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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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^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. 
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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 
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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 

81 1 



Chapterr 5, Automated rheoscope 

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 

•4«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 treatment duration (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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