andd patient B was in a severe crisis. The dotted curve represents the control 
distributionn for health y individuals. n=number of RBCs; /=probability density; 
£=deformabilityy index. 

0.00 *•** 

EPO-treatedd dialysis, A 
(n=2241) ) 
EPO-treatedd dialysis, B 
(n=1473) ) 
Controll distribution 

Fig .. 6.9. RBC-deformability distributions of two dialysis patients treated with EPO. 
Thee curves show a right-shift compared to the control distribution (dotted) confirming 
thee presence of an increased number of young, hyperdeformable cells. n=number of 
RBCs;; /^probability density; <5=deformability index. 
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Malari aa tropica. Malaria tropica is a disease caused by a parasite called 
Plasmodiumm Falciparum and is spread by the female Anopheles mosquito. It is 
thee most dangerous form of malaria and if not promptly diagnosed and 
adequatelyy treated can be lethal.98 The parasite uses RBCs as host and is known 
too affect the deformability of both parasitized and non-parasitized cells.32 

Severee anemia in these patients is often attributable to the reduced 
deformabilityy of RBCs. 

AA sample with a cultured parasitemia of 7% was obtained using the 
followingg procedure: Donor cells were washed twice in an isotonic buffer 
(RPMI1640,, Sigma) and were resuspended in the same buffer. The suspension 
wass subsequently stored for 3 days at 4 °C for logistic reasons. Serum and a 
smalll  fraction of infected cells were then added to part of the washed cell 
suspensionn and incubation started at 37 °C. This procedure resulted in a 
parasitemiaa of 7% after an incubation period of 3 days. The remaining part of 
thee washed cell suspension was also kept at 37°C and served as reference. 
Figuree 6.10a shows the DD of the control sample (1625 cells) and of the 
infectedd sample (2120 cells). The control sample shows a reduced 
deformabilityy compared to the distribution of the healthy control group, 
probablyy caused by storage and by the washing procedure. 

Thee DD of the infected sample shows an additional left-shift indicating 
reducedd cell deformability, and a lif t of the left tail, indicating an increased 
numberr of rigid cells. The fraction of hypodeformable cells was 21% for the 
controll  sample and increased to 32% for the infected sample. No 
hyperdeformablee cells were observed. 

Too test the hypothesis that parasitized cells are rigid, we subsequently 
selectedd visibly parasitized cells from the total set of 2120 cells in the infected 
sample.. This cell fraction was 5.5% (117 cells), slightly lower than the given 
parasitemia,, which might bias the DD (Fig. 6.10b). Cell fractions were 
estimatedd by subdividing the DD and the control distribution into 10 bins in the 
rangee 8 = [1.00, 3.98] thereby centering the mean deformability in the control 
groupp (2.19) between two consecutive bins. The normally deformable and 
hypodeformablee fractions of the visibly parasitized cells were 47% and 53%, 
respectively.. This single experiment illustrates that the parasitized fraction 
containss both deformable and rigid cells. 
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Fig.. 6.10. RBC-deformabilty distribution of cells in a blood sample cultured with 
malariaa tropica, a) Control sample and infected blood sample, b) The fraction of the 
cellss that are visibly parasitized. n=number of RBCs; /^probability density; 
<5=deformabilityy index. 

Hereditaryy elliptocytosis. Hereditary elliptocytosis (ovalocytosis) is a rare but 
usuallyy benign RBC disorder. It is caused by altered membrane proteins 
causingg unstressed cells to be elliptical.49 A moderate form of anemia in severe 
casess often accompanies the disease. 

AA sample of an individual with hereditary elliptocytosis was measured 
withh the rheoscope at different shear stresses. A fraction of the cells was 
alignedd in the direction of the streamlines while another fraction was oriented in 
thee perpendicular direction (see Fig. 6.11). 
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Figuree 6.12a shows polar plots of a rheoscope measurement performed 
withh blood from a healthy volunteer. Figure 6.12b-d show polar plots for the 
individuall  with hereditary elliptocytosis measured at shear stresses 1 Pa, 3 Pa 
andd 10 Pa, respectively. The figure shows that at 1 Pa a major part of the cells 
(68%)) was oriented perpendicular to the streamlines. This fraction decreased to 
12.5%% at 3 Pa and to 0.3% at 10 Pa. The distribution mean of the inline fraction 
{cp={cp=  [-45,45]°) at a shear stress of 3 Pa, was significantly reduced (1.51) while 
itss standard deviation was significantly increased (0.34) compared to the 
controll  values. 

Thee anomalous behavior of elliptocytosis cells in shear flow (3 Pa) yields 
aa biased view of the RBC-DD as is seen from Fig. 6.13. The seemingly large 
contributionn of hypodeformable cells does not result in the expected circulatory 
problems.. The individual does not experience serious problems of this cell 
disorderr in daily life. We therefore conclude that the orientation of the cells in 
simplee shear flow has to be taken into account when comparing RBC-DDs. 

Directionn of the flow 

Fig.. 6.11. Typical microscopic image of elliptocytosis cells at a shear stress of 1 Pa. 
AA fraction of the cells orient in the direction of the flow (*) while other cells orient in 
thee perpendicular direction (#). 
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Fig.. 6.12. Polar plots indicating the deformability of individual RBCs and their 
orientationn with respect to the streamlines, a) Polar plot of a healthy volunteer 
measuredd at 3 Pa. The remaining plots apply to the cells of an elliptocytosis patient 
measuredd at shear stresses b) 1 Pa, c) 3 Pa and d) 10 Pa. 
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Fig.. 6.13. RBC-deformability distribution of an individual with elliptocytosis 
accompaniedd by the control distribution (dotted line). n=number of RBCs; 
/^probabilityy density; £=deformability index. 

6.44 Discussion 

Thiss study has shown for the first time the RBC-deformability distributions 
(RBC-DDs)) of healthy individuals and of several patients. Available techniques 
forr measuring the deformability of RBCs often yield an indication of the mean. 
AA lower mean can be attributed either to a collective decrease in cell 
deformabilityy or to the presence of rigid cells. RBC-DDs provide a way to 
differentiatee between these possibilities. This study analyzes DDs of samples 
withh impaired RBC deformability and compares these with the distribution of a 
healthyy control group in order to establish the presence of anomalous cells. 

Thee RBC-DD of healthy individuals is nearly symmetrical and close to a 
normall  distribution. In conjunction with the mean deformability, the standard 
deviationn appears to be an excellent parameter to distinguish samples with 
anomalouss RBC characteristics from normal samples (see Fig. 6.5). We chose a 
largee number of cells (« 2000) to obtain a relatively smooth DD from which 
subpopulationss can be observed. A more accurate reading can be obtained by 
increasingg the cell count. This requires the degree of automation to be further 
increasedd in order to reduce the time required to analyze a measurement (« lh). 
Iff  one is only interested in the mean deformability and in the standard deviation 
butt not in the shape of the distribution, a lower count will normally be sufficient 
(e.g.,, 200 cells) to exceed instrument accuracy (see 5.9). 

Dialysiss patients treated with EPO showed an increased hyperdeformable 
celll  fraction. In one of the investigated dialysis patients treated with EPO the 
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standardd deviation of the RBC-DD was increased while the mean was within 
normall  limits. The standard deviation is therefore an additional parameter to 
assesss changes in the mechanical properties of RBCs. 

Thee DDs of the investigated sickle cell patients show an increased 
fractionn of hypodeformable cells. The hypodeformable fraction seems to be a 
goodd parameter to monitor the severeness of the disease since this fraction was 
furtherr increased for a sickle-cell patient in crisis. A single experiment with a 
cultivatedd malaria tropica sample showed an increase of the hypodeformable 
celll  fraction compared to the control sample. It also showed that the parasitized 
fractionn contains both deformable and rigid cells. The visibly parasitized 
fractionn was 5.5% although the parasitemia was 7%. The difference may be 
explainedd by the possibility that severely impaired cells change into spherocytic 
shapess and absorb more light than do normal, flat, ellipsoid cells. Parasites can 
nott be observed in these, less deformable, dark objects. The hypodeformable 
fractionn may therefore be higher. 

Measuringg the deformability of RBCs in simple shear flow is based on 
thee assumption that the cells deform into ellipsoids and orient themselves in the 
directionn of the streamlines. In a rare case like elliptocytosis, cells behave 
differentlyy and only collectively orient in the direction of the streamlines at 
highh shear stresses. This behavior markedly affects the DD when measuring at 
lowerr shear stresses and wrongly indicates the presence of a large fraction of 
hypodeformablee cells. It would not be correct to state that these cells are 
undeformablee since they are able to deform from their elliptic shape att rest into 
aa discocytic shape when subjected to shear stress. Since the DD still indicates 
abnormality,, it is advisable to compare only distributions of RBCs that orient in 
thee same direction in simple shear flow. 

Inn ektacytometry rigid cells are believed to superimpose a circular 
diffractionn pattern on the elliptic diffraction pattern of deformable cells. To 
obtainn the fraction of rigid and deformable cells, attempts have been made to 
decomposee such a composite diffraction pattern.63,86 The DDs in this paper 
gavee no reason to believe that there are pathologies having an undeformable 
celll  fraction (S= 1). We therefore believe that it is unsound to decompose the 
diffractionn pattern in ektacytometry in order to obtain fractions of undeformable 
andd deformable cells. 

Thiss paper shows that the RBC-deformability distribution is a powerful 
representationn to establish changes in RBC mechanical properties. Fractions of 
hypodeformablee and hyperdeformable cells, and the standard deviation of the 
distributionn are excellent quantitative parameters to assess alterations in RBC 
deformability. . 
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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-deformabilit yy 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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Ditt proefschrift beschrijft twee meetinstrumenten waarmee het 
aggregatiegedragg en de vervormbaarheid van rode bloedcellen kunnen worden 
bestudeerd.. Hoewel bij het ontwikkelen van deze instrumenten vooral de 
techniekk een grote rol speelt, staat het gedrag van de cellen centraal. Daarom 
wordenn eerst enkele eigenschappen van rode bloedcellen besproken. 

Rodee bloedcellen spelen een rol bij de aanvoer van zuurstof van de 
longenn naar de weefsels en bij het afvoeren van koolzuurgas van de weefsels 
naarr de longen. Om deze taak te kunnen vervullen moeten de cellen (0 * 8 um) 
zichh in hoge mate kunnen vervormen om zo de kleine vaten van de 
microcirculatiee (0 » 3 - 7 urn) te kunnen passeren. De vervormbaarheid van de 
cell  hangt voornamelijk af van: 1) de mechanische eigenschappen van het 
membraann dat de inhoud van de cel omvat, 2) de viscositeit van de vloeistof in 
dee cel en 3) de mate van vulling. Naast de eigenschap zich te kunnen 
vervormenn hebben rode bloedcellen de neiging te gaan aggregeren bij lage 
stroomsnelhedenn van het bloed. Tijdens dit aggregatieproces plakken cellen aan 
elkaarr als muntjes in een geldrol, de zogenaamde rouleaux (zie figuur 1.3). In 
eenn later stadium kunnen rouleaux ook in zowel de lengterichting als zij-aan-
zij,, aan elkaar plakken tot grote 3D aggregaten (tot ongeveer 0.5 mm). 
Aggregatenn kunnen weer worden afgebroken door de stroming te verhogen. 

Wanneerr de mechanische celeigenschappen zijn verstoord kan dit de 
bloedstroomm op verschillende manieren beïnvloeden. Een verlaagde 
vervormbaarheidd kan de microcirculatie verstoppen waardoor achterliggend 
weefsell  onvoldoende van zuurstof wordt voorzien. In grotere vaten leidt een 
afgenomenn vervormbaarheid tot een hogere viscositeit waarbij de bloeddruk 
moett stijgen om de doorstroming in stand te houden (hypertensie). Een sterkere 
neigingg tot aggregeren kan kleine vaten verstoppen. In grotere vaten wordt 
enigee aggregatie zelfs gunstig verondersteld. Hoewel uit onderzoek is gebleken 
datt bij verschillende ziektebeelden de celvervormbaarheid en/of het 
aggregatiegedragg blijkt te zijn verstoord, is het niet altijd duidelijk of de 
celafwijkingenn oorzaak of gevolg zijn van de ziekte. De twee meetinstrumenten 
enn meetmethodes die in dit proefschrift worden besproken kunnen klinisch 
onderzoekk op dit gebied bevorderen. 
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Mett de Laser-assisted Optical Rotational Cell Analyzer (LORCA) kunnen de 
vervormbaarheid,, het aggregatiegedrag en de relaxatietijd (vormherstel na 
uitrekking)) van rode bloedcellen worden bestudeerd. Met de geautomatiseerde 
reoscoopp kan de vervormbaarheid van een groot aantal individuele cellen 
wordenn bepaald zodat inzicht wordt verkregen in de vervormbaarheids-
verdeling. verdeling. 

Aggregatie e 

Dee bloedbezinkingstest (sedimentatietest) wordt vaak gebruikt om een 
verhoogdd aggregatiegedrag aan te tonen bij infectieziekten. Wanneer de neiging 
tott aggregeren is toegenomen is de bezinkingstijd korter. Het nadeel van deze 
eenvoudigee meetmethode is de lange meetduur (> 1 uur) voordat uitsluitsel 
wordtt verkregen. 

Inn de hoofdstukken 2-4 wordt de Laser-assisted Optical Rotational Cell 
Analyzerr (LORCA) beschreven. Met dit geautomatiseerde instrument kan een 
aggregatiemetingg in enkele minuten worden uitgevoerd. De meetmethode is 
gebaseerdd op syllectometrie in een Couette-systeem. Hierin wordt bloed tussen 
tweee gecentreerde glazen cilinders in stroming gebracht door de buitenste 
cilinderr (cup) te laten draaien. Tegelijkertijd wordt de bloedlaag belicht en 
wordtt de intensiteit van het terugverstrooide licht (backscatter) gemeten. De 
intensiteitt van dit licht hangt af van de vorm van de cellen (in stroming) of van 
dee aggregatietoestand waarin ze verkeren (bij stilstand van de cup). Wanneer 
plotselingg de rotatie wordt gestopt zullen de nog uitgerekte cellen hun 
oorspronkelijkee vorm aannemen (plotselinge intensiteitsverhoging) waarna het 
aggregatieprocess op gang komt (geleidelijke intensiteitsverlaging). De gemeten 
intensiteitscurvee wordt het syllectogram genoemd. 

Syllectometriee onderscheidt zogenaamde dynamische (kinetische) en 
statischee aggregatieparameters. Kinetische parameters beschrijven hoe snel 
rouleauxx en 3D aggregaten worden gevormd. Statische aggregatieparameters 
beschrijvenn in welke mate rode bloedcellen aggregeren. Met deze 
verscheidenheidd aan aggregatieparameters wordt het aggregatieproces beter 
beschrevenn dan met enkele oudere systemen die één gecombineerde 
aggregatieparameterr bepaalden (aggregatie-index). 

Mett de LORCA worden waarden van aggregatieparameters met hoge 
matee van reproduceerbaarheid verkregen. Aggregatie blijkt afhankelijk te zijn 
vann de temperatuur. Dit staat waarschijnlijk in verband met de viscositeit van 
plasmaa welke ook temperatuurafhankelijk is. Het is daarom van belang 
metingenn altijd bij 37°C uit te voeren. Verder blijkt het aggregatiegedrag 
afhankelijkk te zijn van bewaarcondities. De mate van aggregeren neemt sterk af 
wanneerr bloed gedurende een dag bij kamertemperatuur wordt bewaard terwijl 
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ditt effect klein is wanneer bloed, gedurende dezelfde tijd, bij 4 °C wordt 
bewaard. . 

Hett dalende deel van het syllectogram wordt veelal beschreven door 
tweee karakteristieke tijden (e-machten) die weergeven hoe lang het duurt 
voordatt een belangrijk deel van de aggregatie (rouleaux en 3D aggregaten) 
heeftt plaatsgevonden. De intensiteitspiek in het syllectogram en het effect van 
sedimentatiee worden niet in deze mathematische beschrijving meegenomen. 
Sedimentatiee is een erg langzaam proces wat het 2 minuten durende 
syllectogramm nauwelijks beïnvloedt. De intensiteitspiek in het syllectogram 
wordtt toegeschreven aan de collectieve vormverandering (celrelaxatie) die 
optreedtt na het plotseling stilzetten van de cup. 

Inn hoofdstuk 4 is beschreven hoe de stroming tussen de cilinders 
verlooptt na het plotseling stilzetten van de draaiende cup. Uit dit theoretische 
stromingsmodell  is gebleken dat de stroomsnelheid niet gelijk verdeeld is in de 
spleett tussen de twee cilinders. Het relaxeren en aggregeren van de cellen vindt 
hierdoorr niet collectief plaats, maar in de tijd verspreid. Het effect hiervan is 
voorall  merkbaar wanneer het uitsterven van de stroming langzaam verloopt in 
verhoudingg tot de celrelaxatie. Dit treedt met name op wanneer de afstand 
tussenn de cilinders groter dan 0.6 mm wordt genomen. 

Eenn tweede belangrijke vinding uit hoofdstuk 4 is de uitbreiding van de 
mathematischee syllectogram-representatie met een extra term die de piek 
meeneemtt in de beschrijving. Niet alleen worden hierdoor aggregatie-
parameterss beter bepaald maar ook komt de gemiddelde relaxatietijd van cellen 
inn bloed beschikbaar. 

Dee verbeterde mathematische beschrijving van het syllectogram is 
gebruiktt om de invloed van het stromingsverval op de bepaling van de 
relaxatie-- en aggregatieparameters te kunnen bepalen. Hoofdstuk 4 laat zien dat 
eenn langzaam uitstervende stroming de celrelaxatie verlengt. Bovendien treedt 
dee intensiteitspiek later op en met een lagere intensiteit. Hierdoor valt de 
aggregatie-indexx lager uit en is de amplitude van het syllectogram, welke de 
matee van aggregeren representeert, afgenomen. 

Dee bevindingen tonen aan dat celrelaxatie en -aggregatie sterk worden 
beïnvloedd door de geometrie van de aggregometer. Voor toekomstig onderzoek 
mett Couette-aggregometers wordt aanbevolen de afstand tussen de cilinders te 
beperkenn tot 0.6 mm. 

Vervormbaarheid d 

Dee vervormbaarheid van rode bloedcellen wordt soms gemeten door bloed te 
filtrerenfiltreren met speciaal filtreerpapier. Cellen met een afgenomen 
vervormbaarheidd worden verondersteld moeizamer door de gaatjes van het 
filterfilter  (« 5 um) te gaan waardoor het volume dat per minuut het filter passeert 
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(filtratie-index)) afhangt van de celvervormbaarheid. Wanneer de filtergaatjes 
verstoptt raken door stijve deeltjes geeft deze techniek echter een verkeerd 
beeld.. Vooral witte bloedcellen, die in pathologien in aantal soms zijn 
toegenomen,, kunnen de gaatjes verstoppen, met als gevolg een onzuivere 
vervormbaarheidindicatie. . 

Eenn alternatieve methode is ektacytometrie. Met deze techniek worden 
cellenn in een viskeus medium onderworpen aan een Couette-stroming tussen 
tweee gecentreerde glazen cilinders. In deze stroming vervormen cellen zich tot 
ellipsoïdenn met hun lengteas in de richting van de stroming. Een laserbundel 
wordtt door de verdunde celsuspensie verstrooid en het ontstane patroon wordt 
opp een schermpje afgebeeld. Deze afbeelding kan met een ellips worden 
beschrevenn en de asverhouding van die ellips is een goede benadering van de 
gemiddeldee asverhouding van de cellen. De lange as (a) en korte as (b) van de 
ellipss worden gebruikt om de elongatie-index (EI) te berekenen 
(EI(EI = (a-b)/(a+b)), die als maat dient voor de gemiddelde vervormbaarheid van 
dee cellen. Met de LORCA (hoofdstukken 2-4) kan op basis van ektacytometrie 
dee celvervormbaarheid worden gemeten. Het grootste verschil met eerder 
beschrevenn systemen is het gebruik van een videocamera en 
beeldverwerkingstechniekenn om de ellips te bepalen die de ellips het best 
beschrijft.. Met deze techniek is een hoge meetnauwkeurigheid verkregen. 
Verderr is de LORCA een geautomatiseerd instrument waarbij de gemiddelde 
EIEI en de meetfout automatisch worden bepaald als functie van de stroming 
(shearr stress). 

Doorr de hoge mate van automatisering is de LORCA geschikt voor 
klinischee toepassingen. Het nadeel is echter dat met behulp van ektacytometrie 
alleenn de gemiddelde vervormbaarheid wordt gevonden. Het gemiddelde kan 
verlaagdd zijn doordat alle cellen iets minder vervormbaar zijn, maar ook 
doordatt er een kleine fractie stijve cellen aanwezig is. Vooral de aanwezigheid 
vann zelfs een gering aantal stijve cellen kan de microcirculatie ernstig 
verstoren.. Het zou daarom beter zijn de vervormbaarheids-verJe/mg te meten 
vann een groot aantal cellen in een bloedmonster. Een techniek waarmee de 
vervormbaarheidd van individuele cellen kan worden gemeten heet micropipette 
aspiration.aspiration. Met deze techniek wordt (een deel van) de celmembraan opgezogen 
inn een micropipet. De zuigkracht (onderdruk) die daarvoor nodig is, dient als 
maatt voor de vervormbaarheid. Dergelijke technieken zijn bijzonder 
arbeidsintensieff  en zijn daarom zelden ingezet om een indruk te krijgen van de 
vervormbaarheids-verdelingg van cellen in een bloedmonster. In hoofdstuk 5 
wordtt een geautomatiseerde reoscoop beschreven waarin cellen worden 
onderworpenn aan een stroming tussen twee tegengesteld draaiende glazen 
schijfjess (zie figuur 5.1). Met een microscoop wordt gefocusseerd op een klein 
gebiedjee (100x80 um2) nabij de stilstaande vloeistoflaag in het midden tussen 
dee vlakke plaatjes. Hier staan de cellen praktisch stil terwijl ze toch vervormd 
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wordenn door  de stroming er  omheen. Met geavanceerde 
beeldverwerkingstechniekenn worden cellen automatisch in het beeld 
gelokaliseerd.. Voor  iedere cel wordt de ellips bepaald die de cel het best 
beschrijftt  en wordt geëvalueerd of de bepaling betrouwbaar  is. Als 
vervormbaarheids-indexx wordt in de reoscopie over  het algemeen de 
verhoudingg van de lange as (a) en de korte as (b) van de ellips genomen. De 
gebruikerr  hoeft slechts de door  de computer  goedgekeurde cellen te evalueren 
enn eventuele missers met de muis weg te klikken. In tegenstelling tot in de 
literatuurr  beschreven systemen kan met deze reoscoop de vervormbaarheid van 
eenn enkele cel in minder  dan 2 seconden worden bepaald. Hiermee is het 
mogelijkk  geworden de vervormbaarheids-verüfe/zng te bepalen van rode 
bloedcellenn in een bloedmonster. 

Inn hoofdstuk 6 wordt de reoscoop ingezet om de vervormbaarheids-
verdelingg van rode bloedcellen in bloedmonsters van gezonde vrijwilliger s en 
vann patiënten te bepalen. De vervormbaarheids-verdeling van gezonde rode 
bloedcellenn lijk t klokvormi g hoewel de linker  staart doorgaans iets is opgetild. 
Hoewell  hoofdstuk 6 geen uitgebreid klinisch onderzoek beschrijft, is duidelijk 
tee zien dat de vervormbaarheids-verdeling van enkele patiëntenbloedmonsters 
duidelij kk  meer  stijvere cellen bevatten. In veel van de beschreven gevallen 
blijk tt  de breedte van de klokvormige verdeling (spreiding) duidelijk toe te 
nemenn wanneer  er  stijvere cellen in het bloedmonster  voorkomen. Bij  een 
dialysepatiëntt  die werd behandeld met EPO bleek de gemiddelde 
vervormbaarheidd niet anders te zijn ten opzichte van de groep gezonde 
vrijwilligers .. De spreiding echter, was verhoogd. Dit voorbeeld geeft het 
mogelijkee belang aan van de spreiding als meetparameter  om afwijkingen in 
vervormbaarheidd aan te tonen. 

Omm de aanwezigheid van afwijkende celfracties te kwantificeren werden 
vervormbaarheids-verdelingenn van pathologische bloedmonsters vergeleken 
mett  de verdeling van een groep gezonde vrijwilliger s (controleverdeling). De 
celfractiee die onder  de controleverdeling viel, werd normaal verondersteld en 
dee overige fractie werd gesplitst in een hypovervormbare (minder  vervormbare) 
enn een hypervervormbare (sterk vervormbare) fractie. Bij  sikkelcelpatiënten 
bleekk de /rjpovervormbar e fractie verhoogd te zijn, bij  dialysepatiënten 
behandeldd met EPO bleek de /lypervervormbare fractie verhoogd te zijn. Naast 
dee gemiddelde vervormbaarheid zijn de vervormbaarheids-spreiding en de 
normale,, hypovervormbare en hypervervormbare celfractie, veelbelovende 
parameterss die het onderzoek naar  afwijkingen in celvervormbaarheid kunnen 
bevorderen. . 
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Aanbevelingenn voor  toekomstig onderzoek 

Mett de LORCA kunnen we nu op een eenvoudige wijze de vervormbaarheid, 
hett aggregatiegedrag en de relaxatietijd van rode bloedcellen in een 
bloedmonsterr bepalen. De geautomatiseerde reoscoop stelt ons in staat de 
vervormbaarheidd van grote aantallen individuele cellen te bepalen zodat we ook 
dee beschikking krijgen over de vervormbaarheidsverdeling. Beide instrumenten 
kunnenn klinisch worden toegepast om de relatie tussen mechanische 
celeigenschappenn en pathologien te bestuderen. Hieronder enkele 
aanbevelingenn voor toekomstig onderzoek. 

Hett is belangrijk te bepalen of een slechte celvervormbaarheid en een 
sterkeree neiging tot aggregeren daarwerkelijk het zuurstoftransport nadelig 
beïnvloeden,, en in welke mate. Dit kan worden gedaan door de relatie tussen 
celeigenschappenn en de oxygenatie van weefsel te bestuderen. 

Dee nieuwe methode voor het beoordelen van de relaxatie van rode 
bloedcellenn uit de piek van het syllectogram is getest met bloed van gezonde 
vrijwilligers.. De makkelijk toepasbare meetmethode kan waarschijnlijk ook op 
patiëntenbloedd worden toegepast zodat de relatie tussen pathologien en de 
elastischee eigenschappen van het celmembraan kan worden bestudeerd. 

Dee reoscoop kan een waardevol instrument zijn voor het vaststellen van 
eenn verhoogd aantal hypervervormbare cellen als respons op EPO-injecties, 
zoalss was gevonden bij dialysepatienten die met dit hormoon werden 
behandeld.. De reoscoop kan ook zinvol zijn voor het volgen van het 
ziektebeeldd van sikkelcel-patienten of voor het vaststellen van de ernst van een 
infectiee met malaria tropica. 

Zowell  de LORCA als de reoscoop kunnen worden ingezet bij het 
bestuderenn van het effect van bloedopslag of het gebruik van hart-long 
machiness op de mechanische eigenschappen van de rode bloedcellen. De 
instrumentenn kunnen ook nuttig zijn bij het bestuderen van de invloed van de 
plasmasamenstellingg op de mechanische eigenschappen van de cellen, of bij het 
bestuderenn van het tijdelijke effect van geneesmiddelen, b.v. in de klinische 
farmacologie. . 

Hett bepalen van de celvervormbaarheids-verdeling is slechts één 
toepassingg waarbij een reoscoop kan worden ingezet. Een dergelijk systeem 
kann ook worden ingezet voor het bepalen van de relaxatie-tijdsconstante van 
individuelee cellen en voor het bepalen van de verdeling van deze parameter. 
Tenn slotte kan de reoscoop ook worden gebruikt voor het bepalen van plaatjes-
off  rode bloedcel-aggregatie of voor het bestuderen van andere deeltjes in 
stroming. . 
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Zonderr er destijds bij stil te staan is de basis voor dit proefschrift al jaren 
geledenn ontstaan. Als ontwikkelingstechnicus werkte ik bij Instrumentele 
Zakenn waar op een goede dag een "klant" binnen kwam. Hij kon de 
mogelijkhedenn van zo'n afdeling goed benutten voor zijn ektacytometer-
project.. Met dat project startte ook dit proefschrift. Tussen de onbewuste start 
enn de zeer bewuste afsluiting zaten vele projecten die proefschrift-kandidaat 
waren.. Uiteindelijk heb ik er voor gekozen het proefschrift een "homogene" 
uitstralingg te geven en er alleen hemoreologische onderwerpen in opgenomen. 
Dee weg er naar toe is echter zeer divers maar ook zeer leerzaam geweest. Alle 
mensenn die daaraan hebben bijgedragen wil ik hierbij enorm bedanken! Een 
aantall  van hen in het bijzonder: 

Keess Grimbergen is de promotor die mij de mogelijkheid heeft geboden 
tee promoveren. Kees, een afspraak met jou start en stopt op goed gedefinieerde 
momenten.. Je interesse voor "klokken" heeft daar waarschijnlijk veel mee te 
maken.. Naarmate de stoptijd nadert weet je gesprekken altijd terug te brengen 
tott de kern waar velen nogal eens vanaf wijken. Wanneer we m'n concept-
artikelenn bespraken viel het me regelmatig op dat je complexe zaken op een 
helderee manier kunt vereenvoudigen tot iets aangenaam simpels. Een heerlijke 
eigenschap. . 

Cann Ince is de promotor aan de natte kant. Altij d vroeg en in de weer. 
Can,, jouw gedrevenheid maakte dat de vaart erin bleef. Jouw aanbod om enkele 
stagiairss in te zetten bij het natte werk is hier een zinvol voorbeeld van. Met 
kritischee vragen wist je altijd m'n bewustheid te verhogen. Overigens wil ik 
nogg steeds een paar testjes doen met jouw bloed... 

Prettigg heb ik ook samengewerkt met mijn beide co-promotores Max 
Hardemann en Geert Streekstra. Max, ji j bent die "klant" waar ik het eerder over 
had.. Jouw enthousiasme in de hemoreologie heeft mij warmgedraaid. Jouw 
kenniss op het gebied van de hemoreologie is van grote waarde en met je humor 
weett je taaie discussies altijd op te vrolijken. Heerlijk waren alle gevulde 
koeken.. Leuk en leerzaam waren ook de "zaken"-reisjes die we hebben 
gemaaktt naar Antalya en Los Angeles. Thanks! 

Geert,, jouw fysisch inzicht is soms wonderbaarlijk. Nadat ik een paar uur 
hebb nagedacht over de perfecte formule weet ji j 'm binnen een paar minuten te 
ontkrachtenn en met een betere te komen. Grrr, maar zinvol. Ik heb genoten van 
onzee samenwerking en heb veel geleerd van je wetenschappelijke inzicht in 
zowell  de fysica als de hemoreologie. Op naar enkele volgende projecten? 
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Veell  hulp heb ik ook gekregen van Jan Strackee. Fysicus met een hoop 
wiskundeknobbels.. Jan, ik heb je leren kennen als een geweldige 
wetenschapperr maar ook als een ontzettend aardige man. Ik vond het 
aangenaamm met je samen te werken. Veel heb ik gehad aan al je "boekies" maar 
ookk aan je hulp bij het wegknippen van "weerstanden" (snik) uit 
conceptstukken. . 

Zonderr technische hulp was dit proefschrift er niet geweest. Bij de 
ontwikkelingg van alle prototypen van zowel de LORCA als de reoscoop zijn 
velee technici betrokken geweest op het gebied van mechanica, glas en 
elektronica.. Technici van het eeste uur: Klaas Lettinga, Arie Steenbeek, Chris 
Kruidenier,, Jaap Homan en Ronald de Jong. En vervolgens bij de Medisch-
Technischee Ontwikkelingsafdeling: Ruud Voorn, Wim Schreurs, Petro 
Broekhuizen,, Frits de Vries en Ton Danner maar natuurlijk ook alle andere 
collegaa technici die altijd klaar stonden voor een helpende hand of een advies. 
Eenn extra bedankje voor mijn kamergenoot Hugo Molenaar die naast de 
technischee ondersteuning ook ruimte bood voor "psychische ontlading" en voor 
Carell  Kools voor de snelle hulp bij mechanische nood. 

Opp het gebied van microcirculatie en microscopie heb ik ook veel 
geleerdd van collega's van de afdeling experimentele anesthesie. Wanneer het 
omm microscopie en aanverwante zaken ging kon ik altijd terecht bij Bert Mik en 
Keess Donkersloot. Waardevol waren ook de gedachtenwisselingen over het 
gedragg van bloedcellen in de microcirculatie die ik regelmatig voerde met 
Haroldd Raat en Peter Goedhart. Maar natuurlijk ook de resterende collega's van 
dee afdeling Experimentele Anesthesie wil ik graag bedanken voor hun hulp en 
bereidwilligheid.. Werkverlichtend was ook de hulp van verschillende 
stagiair(e)s/studenten:: Muriëlle, Dewkoemar en Soeradj. Bedankt voor julli e 
hulp. . 

Verderr wil ik iedereen bedanken die totaal belangeloos bloeddonor wilde 
zijnn maar natuurlijk ook degenen die bloed wilden afnemen. Zonder hen geen 
bloed,, zonder bloed geen experimenten, zonder experimenten geen proefschrift. 

Hett wetenschappelijk onderzoek dat ik met vele andere collega's heb 
uitgevoerdd en wat uiteindelijk niet in dit proefschrift is opgenomen, heeft wel 
degelijkk bijgedragen tot de groei naar dit proefschrift. In die zin wil ik Simone 
Lunshof,, Kees Boer en Hans Wolf van de afdeling Verloskunde, Bert 
Messelinkk en Dr. Dabhoiwala van de afdeling Urologie, en Marco Ritt, Nienke 
vann Trommel en José de Freitas van de afdeling Handchirurgie bedanken voor 
dee prettige samenwerking en het mogen deelnemen in hun onderzoek. 

Naastt alle hulp in zakelijke sfeer is ook de getoonde interesse in 
privésfeerr van grote waarde. Daarom wil ik vooral mijn ouders maar ook 
overigee familieleden en vrienden bedanken voor alle getoonde belangstelling. 
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Dee bezigheden op het AMC werden vaak thuis voortgezet. Vele uren 
opgeslotenn in een kamertje verhoogt natuurlij k de geestelijke druk. Als 
veiligheidsventiell  diende dan vaak mijn saxofoon waarin luid werd afgeblazen. 
Voorall  Anita en Sven moesten het door  mijn "afwezigheid"  soms een beetje 
ontgelden.. Nu is de druk van de ketel. We gaan er  weer  van genieten. 
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