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Syllectometry: The Effect of Aggregometer Geometry
In the Assessment of Red Blood Cell Shape Recovery
and Aggregation

Johannes G. G. Dobbe*, Geert J. Streekstra, Jan Strackee, Marcel C. M. Rutten, Johannes M. A. Stijnen, and
Cornelis A. Grimbergen

Abstract—Syllectometry is a measuring method that is com- I. INTRODUCTION
monly used to assess red blood cell (RBC) aggregability. In syllec-
tometry, light is incident on a layer of whole blood initially exposed HE viscosity of blood at low shear rates is mainly deter-
to shear flow. The backscattered light is measured after abruptly mined by red blood cell (RBC) aggregation. This prop-

stopping the driving mechanism. The resultant time-dependent in- . . . .
tensity plot is called the syllectogram. Parameters that quantify erty of RBCs is found increased in a number of diseases, such

RBC aggregability are obtained by analyzing the syllectogram. As &S Inflz':lmmatory diseases, dlabet§§, thrombos!s and myf)cardlal
we will show in this paper, the upstroke in the initial part of the ~ infarction [1]. Syllectometry as originally described by Zijlstra
syllectogram contains the information for measurement of RBC- [2], [3] is commonly employed to measure RBC aggregability
shape recovery in whole blood as well. o in research studies [3]-[13]. It provides parameters reflecting
To estimate RBC-shape recovery, we extended the existing two-the extent of aggregation but also parameters describing the ki-
exponential mathematical representation of the syllectogram by a netics of aggregate formation. The method is fast, in contrast to

third exponent that describes the upstroke. To investigate the fea- . .
sibility of RBC-shape recovery measurement from the upstroke, €rythrocyte sedimentation tests [14], [15], and accurate [9] and

we derived an analytical model of the flow decay that follows after has.high potential for assessing RBC aggregation in a clinical
abruptly stopping the driving mechanism. The r_nodel reveals that setting.
for large gaps the flow decay may interfere with the true RBC- | syllectometry, blood is illuminated and subjected to a shear
;hap? recovery process. Thesectheoretlcal findings were confirmed 546 high enough to fully disaggregate the cells and to elongate
y velocity measurements in a Couette-type aggregometer. . N

Syllectograms obtained using large gaps differ in many respects them_ in the direction of the flqw [5], [13]. .The backscattered
from those obtained using small gaps. As predicted by our model light is measured after the driving mechanism stops. The resul-
large gaps show a prolonged apparent shape-recovery time-con-tant time-dependent intensity plot is called a syllectogram (see
stant. Moreover, a delayed intensity peak, a reduced upstroke of Figs. 4 and 12). A high-intensity peak shows up at the begin-
the intensity peak and a considerable increase of the half-life pa- ning of the plot as cells return to their original randomly ori-
rameter are observed. The aggregation indices for large gaps are gnted biconcave shape and lose their alignment. The intensity
lower than for small gaps. of the backscattered light decreases as aggregation proceeds.

This paper yields a better understanding of the velocity and . . .
shear-rate decay following upon abruptly stopping the driving A two-exponential mathematical representation of the syllec-

mechanism. A better mathematical representation of the syllec- togram yields aggregation parameters that are used to assess
togram and recommendations for a maximum gap width enables RBC aggregability [5], [8]-[12].

both RBC-shape recovery and aggregation measurements in  Besides biological differences between individual blood sam-

whole blood using syllectometry. ples, the geometry of the aggregometer may also influence the
Index Terms—Aggregation, red blood cell, relaxation, shape re- shape of the syllectogram. This issue has not yet been addressed
covery, syllectogram, syllectometry, velocity decay. in the literature but may result in a misinterpretation of the de-

rived aggregation parameters. The intensity of the backscattered

" t received Aoril 25. 2002 revised July 25. 2088terisk indicat lightincreases with the number of scattering particles and, there-
anuscript received April 25, ; revised July 25, risk indicates : : . . .
corresponding author. fore, with the size of the gap [16],.effect|vely leading to an in-

*J. G. G. Dobbe is with the Department of Medical Technological Develogeréase of the syllectogram intensity scale. Moreover, mass in-
ment, Academic Medical Center, University of Amsterdam, P.O. Box 2270@ytia of the suspension increases with the size of the gap, which
1100 DE Amsterdam, The Netherlands (E-mail: j.g.dobbe@amc.uva.nl). rolongation of the shear-r r ina th

G. J. Streekstra is with the Department of Medical Physics, Academic M(e)é?u.ses ap ?1 0 .gat 0 h(') t. € shea g\te d.e?lay afte stopp h g the
ical Center, University of Amsterdam, 1100 DE Amsterdam, The Netherlan fving mec an'sm- This Is expected to influence RBC'S_ ape

J. Strackee, retired, can be reached through the Department of Medigacovery and the time before the occurrence of the peak, in the
Physics, Academic Medical Center, University of Amsterdam, 1100 D§yllectogram.

Amsterdam, The Netherlands. . P .

C. A. Grimbergen is with the Department of Medical Physics and the Depart- In this paper, we .eXteITId the QXIStlng two-exponentlal SY",G_C'
ment of Medical Technological Engineering, Academic Medical Center, Uri0gram representation with a third exponent to include the initial
versity of Amsterdam, 1100 DE Amsterdam, The Netherlands. upstroke attributed to RBC-shape recovery and investigate the

M. C. M. Rutten and M. J. M. A. Stijnen are with the Department of Biomedx il _ ;
ical Engineering, Eindhoven University of Technology, 5612 AZ Eindhove OSSIb”Ity to measure RBC shape recovgry using Sy"eCtomet.ry'
The Netherlands. or that purpose we present a mathematical model that describes

Digital Object Identifier 10.1109/TBME.2002.807319 the suspension velocity and shear-rate decay in aggregometers

0018-9294/03$17.00 © 2003 IEEE



98 IEEE TRANSACTIONS ON BIOMEDICAL ENGINEERING, VOL. 50, NO. 1, JANUARY 2003

a) b)
moving plate
. Laser diode (Cup)  x—p
. d = uvo N
Photo diodes y‘[ =

Whole blood Static plate

Surface mirror (Bob)

Glass cylinders:

Bob Fig. 2. (a) The upper plate of a parallel plate system moves at constant
o speedu, in the z-direction to invoke a proportional velocity profile(y, t)

Cup approximating the flow in a Couette system if the cup rotates at the same

(tangential) velocityu,. (b) Suspension inertia causes the velocity to slowly
decay after abrupt cessation of the cup at 0 (for clarity, the profiles at

. L to,. .. t3 are drawn at different locations).
Fig. 1. LORCA aggregometer setup. A laser beam is incident on a layer o ? )

blood between a static inner cylinder (bob) and a rotating outer cylinder (cup).

Backscattered light is collected by two photo diodes. In this parallel plate system, a simple shear flow is obtained

by moving the upper plate with respect to the static lower plate in
following upon abruptly stopping the driving mechanism. Ouhez-direction at a constant speegl. In this configuration, the
model is derived from the Navier—Stokes equations for one-dihear rate equals = du/dy = uo/d, whered is the distance
mensional (1-D) flow in a narrow gap. The model is validatedetween the plates. In a Couette system, the stationary shear rate
using particle image velocimetry (PI1V) [17]. The mathematicgtluring rotation) is not uniformly distributed over the gap as in
modelis subsequently used to study the influence of a prolongeegarallel plate system. If the tangential velocity of the outer cup
RBC-shape recovery—due to flow decay—on aggregation ga-the Couette system is taken equal to the velocity of the moving
rameters that are derived from the syllectogram. The results hplpte in a parallel plate system, a small deviation results. In the
us to gain a better understanding of the physics and bionpresent experimental setup, this deviation ranges betwééh
chanics behind syllectometry and to allow for a recommendand —17% for the largest gap (2 mm) and decreases roughly
tion for the maximum gap width to be used in syllectometry. proportionally with the gap width. The exact magnitude of the
shear rate deviation is of lesser importance since we are mainly
Il. MATERIALS AND METHODS interested in the general behavior of the velocity-decay time in
. response to abrupt cup cessation [see Fig. 2(b)].
A. Experimental Setup In a non-Newtonian suspension like blood, viscosity changes
The experiments are carried out with the LORCA Couetigith shear rate [18] and is affected by RBC deformation and
aggregometer [9], as depicted in Fig. 1. A laser beam (670 neggregation. The viscosity does not change instantly following
is incident on a layer of blood between a static inner cylindeup cessation because the cells need time to reshape and to form
(the bob, radius= 15.7 mm) and a rotating outer cylinder (theaggregates. Viscosity changes are, therefore, considered negli-
cup). Four different highly polished Plexiglas cups were usegible during velocity decay. Thus, the velocity decay following
resulting in gap widths of 0.37, 0.60, 1.05, and 2.00 mm. Liglgup cessation is calculated for a Newtonian fluid in the approx-
that is backscattered by the layer of blood in the gap is collectgdately equivalent parallel-plate system. The partial differen-
by two photodiodes inside the static bob and is converted irial equation for this 1-D viscous-flow problem without pres-
an electrical signal. After cup rotation cessation, the electricalire gradient is obtained from the Navier—Stokes equation for a
signal is sampled for 120 s at 250 Hz using the analog-to-digitaewtonian fluid [19], which reduces to
converter board of a personal computer. The data are stored to 9 ¢ 92 .
disk for off-line analysis. u(y ) = %L(y’ ) (1)
Mass inertia and elasticity of the mechanical parts cause the ot dy?
cup to behave as a second-order system that exhibits ringifigh + the kinematic viscosityy( = 7/p, with 7 the dynamic
in response to motor cessation. To damp residual oscillatanigcosity andp the density) of the suspension. The solution of
motion, the commercial system was augmented by a simpi@ velocity decayu(y, t) and shear-rate decay(y,t) in the
brake mechanism, consisting of a cotton belt strained arousiésence of cup ringing are found with the appropriate initial and

the spindle that drives the cup. boundary conditions and yields (see Appendix
B. Flow Decay u(y,t) = _uoz Z =0t sin (%ly) cemCFE (2g)
1) Modeling the Velocity and Shear-Rate DecayCouette oo "

geometry is used to create a shear rate that is virtually uniform

over the gap, provided that the bob radius is large in relation to > N nry _(nmy2,

the gap width. To simplify the calculation of the velocity decay  7(¥:1) = =27 > (=1)"cos (T) et (2b)
u(y, t) (y: distance to the bols; time) following cup cessation, n=1

the Couette geometry is approximated by a parallel plate systwiith v the initial tangential cup velocityy, the initial shear
[Fig. 2(a)]. rate andd the gap width.
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Fig. 3. Velocity measurement using PIV. A camera focuses on a

laser-illuminated region of interest (ROI) between the static bob and tiy. 4. The syllectogram distinguishes four behavioral stages: 1)
rotating cup. The velocity of seeding particles in the ROI is repeatedlfisaggregation, 2) RBC-shape recovery, 3) rouleaux formation, immediately
determined based on their displacement in image-pairs with a knowgllowed by 4) 3-D aggregate formation. The peak duration is exaggerated. au
interimage delay. = arbitrary units.

In practice, mass inertia and the driving mechanism’s elﬁﬁgi?i/agriglrengas smoothed by applying a two-dimensional

ticity should be taken into account that cause ringing of the ¢
in response to motor cessation. The ringing effect superimpo%es
an oscillation on the smoothly decaying fluid velocity. The ap-"
pendix shows that ringing adds two additional terms to (2a) andIn @ syllectogram, four RBC-behavioral stages are distin-
(2b). guished (Fig. 4). These are as folloows. 1) The initial plateau
2) Velocity-Decay Measurement Procedurely (Plv during the disaggregation stage originates from the light that
1100, Dantec, Skovlunde, Denmark) [17] was used to verify backscattered by the elongated RBCs that are aligned in
the theoretical velocity decay in the Couette system (bd direction of the flow. The intensity of the light relates
radius = 15.7 mm, gap width= 1 mm, see Fig. 3). With 0 the state of elongation and, thus, depends on the shear
this technique a camera is positioned parallel to the axis '@te. 2) In the shape-recovery stage that follows immediately
rotation and focuses on a selected suspension layer. Tafter cup cessation, cells collectively lose their alignment and
successive laser-illuminated images are acquired with a knot@#urn to their biconcave resting shape. The recovery stage is
interimage delay. The displacement of suspended particlesfgFompanied by an exponential increase in light backscatter
each picture-pair depends on local velocity and is obtained E#P] leading to a high-intensity peak in the syllectogram. 3) Ag-
correlation techniques. By periodically determining local flui@regation starts during the shape-recovery stage when external
velocities from image-pairs, one obtains the velocity versg§ear forces fail to keep the RBCs dissociated. RBCs start
time at multiple locations in the fluid. to aggregate side-to-side as stacks of coins, called rouleaux,
A long-distance objective (numerical aperterd.1) was fo- causing the backscatter of light to decrease exponentially [6]

cused on a laser-illuminated suspension layer containing lighth @ time-constant of about 1-3 s in normal human blood.
scattering seeding particles (polyamid,—= 20 ;m). The focal 4) Roul_eaux formatlon is immediately foIIO\_Ned by .so-calltled
plane was approximately 2 mm below the surface. The suspdi€€-dimensional (3-D) aggregate formation during which
sion surface was covered with a glass plate to reduce optifleaux connect end-to-end as well as side-to-end, creating
disturbances. The small clearance (approximately 0.5 mm) [@ger 3-D aggregates. In normal human blood, the formation
tween the glass cover plate and the top of the rotating cylinddr3-D 2dgregates is a slower process [8] with a time-constant

was bridged by the suspension. of about 10-25 s. _
The seeding particles were suspended in Waterl), Triexponential Syllectogram Rgpresentatlo'ﬁne con-
(v = 10-% m?/s). The viscosity of water is about four VENtional mathematical representation of the syllectogram

times lower than that of blood at a shear rate of 400. s contains two time-constants and describes the curve from the

which is of advantage because it slows down the process &tk onward [8]-[10]. This paper introduces a third time-con-
eases measuring the flow decay using PIV. The interimag@nt 10 include the upstroke caused by RBC shape recovery
delay for any given pair was 1.5 ms. Image-pairs were takégP)- Thus, the intensity curvé(t) was fitted using a triex-
every 6.66 ms (sample rate 150 Hz) for a period of 200 ms. RPnential function containing three time-constants associated
mechanical brake mechanism was utilized to reduce the effd¢fh RBC-shape recoveryll’.), rouleaux formation(7y) and

of mechanical ringing. The velocities in the gap were plottetr aggregate formatiofi;)

versus the distance to the bol) and versus the timg). The It)y= 1, - e/ 4 Ip-e7/Tr 4 I, e7T 1 1, (3)

Syllectogram Description
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wherel,, I; andI, denote the contribution of shape recover)a)
(fast) rouleaux formation, and (slow) 3-D aggregate formatiou,uo
respectively. 106
The curve fit is performed using the Levenberg-Marquar: °¢
algorithm [21] for fitting nonlinear functions. Since the syllec: o
togram is sampled uniformly, most data points stem fromthe ti **
of the curve. To prevent the fitting algorithm from focusing o1 °
this region, the curves were re-sampled by selecting 500 poi
uniformly distributed on a logarithmic time scale. 7s) " 10100
Several aggregation parameters are derived from the syllec-
togram as indicated in Fig. 4. The amplitud&nfp is used t0 Fig.5. (a) Relative velocity profile and (b) shear rate profile between bob and
describe the extent of aggregation [8], [9]. Aggregation kineticsp following cup cessation. No cup ringing= 0.37 mm; of normal human
is described by the time-constarfts and T, but also byt; ,. Plood at400s™.
The latter is the time that elapses until the peak intensity is re-

0

>
025
> 0.50 A

yNo !0}7&) 8

Bob

yNe

duced by half the amplitude (1 /,). In clinical hemorheology, a) b)

a single parameter is sometimes used to describe the overall y, o

gregation behavior of the suspension. This aggregation inc 1 2

(Al) is a value between zero and one and depends on both ~ "\& .

extent and kinetics of aggregation [5], [7]-[9]. It is often de ° 1)

termined from the aread and B bounded byt = ti,, and 4~ ; ;

t = top + 105 as A= A/(A + B) (see Fig. 4) [9]. 0 . .
The time elapsed until the occurrence of the peak is sorr o T e e

times used as an indication of the RBC-shape recovery tin Y 25}1-00@9 ! )

The peak occurs when the first derivative of (3) equals zero. The
first derivative depends oall parameters of (3) including theFig. 6. Typical example of the (a) relative velocity profile and (b) shear rate
aggregation parameters. The fact that is influenced by the amf”_e between bObsa”d Q‘ilpf"'(?‘g’Lng cup Cefssaﬂon-l Eampe‘?o f“%“”gjlg% (50
aggregation process makes it an unsuitable candidate for regt:ze;t'me'conStant ms)id = 0.37 mm; v of normal human blood at
senting the RBC-shape recovery time.

2) Measuring the Effect of Aggregometer Geomeffyie ef- )
fect of the aggregometer geometry on the syllectogram and
parameters was investigated by varying the gap width (0.2%%
0.60, 1.05 and 2.00 mm). The triexponential syllectogram repi
sentation was first evaluated and then applied to determine |
deviations in syllectogram time paramete¥3,(tiop, T, Ts, .4
t1/2) and intensity parameters (Upstroke, Amp, Al) in differer b =

gapS. 40 { Bob 50 Bok
_ Syllectograms of eight individuals were measured using fo ’r%j ao1‘(']0 0 e ’rf,,sjm G";ﬁ;m yNo
different gaps: 0.37, 0.60, 1.05, and 2.00 mm. A fresh sam; cup ew

was used after each cup change. In the following, the two—tailg_d 7. (a) Relative velocity profile and (b) shear rate profile between bob and
. . . Ve Vi Ity 1 1
palred t-testwas used to test the null hypOthESIS of equal meac'ﬁ%'following cup cessation. Undamped cup ringing (50 Hz, time-constant

40 ms);d = 0.37 mm; v of normal human blood at 400-%. The profiles in
D. Blood-Sample Preparation this figure characterize the commercial LORCA aggregometer [9].

Blood samples, 25 ml each, of eight healthy donors were col-

lected from the antecubital vein using ethylene diamine—tetr%zd’ respectively). In this particular instance, the kinematic vis-

acetic acid (EDTA) as anticoagulant. Since backscattering (ﬁg_sny was that of normal human blood at a shear rate of 400

pends on the level of oxygenation, the blood samples were ful ’) ?/\zr;gcgﬁssﬁj%reg] F/is [é?t])) -H::J Ztsr;ntggetﬁ;??r?evgﬁégr(?éfg re-

oxygenated before each experiment [9]. The volume fraction 0 : - H9. S . )

RBCs was in the range of 0.44-0.48. A syllectogram was verses and rises sharply in the vicinity of the cup immediately
. - S after cup cessation.

measured after disaggregating the blood sample at a shear rg[._eig_ 6 shows the effect of damped oscillatory motion of the

1 ithi —
of 400 s* for 10 s. Measurements were performed within 1 gup (50 Hz, time-constant 5 ms) for the same geometry as
hours after blood withdrawal.

in Fig. 5. In Fig. 7, the damping is reduced (time-constant
40 ms), clearly revealing the effect of oscillatory motion. Fig. 7
lll. RESULTS characterizes the commercial LORCA aggregometer [9].
It appears from Fig. 5-7 that the shear rate is not uniformly
distributed over the gaguring the velocity decayf layers of
1) Theoretical Considerations of the Flow Decakig. 5 fixed width represent the blood in the gap, then RBCs in each
displays in three dimensions the normalized velocity [Fig. 5(algyer are in a different state of shape recovery and/or aggrega-
and shear rate [Fig. 5(b)] decay in the absence of cup ringirign after cup cessation yielding different contributions to the
The parameters, v andy are normalized«/uo, /70, and syllectogram. In addition, cells in close vicinity of the bob give

A. Flow Decay
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Fig. 8. The shear-rate half-lif¢f_.,>) at the bob in normal human blood
versus the gap widtfid) after shearing at 40073. The dotted line indicates
the typical half-life valugT ,,, ) of RBC-shape recovery [20].

a larger contribution to the intensity of the backscattered light
than distant cells do [16]. The net result is a gap-width depen-
dent syllectogram.

The shear rate is the actual parameter affecting RBC defor-
mation and aggregation. The shape recovery of cells can only
be measured if the shear rate decays faster than do cells re-
cover their biconcave resting shape. The shear-rate decay hap-
pens to be slowest in the vicinity of the bob [Fig. 5(b)] where
cells’ contribution to the backscatter intensity is the highest [16].

It is, therefore, appropriate to investigate the shear-rate decay
at the bob. Since it is not possible to describe the shear-rate
decay by a single time-constant as can be seen from (2b), a
half-life parameter was used. The half-life depends on the gap
width (d) and is defined as the time required for the shear rate
to reduce by 50% of its initial value. Equation (2b) was used
to numerically determine the shear-rate half-iifg,.(d) (by
solvingy(0,%.:/2) = 0.5) at the bob in normal human blood
[18] (v = 3.8 - 107 m?/s aty = 400 s~!), see Fig. 8.

A shape-recovery half-life of,..,. = 43 ms has been re-
ported for human RBCs in a phosphate-buffer saline/dextran so-
lution of similar kinematic viscosity [20]. Fig. 8 shows that the
shear-rate half-life exceeds the RBC-shape recovery half-life
for d >1.1 mm, resulting in a prolongation of the observed
RBC-shape recovery time as measured from the syllectogram
(see Section II-D).

2) Flow-Decay MeasuremenfThe theoretical ve-
locity-decay profile in a 1-mm gap filled with water is
depicted in Fig. 9(a) and is accompanied by that measured
using PIV in Fig. 9(b). To be able to evaluate the measured
velocity profile with the theoretical curves, we compared cross
sections of the 3-D graphs in Fig. 9. Fig. 10(a) shows the@ﬁ'y
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Fig. 9. \elocity decay of water in a Couette system after cup cessation: (a)
theoretical and (b) measured using PIV. Bob radiu$5.7 mm; gap width= 1

ig. 10. Cross sections of Fig. 9 showing: (a) velocity profile between bob
0 = 0) and cun(y/y0 = 1) atdifferent time points and (b) Velocity-decay

cross sections at values ofequal to 0, 20, 60, and 120 mS.curves at different locations. The dotted lines represent the theoretical curves.

Fig. 10(b) shows cross sections at valuesygf, equal to
0.22. 0.50 and 0.77. Both figures demonstrate that the velocit
profiles [Fig. 10(a)] and the velocity-decay curves [Fig. 10(bﬂ¥
closely match the theoretical curves (dotted lines) despite
deviation close to the cup immediately following cup cessation.

The deviation is due to optical deflections at the cylinder walls: SYllectogram Measurements
and to residual mechanical ringing. Taking these sources ofl) Validation of Triexponential Syllectogram Represen-
deviation into consideration we conclude that the theoretidaition: The validity of three mathematical syllectogram

odel provides a fairly good representation of the velocity and
Iaear—rate decay in the gap.
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Fig. 11. Deviation AI) between mathematical syllectogram representations I(au) 80
and a measured curve. auarbitrary units. 75 - 2,00 mm
representations were assessed by comparing them against the eernee.,, 105mm
measured syllectogram [e.g., Fig. 12(a)] of a healthy volunteer 65 e e
(0.37-mm gap). The measured curve was first fitted using the 60
biexponential curve strip method implemented in the LORCA 55 0.60 mm
[8], [9]- The same syllectogram was then fitted to the biexpo- ST RS
nential and triexponential representations of the syllectogram 50 4
using the Levenberg-Marquardt fitting algorithm [21]. The bi- 45 -
exponential representations excluded the RBC-shape recovery 40 ’,,~~"*'*~~-..“2-§1"1."l,
term ([, T;.). s
Fig. 11 shows the differenc@Al) between the mathemat- 1L
ical representations and the measured curve. The use of a loga- ol }
rithmic time-scale provides a better view of the deviation over 0 0.25 05
the entire curve but falsely gives the impression of signal oscil- t(s)

lation. The measured curve actually swings only 0.25% of the b
full scale (0—100 au) around the biexponential and triexponen- ®)
tial curves as is seen on the enlarged vertical scale of Fig. £@. 12. (a) First 60 s of syllectograms of one healthy volunteer measured

- ; : sing four different gaps. The dots indicate the measured syllectograms
The flgure demonstrates that, in the first few seconds, the f\}lthiI the solid lines represent the triexponential fit. (b) First 500 ms of the

exponential syllectogram repre§entati0n matCh?S the Measly@€ctogram show the deviation of the fit for large gaps=aarbitrary units.
curve more closely than the biexponential variants. This jus-

tifies the use of the triexponential representation for studyin ) )
RBC-shape recovery in small gaps. The triexponential fit algtfferent gaps. Itillustrates that the 0.60-mm gap has virtually
proves useful for studying the effect of the shear-rate decay ¢ same time constag” > 0.05) as the 0.37-mm gap. The
the shape of the entire syllectogram in the case of larger gapdBBortant increas¢” < 0.05) in the shape-recovery time for
well (see Fig. 12). large gaps is explained by the fact that the shear-rate half-life
2) The Effect of Aggregometer Geometry on Syllectogrdﬁ10|ose to th_e RBC_:—shape recovery half_—llfe in these gaps (see
Parameters: Syllectograms of a single individual obtained™9- 8). The intensity peak occurs at a different time poigs
using the four different gap widths indicate [Fig. 12(a)] thefr all gaps larger than 0.37 m(@® < 0.05) although a major
backscatter intensity increases with the gap width. The détglay is only observed in the case of the 2-mm gap. Fig. 12(b)
represent the syllectogram, while the solid lines represent $lwows that the triexponential fit underestimates the true delay
triexponential fit. An enlargement of the syllectogram peafe’ 1arge gapg>1 mm).
(Fig. 12(b)] reveals that the peak is delayed and that the fitTo determine the change in syllectogram parameters for gaps
deviates from the measurement for gaps larger than 0.6 mx0.37 mm, the estimated parameters for a 0.37-mm gap was
The most prominent delay is observed for the 2-mm gafaken as reference. The data was normalized by taking the ratio
which is consistent with the theoretical shear-rate half-lifef each estimated parameter and its reference value, which
(=~ 150 ms, see Fig. 8). Fig. 12(b) also shows that, as the ggplded a series of relative time parameters. This enabled the
width increases, the peak amplitude decreases while the ovedalia to be represented in a single cumulative graph [Fig. 13(b)].
backscatter intensity increases. As can be seen in Fig. 13(b), for larger gaps, the aggregation
The histogram of Fig. 13(a) shows the shape recovery tim#me-constantsl’y and T, are different £ < 0.05 for the
constanf’,. and the time until the occurrence of the peak, for  0.60- and 1.05-mm gaps) although the effect is rather small.
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2.0 Fig. 14. Changesinintensity parameters compared to the intensity level during
disaggregatiory;, in different gapgd). Results of the 0.37-mm gap served as
reference. The error bars indicate the standard error or the méan 4 for the

1.5 + 2-mm gap,N = 8 for all other gaps).

1.0 decreasesP < 0.05) the extent of aggregatiorA(np and
the Al for all gaps larger than 0.37 mm although the effect

05 is relatively small for the 0.6-mm gap. This finding proves
that it is incorrect to compare thempand Al values between

00 aggregometers with different gap widths.

 oar (refy 060 105  2.00 N D
d (mm) . DISCUSSION
(b) This paper studied the influence of aggregometer-geometry

Fig. 13. (a) The recovery time-constdfit andt.,,, for different gap widths dependent shear-r_ate decay on the_ shape of the syllectogram.
(d). (b) Changes in kinetic aggregation-parameter estimates obtained Based on the Navier—Stokes equations a complete mathemat-
triexponential fitting of the syllectograms. Results of the 0.37-mm gap servigal model of the Velocity and shear-rate decay is presented_ The
as reference. The error bars indicate the standard error of the vean for flow-decay model was calculated for the parallel plate geometry
the 2-mm gap/N' = 8 for all other gaps). . . . .

but describes the general concept, which applies to virtually any

aggregometer. We also propose an improved mathematical rep-
This is an important finding since it allows compariiig and resentation of the syllectogram that includes the upstroke as-
T, parameters obtained from aggregometers with differeatibed to RBC-shape recovery. This representation is used to
gaps. An increased shear-rate decay time is accompaniedgbgntify the effect of prolonged shear-rate decay on RBC-shape
a decrease in peak intensity [see Fig. 12(b)]. This causes tkeovery and aggregation parameters.
half-life parametett, , to increase considerably” < 0.05) The mathematical model of the velocity decay was validated
for all gaps larger than the reference gap [Fig. 13(b)]. by experiment and reveals that the shear rate is not uniformly

The backscatter increases with the number of scatteridigtributed over the gap after cup cessation. This causes RBCs

particles and consequently with the size of the gap (Fig. 12).close vicinity of the bob to be in a different state of shape
This causes the estimate of all intensity related parameteesovery and aggregation than distant RBCs. Clearly, the
(e.g., Amp to increase accordingly. To judge whether thbackscatter intensity is a composite signal that depends not
intensity-related parameters also changed as a consequenmdg on the number of scattering cells but also on the state of
of the shear-rate decay, we normalized them. Normalizatitirese cells. This finding confirmed our expectation that the
was achieved by calculating the ratider each gap—of the shape of the syllectogram and many of its derived parameters
parameter of interest and the backscatter intensity duridgpend on the gap width.
disaggregation14;s). The latter is only affected by the gap The experiments showed that the triexponential syllectogram
width and not by the state of the cells since the disaggregati@presentation performs well in fitting the complete aggregation
shear rate (hence, cell elongation) is held constant throughoutve of normal human blood, including the upstroke. For the
the gaps. The ratio of each intensity-related parametefand 2-mm gap, however, the upstroke shows up with a slight delay
therefore, cancels the effect of increased scattering when usiiagising a mismatch of the curve fit. This delay is well explained
larger gaps. Fig. 14 shows the normalized intensity-relateg the prolonged shear-rate decay time that exceeds the RBC-
parameter estimates, where the values for the 0.37-mm gdy@ape recovery time.
were again taken as reference. The figure demonstrates thafilsing the triexponential syllectogram representation, we
Upstrokel ;s (with Upstroke= I, — lais) clearly decreases showed that many RBC-shape recovery and aggregation
(P < 0.05) with the gap width. The reduced intensity pealarameters changed considerably in gaps larger than 0.6
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mm as a consequence of prolonged shear-rate decay: The APPENDIX
shape recovery time-constaht is clearly increased and the CALCULATION OF THE VELOCITY AND SHEAR-RATE DECAY
occurrence of intensity peak,, is delayed. Theupstroke

following cup cessation is relatively small for large gaps. Thiﬁewtonian fluid and the initial flow( < 0) laminar and 1-D

is the rgasor;_ Wh%’ fjh"?‘ ei(r:ent of ag%rclagatiémn@ anc_ir:]he Ald with a velocity component in the-direction only. Provided that
aretunk er?s imate 'rf[h i ﬁ?lsf 0 arge; gapts. here uﬁ"?éj gap is small in relation to the bob radius, the velocity pro-
upstroke also causes the half-life paramétgy,) to increase file in a parallel plate system [Fig. 2(a)] approximates that in a

conilderably 'P Iargelzl gar(»O:G mm. . Couette geometry. Under these assumptions the Navier—Stokes
The use of small gaps in aggregation measurementsgi_‘ations reduce to a single, second-order partial differential
u

To calculate the decay of the velocity profile, we assume a

sometimes criticized because of the limited space available

ation
3-D aggregate formation [11]. In pathological cases, aggregate
of 500 um may appear [12]. Our results with blood of healthy ou(y,t) 0%u(y,t)
volunteers show relatively small differences in the aggregation or Y o2 (A1)

time-constants attributable to rouleaux formatigfi;) and _ o _ o

3-D aggregate formatio(iI;), which allows comparing only With v the kinematic viscosity«( = n/p, n: dynamic fluid vis-

these two parameters between aggregometers with differésity, p: fluid density). For(z < 0) the velocity alters propor-

gap widths. tionally with the positiony between the plates and accordingly
The RBC-shape recovery time-constant of58 ms found We take as initial condition(y, t) = o - y, with 7o the initial

after shearing blood at 400°5 in a 0.37-mm gap agrees withShear rate. When at= 0 the cup stops, mass inertia causes the

the value(62 + 12 mg found by Baskurt and Meiselman [zo]ﬂwd Fq stop slightly retarded. For the initial and the boundary

for RBCs in a Dextran medium of comparable viscosity. Thefonditions we, thus, have

experiments show a relatively large oscillation in the first 150

ms following cup cessation probably caused by: 1) the higher u(y, 0) =voy (A2)
mass of the commercial LORCA cup compared to our Plexiglas u(0,t) =0 (¢t =>0) (A3a)
cup, and 2) the absence of an additional brake mechanism. If the u(d,t) =0 (t >0) (A3b)

repetition interval of the oscillation is short (relatively fast os-

cillation) compared to the shape recovery time-constant, the wiith d the position of the outer border (gap width). If cup cessa-

exponential curve is fitted fluently through the oscillation wittion is followed by oscillatory motion, (A3b) has to be replaced

negligible deviation. If, however, the repetition interval of th&y

oscillation is long and close to the shape recovery time-con- d

stant, ringing will influence the shape of the syllectogram peak u(d,t) = — [Ae‘t/tCSin[w . t]] ) (A3c)

resulting in a deviation of the fit. dt

Our new approach for determining RBC-shape recovery inin (A3c), A andw describe the initial amplitude and radial

whole blood using the triexponential syllectogram representaequency of the oscillatory motion whilg represents the time-

tion is more physiological and considerably simplifies the meaenstant associated with the oscillatory motion decay.

surement. Moreover, it prevents modification of RBC properties Under the conditions (A2)—(A3b), i.e., no oscillatory cup

caused by washing and re-suspension in artificial media.  cessation, the solution for this differential equation can be
obtained using Laplace transformation; the procedures and the
solution(s) are fully described in reference [22]

V. CONCLUSION

d = a(n) .
,t) =v0— ——= with Ada
Modeling the velocity and shear-rate decay provided impor- u(y,?) o 7;1 n (Ada)
tant insight into the physics involved in syllectometry using _n . /nmy _(nxy?
Couette aggregometers. The shear rate following cup cessation a(n) =2-(—1)"sin (T) ~e”Ua ) vt (A4b)

is not uniformly distributed over the gap, which causes cells to ) ] ] ] )
be in different states of shape recovery and aggregation. The inJ0 solve the differential equation with the oscillatory
creased mass inertia of the suspension prolongs the shearpgihdary condition, we also made use of the Laplace transfor-
decay and increases the apparent RBC-shape recovery timgno_r_]. First (A1_) was transformed, incorporating th_e initial
constant for large gaps. These facts cause the syllectogran§@gdition (A2). Withu(y, ) = U(y, s), (A1) transforms into:

be gap-width dependent. As a result most RBC-shape recovery 2U(y, 5)

and aggregation parameters change considerably in gaps larger —v{sU(y,s) — vy} = 0. (A5)

than 0.6 mm. Thus, for accurate syllectogram measurements a dy?

gap width of up to 0.6 mm is recommended. Likewise the boundary (A3a) and (A3c) were transformed
The novel triexponential syllectogram representation per-

forms better than conventional biexponential representations, U(0,s) =0 (A6a)

especially in the first few seconds of the measurement. This A2ws

results in an improved accuracy of the parameters describing U(d, s) = < (A6b)

: ) 1+ 2tes + 1252 4 1202
the syllectogram. With the addition of the new shape-recovery s s &

term, itis now possible to measure the time-constant describingequation (A5) was solved using the method of variation of pa-
RBC-shape recovery in whole blood as well. rameters. Introducing (A6a) and (A6b) as boundary conditions
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d <= a(n)
u(y,t) = — y— A8a
(y,t) Yo - ;::1 n ( )
3,242 X 3
vetiw a(n)-n
paTlIE S T (nb)
(205 vt (2) (0102 + (tew)?)
A Sinh {y %(—%-}-Lw)}
+ t—Re (i 4 tow) - e/ OFTw) (A8c)
¢ Sinh {d (-4 4+ w)}
o0
Yy t) == Y_ b (A9a)
n=1
4,242 = O 4
vitw b(n)-n
WLRLESS e (nsh)
(20 0 bt () 0102 + (1?)
B s Cosh[ %(—}H-wﬂ
+ t—Re (i +tew) )= <—— +i- w) et/ Fiw) (A9c)
(& v (& .
Sinh [d % (—% + 4 w)}
. n nw\2
with: b(n) =2 - (—1)" cos (%) e ()t (A9d)
resulted in [2] W.G. Zijistra, “Syllectometry, a new method for studying rouleaux for-
i . mation of red blood cells,Netherlands Soc.Physiol. Pharmagcalol.
Yoy  dyoSinh(y,/) 8, pp. 153154, Oct. 1957.
U(ZJ; 5) = T - W [3] R.Brinkman, W. G. Zijlstra, and N. J. Jansonius, “Quantitative evalua-
sSinh( \/g) tion of the rate of rouleaux formation of erythrocytes by measuring light
AthsSinh(y\/E) reflection (“Syllectometry”),”Proc. Roy. Dutch Academy Science, Se-
+ ¢ Vv . (A7) ries C, vol. 66, no. 3, pp. 236-247, Jan. 1963.
(14 2tes + 252 + t2w2) Sinh(d\/%) [4] H. Schmid-Schonbein, J. van Gosen, L. Heinrich, H. J. Klose, and E.

The inverse Laplace transformation of the first two terms of
U(y, s) produced the solution without ringing, i.e., (Ada). For [5]
the inverse transformation of the third term its poleszeros
of the denominator) were computed and from these values with
help of Mathematica version 4.0 (Wolfram Research, Cham- (6]
paign, IL) the appropriate residues. For the complete solution
of the differential equation with an oscillatory boundary condi- [7]
tion we, thus, have (A8a)—(A8c), shown at the top of the page.

With a(n) as defined under (A4b). From this equation, the [g)
shear rate/(y t) follows as the partial derivative af(y, t) to y
as shown in (A9a)—(A9d) at the top of the page.

Again, the terms (A9b) and (A9c) cover the effect of oscil- [°]
latory cup cessation and should be omitted if the cup stops in-
stantly.

[10]
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