
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Engineering developments in hemorheology

Dobbe, J.G.G.

Publication date
2002

Link to publication

Citation for published version (APA):
Dobbe, J. G. G. (2002). Engineering developments in hemorheology. [Thesis, fully internal,
Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:24 May 2023

https://dare.uva.nl/personal/pure/en/publications/engineering-developments-in-hemorheology(7e41683f-64c9-4eaa-a05c-96f02b0aa8f0).html


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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Chapterr 6, RBC-deformability distributions 

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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Chapterr 6, RBC-deformability distributions 

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. 

94 4 
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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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Chapterr 6, RBC-deformability distributions 

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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u.ss -

0.4--

0.3--

0.2--

0.11 -

0 0 --

(*) ) 

AA  (#) 

1 1 

(+) ) 

1 1 

® ® 

 * 

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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Chapterr 6, RJBC-defonnability distributions 

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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1.0 0 1.5 5 2.0 0 

Ö Ö 

2.5 5 3.0 0 

-- 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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a) ) 

ƒ ƒ 

Controll sample 
(n=1625) ) 

—•—— Infected blood 
samplee (n=2120) 
Healthyy control 
distribution n 

1.00 1.5 2.0 2.5 3.0 

8 8 

b) ) 

Controll sample 
(n=1625) ) 

—•—— Parasitized cells 
(n=117) ) 
Healthyy control 
distribution n 

0 0 

8 8 

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 (#). 

105 5 



Chapterr 6, RBC-deformability distributions 

a) ) 

\ \ 

<P P =o  3Pa 

4** * 
Übb  v 

•• •• 

/ /
 

- • ' " " 

/ / 

(p=9(T T 

'' • 

b) ) 

X X 

(p=o

•• . 

:£ÈU :£ÈU 
V.^SpM^Qjr r 

' ' 

/ / 

•a-. . 
V V 

1Pa a 

«V V 

fc> fc> 
feö-feö- *• 

ite'f"" " •^•^r?^"'* * 
^»v^»** * 

• * •• • * 

c) ) 

\ \ 

/ / 

9: : =o°° 3Pa 

d\ \ 
V V 

j * * 

 *mte,. % 
ll . * 

/ / 

U ii  <p=90~ 

" " 

s s 
V V 

d) ) 

0v v 

cp=o  10 Pa 

4 & . . 
-JK"" % 

** m '•a a 

\\ Pi 
«M M 

\ \ 

/ / 

BE'' .. ^s '<£ 

cp=90 0 

% % 

V V 

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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