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Sickle cell anema is a disease that affects the rheol ogi ca
properties of red blood cells. A ball mcrorheoneter has been devel oped
in this | aboratory to neasure the rheol ogi cal properties of very smal
quantities (20 m) of sickle red bl ood cell suspensions. The effects of
st eady deoxygenation at "equilibriunt on the rheol ogical properties of
sickle red bl ood cells resuspended at 25 % hematocrit in autol ogous
pl asma and i n Phosphate Buffer Sol ution are neasured. Henogl obin
solutions at 25 % hematocrit in autol ogous plasnma, obtained by
soni cation, are also studied. To separate the effects of nenbrane
abnormalities fromthat of the henoglobin S polyner, sickle trait and
sickle cell blood are used. Sickle trait red blood cells have ni nimal
menbrane abnormalities and their popul ation exhibit a mniml density
het erogenei ty.

Rheol ogi cal properties are characterized as a function of parti al
pressure in oxygen, oxygen saturation, and polyner fraction. No

apparent correlation is seen when viscosity is plotted as a function of



partial pressure in oxygen or saturation in oxygen. On the other hand,
a linear relationship is found between cell suspension viscosity and

pol ymer fraction up to a critical value of 30 %in sickle trait

i ndividuals and 55 %in sickle cell patients. Above this critical value
of 55 % a sharp increase in viscosity in sickle cell patients is seen
The data for sickle trait and sickle cell blood cells coincide and show
that viscosity and polynmer fraction are linearly related up to pol ymer
fraction value of 55 %

This study offers new insight into our understandi ng and
characterization of the rheol ogical properties of sickle red blood
cells. It is found that viscosity may be a good paraneter for assessing
the clinical severity in sickle cell anemi a and for eval uating the

ef fects of pharmacol ogi cal agents.



CHAPTER 1
I NTRCDUCTI ON' AND BACKGROUND

1.1. I nt roducti on

Sickle cell anema (SCA) afflicts Afro-Anericans in the United-
States, and bl ack people in npbst South-Anerican, African, and West-
Indies countries. 1In sickle cell disease, sickler patients have red
bl ood cells that are not capable of traversing the capillaries and
consequently of delivering oxygen to the nearby tissues, which is one of
the main functions of red blood cells. Sickler patients experience
nuner ous pat hol ogi cal conplications and frequent vaso-occl usive painfu
crises. Researchers have been working on sickle cell anem a for nore
than 30 years now and even if they have nade trenendous progress into
the characterization of this disease, they still do not have a conplete
understanding of all its mechanisns. Many treatnents have been tested
targeting either the henogl obin, the erythrocytes or the gene
(Hydr oxyurea, drugs increasing the oxygen affinity, etc.) [Rodgers et
al ., 1994]. None of them can be considered as the final renedy to
sickle cell anem a yet. Rheological studies offer a neans to
characterize the sickling process, which is believed to be the dom nant
factor in SCA

The systemused for the present study is a newy desi gned nagnet o-
acoustic ball mcrorheoneter, originally devel oped by Tran-Son-Tay et
al. [1988], that allows viscoelastic neasurements of any fluid. |Its

mai n advant ages are requirenent of a very small sanple volune (20 m)



and the capability of studying translucent as well as opaque sol utions.
Because the sanple volune required is so small, tenperature is
accurately and rapidly controlled. The nmost common rheoneters are based
on the neasurenent of stress on a fixed surface while a parallel surface
is moved with a known applied strain. Cone/plate visconeters (nodel
RVTDCP, Wl | s-Brookfield, Massachusetts) rotate a conical spindle at a
fixed and accurately controll ed speed and neasures precisely the steady-
state viscosity of any fluids within the range (32 cP to 196600 cP). As
anot her exanpl e, couette visconeters can be operated in constant as well
as in oscillatory nodes and provide accurate viscoel astic measur enment
[Glinson et al., 1963; Tran-Son-Tay et al., 1986]. Those two systens
require a larger sanple volune of at least 2 M. Optical technique is
al so being used to devel op new ki nd of rheoneters, but limting their
measurenents to translucent solutions only [Ziemann et al., 1994].

The ball microrheoneter enploys a tiny stainless steel ball that
is located in a small, vertical capillary tube, held by a tenperature
control l ed Lexan™ water jacket. The notions of the ball are tracked
using an ultrasonic techni que, associated with a Ti me-to-Voltage
Conversion technique. Steady-state viscosity and conpl ex viscosity
(viscous component, h’, and el astic conponent, G ) are measured by
appl ying a known force on the ball surrounded by a fluid | ocated in the

gl ass capillary tube.

1.2. (bjectives

The purpose of this study is to understand and characterize the
rheol ogi cal properties of sickle red blood cells, while varying

continuously the oxygen tension. Eventually, the final objective is to



show if there is any correlation between the steady-state viscosity of
sickle red bl ood cell suspensions upon steady deoxygenation, and pol yner
fraction. Sickle trait (AS) and sickle cell (SS) red blood cells
resuspended at 25 % hematocrit will be used in this study. Sickle trait
bl ood was used, because its red blood cells present mnimal nenbrane
abnormalities and mnimal cell density heterogeneity. Normal red bl ood
cells (AA) also resuspended at 25 % hematocrit will be run as control
Al the red blood cell suspensions will be resuspended both in their
aut ol ogous plasma and in Phosphate Buffer Solution at the w shed
hematocrit. Henoglobin solutions will be obtained by sonication from
25 % hematocrit red bl ood cell suspensions in autol ogous plasnma. The
potential effects of plasma proteins as well as the inportance of
menbrane abnormalities for sickle red blood cells will be carefully
exan ned.

Thi s new approach that tries to relate the polynmer fraction to the
r heol ogi cal behavi or of sickle red blood cell suspensions will lead to
sonme new discernnment in sickle cell anem a

To achi eve those goals, the ball mcrorheoneter had to be greatly
redesi gned. Firstable, a new technique of Time-to-Voltage Conversion
will be used to track the notions of the ball. This technique wll
repl ace the high frequency counters and el ectronic board which used to
be in charge of that task. The new systemw ||l be calibrated with the
same protocol than it was in the past (using silicone oils and distilled
water). A code will be witten and will have to performthe foll ow ng

functions:
- initialization of the paraneters of experiment,
- keep a record of patient’s information, viscosity
results, experinent information, etc.



- reduce the interaction between the operator and the
i nstrunents,
- be as convivial and practical as possible.

To investigate the effects of steady deoxygenation on sickle bl ood
rheol ogy, several pieces of equipnment will be used:
- a co-oxinmeter (neasures the saturation in oxygen and

total henogl obi n concentration),
- a chemical mcrosensor (measures the partial pressure in

oxygen),
- three flowneters (neasure the flowrate of G, CO, N
gases),
- an ultrasonic sonicator (to obtain henogl obin
sol utions).
Then,
- a bubbling system
- a mxer,
- a P2 calibration cell (inside oxygen tension controlled),
- a P2 sampl e chanber (inside oxygen tension controlled),

will be built for the study.

1.3. Background

Sickle cell anema is a disease involving abnormal henogl obin
within the erythrocyte. It is characterized by a nutant form of
henogl obi n protein. Henogl obi n nol ecul es have four pol ypeptides chai ns:
two al pha (a) and two non-al pha chains. Each chain surrounds an iron
por phyrin nol ecul e that can reversibly bind oxygen. Usually, the non-a
chains are the b chains and conbine with two a chains to form nornal
henogl obin A (HbAA) [ Macki e and Hochnut h, 1990; Briehl and N kol opoul ou
1993]. Sickle cell henoglobin (HoSS) differs fromnormal henoglobin in
one am no-acid change on the b chain. Wen exposed to | ow
concentrations in oxygen, the nutant henpgl obin forns el ongated crysta

polymers with a helical fiber structure, that nakes the cells becone



nore rigid. Sickle cell’s flexibility and defornmability are thus
dramatical ly changed. Physiologically prolonged | ow concentrations in
oxygen can | ead to organ danamges, organs such as heart, kidneys and
brain. Cells with sickle henoglobin, commonly named “sickle cells”
survive at nost one nonth, which causes chronic anem a and then
irreversibl e physiol ogi cal changes. The formed pol ymer can deformthe
erythrocytes twice as nuch in length and then give a crescent shape to

the erythrocytes as shown in Fig. 1.1.

Figure 1.1: Typical Shapes for Normal (AA),
and Sickle (SS) Red Bl ood Cells.

Finally, sickle henpgl obin has been found to be unstable. This
unstability woul d be one the causes of sonme of the menbrane
abnormalities of sickle erythrocytes [Hebbel, 1991; Evans and Mbhandas,
1987]. The real role of nenmbrane abnormalities of sickle red bl ood
cells is believed to add a "stochastic" influence on the potential of

henmogl obi n pol yneri zation given at birth by the genetic code.



Si ckl e henogl obin differs fromnormal henogl obin, because the
conposition of the b chain provides an internol ecul ar contact that
permts polynerizati on upon deoxygenation. Several studies have shown
the effects of deoxygenation on bl ood rheology in sickle cell disease
[Usam et al., 1975; Morris et al., 1993]. Qher fellow researchers
have worked on the determ nation of the polyner fraction (defined as the
rati o of the amount of henoglobin in polyner form to the total anmpunt
of henogl obin within the cell) and have highlighted the inportance of
this factor [Schechter and Noguchi, 1994; Hiruma et al., 1995]. So far
no correlati on between sickle blood viscoelasticity and pol yner fraction
has been established.

Sickle cell anem a al so causes a decrease of the oxygen tension
due to a del ayed passage of blood through capillaries, which can be
expl ai ned by an increase in the bulk viscosity of the blood. At normal
concentrations in oxygen, sickle cells do not show any abnormality in
their mcrovascular flow However, they exhibit higher internal cel
viscosity, lower menbrane elasticity, higher nenbrane viscosity mainly
due to higher concentrations of henoglobin [Chien et al., 1970]. At
normal concentrations in oxygen, sickle cells show a sl ower
m crovascul ar flow. WWen fully oxygenated, sickle cells have a higher
viscosity than normal cells. An increase in the amount of sickle
henogl obi n polyner is noticed at | ow oxygen concentrations [Chien et
al., 1970].

Oxygen is carried in blood in a dissolved formand is al so
chemi cally bound to henoglobin [West, 1979]. Henry's |aw indicates that
t he amount of dissolved oxygen is linearly related to the parti al

pressure in oxygen. Oherwi se, oxygen is chemcally conbined wth



henogl obin to give oxyhenoglobin (O, + Hb « HbGQ). The dissociation
curve, shown in Fig. 1.2 shows the rel ationship between the parti al
pressure in oxygen (PQ) and the saturation in oxygen (SQ). The
position of this curve and its gradient are both a function of a
conbi nati on of factors (partial pressure in carbon dioxide (PCQ), pH,
and tenperature).

The effects of deoxygenati on on bl ood rheology in sickle cell
di sease have been studied [Usam et al., 1975]. Usam and co-workers
i nvestigated the effects of deoxygenation by controlling the suspending
medi um cell concentration (hematocrit at 45 9%, shearing condition,
tenperature, gas tension and pH A rotary-type tononeter was used for

the control of gas tension.

100
90 +
80 +
70 +
60 +
50 +
40 +
30 +
20 +
10 +

Oxyhemoglobin
------ Dissolved

SO, (%)

PO, (mmHg)

Figure 1.2: Dissociation Curve - Relationship between the Parti al
Pressure in Oxygen and the Saturation in Oxygen.

The CO, concentration in the gas m xture was kept at 5.6 %in
order to maintain the pH of the sanple around 7.4. It was shown that
the viscosity of suspensions of HoSS erythrocytes in plasma and in

Buf fer solution increased progressively when the PO, was reduced bel ow a



critical level of approximately 60 mrHg (equivalent to a saturation in
oxygen of 80 % . No significant changes of viscosity w th deoxygenation
were found for HbAA erythrocytes (either in plasma or in Buffer

sol ution).

The quantitative rel ati onshi p between deoxygenati on and
rheol ogi cal behavi or of sickle cell suspensions and concentrated HbSS
solutions was studi ed under steady shear (viscosity, h) and oscillatory
shear (conpl ex viscosity, viscous and el astic conponents, h’, h”) by
Chien et al., [1982]. The apparatus used was the same than Usam et
al., [1975]. An increase in h, h’, h” for sickle cell suspensions and
HbSS was found for a decrease in O saturation bel ow 80-85 %

Apparently, as O, saturation decreases, the viscoelastic properties of
the sickle cell suspensions becone dom nated by that of the

i ntracel lular HbSS. Moreover, no changes were noticed for normal cel
suspensi ons and HbAA solutions. Analysis of the data on suspensions of
HbSS erythrocytes in plasma suggests that red bl ood cell aggregation
decreases with deoxygenation and that both cell deformability and
suspendi ng nedi a have to be considered in the analysis of rheol ogica

di sturbances in sickle cell anem a

Al t hough the rheol ogi cal behavi or of sickle erythrocytes is highly
dependent on oxygen tension (PG) and tenperature [Coffey, 1991], very
little data exist regarding the effects of individual SS cells at body
tenperature. A systemw th PO, and tenperature control, using a
m cropi pette aspiration was designed by Itoh et al. [1992]. This system
was capable of nmonitoring PO, at body tenperature, and studying a single
cell under mcroscopic observation. The mcropipette technique is

useful to study single cell deformability, including cell menbrane



properties [Hochmuth et al., 1993]. The nedia with different PO, was
changed in a constant tenperature chanmber. As PO, was decreased, the
static rigidity and the dynamc rigidity showed no significant changes
before sickling. But once sickled, norphologic alteration of the cel

as well as an increase for the static and dynanmic rigidities (10 to 1000
ti mes) were observed

The effects of varying hematocrit levels on sickle red blood cel
rheol ogy are well docunented [Schnal zer et al., 1987]. Apparent
viscosity of m xtures of washed normal (AA) and sickle (SS) red bl ood
cells resuspended at varying hematocrit |levels were nmeasured by the
means of a rotational visconmeter. Viscosity results were expressed as a
function of hematocrit |evels, oxygen tension and shear rate. A
positive linear relationship was found by Schmal zer and co-workers
[1987] between viscosity and hematocrit for sickle cell suspensions.
Substantial benefits were observed as the proportion of sickle cells was
reduced (bal anced with normal cells).

Anot her relevant factor in sickle cell anem a quantifying the
ability of sickle erythrocytes to deform is the filterability. The
deformability of sickle cells can be studied using a tiny mesh
filtration system By air-equilibrating m xtures of sickle cel
suspensi ons and sickle cells mxed with a known proportion of normal
cells, the nost influent factor in filterability happened to be the
fraction of dense cells (defined as MCHC > 37 g/dL) [Hasegawa et al.
1995]. The filtration of erythrocyte suspensions was inpaired as the
proportion of dense cells increased. This work had for aim of
determ ning the optimal procedure for exchange therapy. It shows that

reduci ng the proportions of non-dense and dense sickle cells circulating



10

is the key to inprovenent in the rheol ogi cal characteristics of blood in
SS patients regularly transfused. Filterability of AS and b+

Thal assem a red bl ood cells was expressed as a function of polyner
fraction [Hruma et al., 1995]. Sickle trait and sickle b+ Thal assem a
were used because these cells present mninmal menbrane abnornalities and
density heterogeneity. It was found that filterability has a |inear
relationship with polymer fraction, up to 30 % polyner fraction. This
wor k confirmed that sickle henoglobin polynerization is definitely the
domi nant factor in sickle cell anem a

The bi omechani cal nmenbrane changes of sickle erythrocytes are
bel i eved to occur after repeated pol ynerization-depol ynerization
processes [ Hebbel, 1991]. Menbrane abnornalities also occur due to the
shrinkage of sickle cells (dense cells) [Dong et al., 1992]. These
cells, which have a higher MCHC (>37 g/dL) exhibit a higher interna
vi scosity, which would explain the menbrane abnormalities.

One inmportant factor in sickle cell anemia is the cell density
heterogeneity. Quantification of the erythrocytes density profile is
wel I known [Rodgers et al., 1985]. Discontinuous Stractan density
gradi ent techni que was used to separate all the subpopul ati ons of
erythrocytes of close MCHC. It was found that sickle cells show a w der
and broader distribution in its MCHC profile. This profile differs from
normal cells by the presence of very light cells, and very dense cells,
which are not found in a normal cell MCHC profile [Rodgers et al.

1985]. Dense cells are one of the nost influent factor in the
pat hophysi ol ogy in sickle cell anema as it has been al ready expl ai ned

previously [Hasegawa et al., 1995] and [Hiruma et al., 1995].
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I ndeed, polynmer fraction and inpaired filterability are highly dependent
on the proportions of dense sickle cells.

A method to neasure the rel ationship between cell filtration and
the formati on of sickle henogl obin pol ymer has been devel oped by Hiruna
and co-workers [1995]. This system was used whet her sickle cel
nor phol ogy, independent of the polynmer fraction was sonehow rel ated to
the cell rheology. This work suggests that studies of sickle cel
di sease pat hophysi ol ogy shoul d consi der the polyner fraction as a better
paranmeter, rather than the cell norphology. It was found that the cel
nor phol ogy was not strongly related to filtration and that on the other
hand pol ymer fraction was.

Bi ochem cal and Bi ophysical studies have |led fell ow researchers
over the years to devel op a thernodynam c anal ysis of the polynerization
of sickle henoglobin [Mnton, 1977; Hofrichter, 1979; Gll et al., 1980
and Sunshine et al., 1982]. Based on this thernodynam c description
that predicts the behavior of polymer formation as a function of oxygen
saturation, Noguchi and co-workers were able to generate the pol yner
fraction profiles as a function of oxygen saturation, as it will be
expl ained in Chapter 2: Materials and nethods. By using this new
t her rodynam ¢ anal ysi s, behavi or of polyner in unfractionated bl ood can
be predicted.

Rheol ogi cal properties of sickle erythrocytes were neasured as a
function of PG, tenperature, and also cell density using a mcropipette
setup by Mackie and co-workers [1990]. The mechani cal properties
measured were the shear nodul us of nmenbrane elasticity, the recovery
time and the unfolding time constant. To relate their experinental data

to the polyner fraction, partial pressure in oxygen, tenperature and
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density were nmeasured. Then, the PQO,- SO, di ssociation curve was used in
order to read the correspondi ng values for the oxygen saturation. Bohr
ef fects equations and pol ynmer fraction versus oxygen saturation charts
were used to express the mechanical properties as a function of polyner
fraction.

The amount of pol ynmerized sickl e henogl obin, can al so be neasured
by using ¢ H magnetic doubl e-resonance spectroscopy [ Noguchi et al.
1979 and 1980]. This study shows that Nucl ear Magneti c Resonance
techni ques can provide quantitative information about the ratio of
i ntracel lul ar henmogl obin in a polymer formto the total anmpunt of
henoglobin within the cell. These techni ques appear to provide accurate
gquantitative results and do not require separation of the sanple into a
fluid phase and a solid phase.

Al t hough sickle cell anema is genetically conpletely
characterized, the sickling process is still not fully understood.
Search for potential treatnments for sickle cell anemia is still going on

[ Abraham et al., 1991; Johnson et al., 1994, and Reilly et al., 1993].

1.4. Significance

In general, sickle cells are nore rigid than normal cells due to
| ess flexible menbranes and hi gher intracellular viscosity. This is
particularly true when red blood cells are deoxygenated. Sickle cells
cause an increase in the bulk viscosity of blood. In severe cases the
cells plug the smaller capillaries causing painful mcrovascul ar
obstructions known as “sickle crisis”. In such cases, the surrounding

ti ssues are deprived of oxygen due to the decreased blood flow The
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purpose of this study is to simulate in vitro the effects of
deoxygenation on sickle cells. By steadily decreasing the parti al
pressure in oxygen (PQ), blood is expected to reach a certain oxygen
level at “equilibriunf after at nmost thirty mnutes at the same PG
(using a spin-cup tononeter, described in Chapter 2: Materials and

met hods). By recreating sone of the physiol ogical conditions and by
measuring all the influent factors such as partial pressure in oxygen
saturation in oxygen, tenperature, pH and osnolarity, rheol ogica
properties expressed in terns of viscosity can be consistently and
accurately nmeasured. Al the red blood cell suspensions wll be
resuspended at 25 % hematocrit (either in autol ogous plasma or in
Phosphat e Buffer Solution), because sickle cell patients, who are
anem c, usually exhibit a |l ower hematocrit than normal patients. To
separate the effects of nenbrane abnormalities fromthat of the
henogl obi n, both sickle trait (AS) and sickle cell (SS) blood will be
used. Normal (AA) blood will be run as control, because we do not
expect too much changes. To investigate the influence of plasm
proteins, red blood cell suspensions will be resuspended at 25 %
hematocrit in both their autol ogous plasma and Phosphate Buffer
Solution. In order to isolate the effects of nenbrane abnormalities in
sickle red bl ood cells, same experinents will be acconplished with
henogl obi n solutions in their autol ogous plasma obtai ned by sonication
as described in the Chapter 2: Materials and nmethods. Viscoelastic
properties will be expressed as a function of partial pressure in oxygen
and oxygen saturation. Eventually, the polymer fraction will be rel ated
to the steady-state viscosity for the first time. This relationship

mght tell us how the viscosity changes as a function of pol ymer
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fraction, and if a relationship can be derived. The role of abnornal
cell menbrane as well as henogl obin on the rheol ogi cal behavior will
then be discussed. This study mght bring up sone new insight. The
new y designed ball m crorheometer provides consistent and accurate

vi scosity nmeasurenments even for |ow viscosities (water viscosity can be
measured), which is still unthinkable for nost of the
rheomet er s/ vi sconmeters di scussed in paragraph 1.1. The bal

m cror heomet er neasures viscosities of red blood cell suspensions at

25 % hematocrit, which is froma clinical point of view, closer to the
real physiological conditions. This new approach tending to relate

pol ymer fraction to the viscoelastic properties will offer new el enents,

which, it is hoped, will lead in a long run to new clinical treatnents.



CHAPTER 2
MATERI ALS AND METHODS

2. 1. | nstrunentati on

2.1.1. Mcrorheoneter Chanber

Vi scoel astic neasurenents are performed in a nodified nmagnet o-
acoustic ball mcrorheoneter of Tran-Son-Tay et al. [1988]. A tiny
stainl ess steel ball (Mdel 440-C, New England Mniature Ball CO,
Connecticut) with dianmeters from0.322 mmto 1.28 mm and density of
7.6675 g/m is inserted in a cylindrical glass capillary tube (internal
di anmeter of 1.61 nm and about 10-11 mmlong) as it is shown in Fig. 2.1
The tube is held vertically within a Lexan™ water jacket with o-rings
at each end to provide tight-seals. Because of the small sanple size,
the tenperature of the sanple fluid can be rapidly and accurately
controlled with the help of a water bath (Mddel RTE 110, Nestl ab, New
Jersey). The sanple volunme required is about 20 mi. The ball notion
caused by a known force either constant or oscillating provides the
measure of the steady-state viscosity and the conpl ex viscosity of any
sanmpl e respectively. Translucent as well as opaque sanples can be
st udi ed.

An ul trasonic pul ser/receiver (Mdel 5052 PR, Pananetrics,
Massachusetts) is used to track the notion of the ball. The pul ser part

of the instrument generates short, |arge anplitude pul ses of controlled

15
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(a)
(a) Iron core Electromagnet
= DC = (b) Water flow IN
. (¢) Water flow OUT

(d) Capillary tube
= AC =5 (e) Steel ball
(f) Pinduscer

Figure 2.1: Mcrorheoneter Schematic.
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ener gy which when applied to an ultrasonic transducer are converted into
short ultrasonic pul ses. These ultrasonic pul ses are received by the
transducer (Model pinducer 15 MHz, Custom size A nm Val pey- Fi sher,
Massachusetts) after reflection fromthe top of the m crorheoneter
chanmber or the ball (when inserted). The receiver part anplifies and
filters the voltage signal, produced by the reflected wave.

To drive the ball, an electromagnet is used as shown in Fig. 2.1.
It consists of two copper wire sections wound about a soft iron core
(sections: 36 gauges, 4000 turns each, iron core dianeter: 1.3 cmfor
5.5 cmin length). A three-way positioner (Newport Corporation,
California) is used to precisely place the el ectromagnet above the
chanmber. A power supply (Mdel 1302, d obal Specialties, New Jersey)
provides a Direct Current (DC) conponent to the el ectromagnet for
levitating and stabilizing the ball by counterbal ancing gravitational
forces. A sweep function generator (Mdel 3022, BK Precision, Illinois)
followed by an anplifier (Mddel 6824 A, Hew ett Packard, Connecti cut)
generates an Alternating Current (AC) conponent strong enough to drive
the el ectromagnet. |In order to mnimze any changes due to heating by
current through the copper wire (section AC), a power resistor (100 W,

2 W is placed in series with the el ectromagnet.
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2.1.2. Time-to-Voltage Conversion

The newl y redesi gned m crorheoneter uses a Tine-to-Voltage
Conversion to track the notions of the ball. The Time-to-Voltage
Conversion is a new concept in test and neasurenent instrunentation. It
provides real time conversion of tinme interval neasurenents into voltage
that can be di splayed as a waveformon an oscilloscope. The vertica
axi s on the oscilloscope display represents the tinme interval
measurenent. The horizontal axis display represents the el apsed tine.
The oscil | oscope waveform di splay gives a graphic representation of
time-interval variations versus time. The Tine-to-Voltage Converter

(Model TVC 501, Tektronix, Florida; see Appendi x A) neasures:

1. Pulse width or period,
2. Delay between two independent signals.

The TVC 501 has three major functional blocks: the front panel
t he processor board and the counter board as shown in Fig. 2.2. The
front panel provides the user interface. The processor board provides
general instrunment control and generates triggers fromthe input
si gnal s.

The counter board perforns Tine-to-Voltage Conversions based on
the duration of the input triggers comng fromthe processor board. The
resulting output represents the Tine-to-Voltage Conversion and i s being
processed as it is explained in the followi ng schematic in Fig. 2.3.

The setup contains a Tinme-to-Voltage Converter, an ultrasonic
pul ser/receiver, two differential anplifiers, a pulse generator, a

digitizing oscilloscope and a PC 486 DX 33 M.
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FRONT P PROCESSOR ¢ INPUTSA & B
PANEL BOARD <

i 3 bits $ 1 bit

COUNTER
BOARD

'

OUTPUT

Figure 2.2: Sinplified TVC Bl ock D agram

The sound wave refl ected back by the top of the chanmber or by the
ball com ng fromthe ultrasonic pinducer (US) is being anplified
filtered by the ultrasonic pul ser/receiver and redirected through its
output (QUT-PR) first to the digitizing oscilloscope channel 4 (CH4) for
vi sual i zation and to the TVC i nput channel B. The synchronization
signal (SYNC) provides a synchronizing pulse +2 V with an out put
i npedance of 50 W. This signal will be used for triggering the pul se
generator (INPG, which will generate the reference pul se used by the
Ti me-t o- Vol t age Converter.

The synchroni zation signal nust first go through a differential
anplifier, where it will be nodified to satisfy the pul se generator input
restraints. The pul se generator output goes into the TVC i nput channel A and
digitizing oscilloscope channel 1 (CH1). The TVC output monitor B (MB) is

connected to channel 3 (CH3) and is being used as an indicator of
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PR DAl PG TVC OCILLOSCOPE
SYNC N-PG OUT-PG A B
OUT-PR OUTTVC MB CH1 CH2 CH3 CH4
Falling Ball
us DA2
Ogillating Ball
A: Channel A, Tine-to-Voltage Converter (TVC 501)
B: Channel B, Tinme-to-Voltage Converter (TVC 501)
CHL to CH4 Channel 1 to Channel 4 oscill oscope (TDS 420)

DAl: Differential
DA2: Analog Differenti al
I nput Trigger,
VB: Moni t or
Gsci | | oscope:
QUT- PG Positive pul se out put,
QUT- PR Qut put
QUT-TVC: Qut put,

si gnal ,

Amplifier

( Model
Amplifier

Pul se CGenerat or

AM 502, Tektronix, Florida)

(PG 501)

B, Tine-to-Voltage Converter (TVC 501)

Pul ser/ Recei ver (

TVC. Ti me-to-Voltage Converter (TVC 501,

US: U trasonic Transducer
Massachusett s)

Figure 2.3:

( Pi nducer

Digitizing Gscill oscope (Mbdel TDS 420, Tektroni x)
Pul se CGenerator (PG 501)

Pul ser/ Recei ver (PR 5052)
Ti me-t o- Vol tage Converter (TVC 501)
PG Pul se Generator (Mdel PG 501, Tektroni x)

PR Pul ser/ Recei ver, (Model
SYNC: Synchro.

5052 PR, Pananetrics, Mssachusetts)

5052 PR
Tekt r oni x)

15 MHz, @ 2nm Val pey- Fi sher,

Ti me-t o- Vol t age Converter Setup.
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the state of the trigger based on the I evel and sl ope selected for
the i nput channels. The TVC output (QUT-TVC) is the resulting voltage
i ssued fromthe Tine-to-Voltage Conversion and is connected to channel 2
(CH2) for visualization. Typical output for the digitizing oscilloscope
channels (1, 3 and 4) are shown in Fig. 2.4.

Tive is actually the time neasured by the TVC techni que which
corresponds to the tinme interval between the top of the chanber or the
bottom of the ball (point B) and the falling slope of the reference
pul se (point A). The TVC provides real time neasurenment of Ty, which

all ows accurate tracking of the ball notions.

2.1.3. Data Acquisition

The digitizing oscill oscope (Mdel TDS 420, 150 MHz, 100
Msampl es/s, Tektroni x, Florida) has a 24-pins GPIB connector on its rear
panel . This connector has a D-type shell and conforns to | EEE standard
488-1-1987. By attaching an | EEE standard 488-1-1987 GPIB cable to the
digitizing oscilloscope and to a GPIB plug-in-board (Mdel PCIA,
Nati onal Instrunents, Texas), the device can be shared through a GPI B
network. The digitizing oscilloscope GPIB paraneters are first set to
mat ch the configuration of the bus (talk/listen nodes). Then, the
digitizing oscilloscope is driven through the GPIB interface using
commands and queries. Wth the help of any DOS or W ndows | anguage, the
osci | | oscope can be conmanded usi ng the enhanced American Standard Code
for Information Interchange (ASCI1) character encoding. Commands and
gueries are encoded wi th the Backus-Naur-Form (BNF) notations and syntax

di agranms (Programmer Manual, Part nunber 070-8709-06, Tektronix).
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Figure 2.4: Typical TVC Measure.
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In addition to the DOS | anguage and the BNF syntax, the N -488.2™
| anguage (Part number 320282-01, National Instrunments) is needed. This
| anguage is actually a lowlevel interface |anguage in-between the DOS
| anguage and the ASCII-BNF character encoding standard. Comands nodify
instruments setting or tell the digitizing oscilloscope to performa
specific action. Queries cause the digitizing oscilloscope to return
data and information about its status.

Al these data transfers are ensured by a GPIB plug-in-board. It
can be tal ker (give orders), listener (receive data) or controller. The
role of the GPIB controller is conparable to the role of a conputer CPU
It makes sure that all transfers are being processed within the shortest

duration and wi thout any risks of conflict with other CPU tasks.

A DOS | anguage code has been witten to take care of

1. Data acquisition

2. Paranmeter’s initialization

3. Patient’s information recording,

4. Consul tation,

5. Proceedi ngs of speed of sound, falling ball, oscillating
bal | experiments and GDM vi sconetry (Paragraphs 2. 2.
2.3).

It has been witten with the concern to reduce the interactions
bet ween the operator and the instrunments and to offer the operator a
convivial environnent. Steady-state viscosity and conplex viscosity are
easily, quickly and accurately obtained (Appendi x D: Program descriptive

of data acquisition code).
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2.1.4. Controls of Partial Pressure in Oxygen and Oxygen Saturation

The aimof this study is to investigate the effects of
deoxygenation on sickle cells. An entire new setup has been designed in
this objective and includes the capabilities of neasuring the parti al
pressure in oxygen and oxygen saturation. A spin-cup tononeter (Mde
IL 237, Instrumentation Laboratory, Mssachusetts, lent by Dr. A N
Schechter, MD, NIH, Maryland), three flowreter units respectively for
oxygen, nitrogen and carbon di oxi de, a chemical m crosensor and a co-
oxinmeter are parts of this new setup as it is shown in Fig. 2.5.

The flowreters (Mddel Accucal ™ Glnont, Illinois) are variable
area flowneters (rotaneters). These nmeters consist of a spherical float
nmoving vertically in a glass tube with a tapered inside dianeter. As
the flow through the tube increases, the float rises in the tube. A
scal e marked on the tube (along with calibration charts) is used to
obtai n accurate neasurenents of flowrate

The co-oxinmeter (Mdel AVOXi neter 1000, Avox Systens, Texas; see
Appendi x B) qui ckly measures the oxyhenogl obin saturation, the tota
henogl obi n concentrati on, and the oxygen content in a sanple of whole
bl ood, partially henol ysed and henogl obin solutions in a disposable
cuvette. The AVOXi neter uses five wavel engths to obtain accurate
nmeasur enents of the oxyhenogl obin saturation (%bQG,) although four
di fferent henogl obi n speci es (oxyhenogl obi n, deoxyhenogl obi n,
met henogl obi n, car boxyhenogl obin) are present in the sanple. The val ue

on the display for oxyhenogl obin saturation is defined as
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CHEMICAL | | STRIP-CHART CO-OXIMETER
MICROSENSOR RECORDER
CALIBRATION
CELL
SPIN-CUP TANKS o, N, CO,
TONOMETER | | |
nn
vy
Temperature: 34 - 40 degree C. FLOWM ETERS 02 N2 C02
GASMIXTURE | | |
INLET
BUBBLING oY ®
uu MIXER
SYSTEM

WATER OUT WATER IN

Figure 2.5: Controls of Partial Pressure in Oxygen
and Oxygen Saturati on.




26

o - [H0)

[THb] = [HbO:] +[Hb] +[ MetHb] +[HbCO]

wher e
%O, : Oxyhenogl obi n saturation
[ THb] : Total henogl obin concentration
[ HhO] : Oxyhenogl obi n
[ Ho] : Deoxyhenogl obi n
[ Met Hb] : Met henogl obi n
[ HbCO : Car boxyhenogl obi n

The chem cal mcrosensor (Mddel 1231, D anmond General Devel opnent
Cor poration, Mchigan; see Appendix C) is an instrunent for anperonetric
nmeasurenents. For our application it will be utilized with a PG
pol ar ogr aphi ¢ sensing el ectrode (Mdel 757 oxygen needl e el ectrode,

Di amond General Devel opnent Corporation). This needle electrode has to
be calibrated at its optimal polarization voltage (-0.7 V) for a
constant tenperature (+ 0.2 degree Celsius). The voltage-current

rel ati onship for a pol arographi c oxygen el ectrode is represented by the
characteristic curve shown in Fig. 2.6. Under these conditions, the
current flow through the electrode is directly proportional to the
partial pressure in oxygen.

Because of the need to create a gas m xture, three flowreters
(Model Accucal™ Glnont) are required to neasure the flow rates from
each of the gas tanks. The chem cal mcrosensor and the needl e
el ectrode must be calibrated at two different gas m xtures. Assum ng
current and percent oxygen are linear, only two gas concentrations are
sufficient: zero O (100 % N,) and anbient air (21 % G). The

tenperature is kept constant (within + 0.2 degree Cel sius).
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Figure 2.6: Characteristic Curve for a Pol arographic
Oxygen El ectrode.

The prepared cells are then | oaded into the spin-cup tononeter
where a saturated m xture of G, N, CO, gases awaits them To prevent
the cells fromdrying out, the gas mixture is saturated by bubbling it
twi ce through water to ensure 100 % saturation humdity. After allow ng
thirty mnutes for the cells to equilibrate at a given PO, the oxygen
needl e electrode is inserted in order to check the PO, value. Then a
0.5 mM sanple is withdrawn and used for the measure of saturation in
oxygen, O, content, total henogl obin concentration and apparent

Vi scosity.

2.2. Experinents at 37°C and Various PO,

2.2.1. Speed of Sound

The speed with which sound waves are transmtted through a sanple

fluid is nmeasured with the device by noting the tine of flight for sound
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pul ses to travel fromthe transducer crystal to the top of the chanber
and back. The chanber and transducer are designed such that the
di stance fromthe transducer to the top of the chanber is the sane each
tinme the instrument is assenbled. It is essential that no air bubbles
be introduced into the chanber with the sanple, because air bubbles can
dramatically increase sound attenuation and alter the speed of sound.
A small syringe (Mddel 1 m, Becton-Dickinson, Fisher Scientific,
Pennsyl vania) is used for loading gently the sanple into the chanber.
The exact length of the chanber, H is derived using distilled
wat er at any tenperature 1} for which the speed of sound, CLm, i's known
[Del Grosso and Mader, 1972]. The time of flight (up and down), T o,

is measured. Then the exact |ength can be expressed as foll ows:
H:OS THzO CHzO

Then the speed of sound of any sample fluid, C;mmm' can be
derived by conparison of the time of flight through the fluid, T¥mwe,
with -rmo and (;QO at the sane tenperature.

Hence,
2H = CSampIe, TSampIe

2H
Came=7
il TSampIe

2.2.2. Steady-State Viscosity Measurenent

The constant rate of fall of a given ball along the axis of the

tube through the fluid provides the steady-state viscosity measurenent
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as found by Tran-Son-Tay et al. [1988]. For falling ball experinents
the shear rate, although constant in time, is not constant in the gap
between the surfaces of the ball and the tube wall. This remark is
especially relevant for non-Newtonian fluids, which show a shear rate
dependent viscosity. After the ball is dropped, the data acquisition
programorders the data transfer fromthe oscill oscope to an ASCII file.
The term nal velocity of the falling ball, V., is then deternined from
the ASCII file. The termnal velocity of the ball in the sanple is
sinmply equal to the slope of the curve (D stance, X, versus el apsed
time) as it is shown in Fig. 2.7. 1In order to derive the term na
velocity fromthe data points acquired a Voltage-to-Ti me Conversion as
wel | as a Tinme-to-Di stance conversion are needed (see Appendix A).

Once the term nal velocity is known, the steady-state viscosity,
h, is sinply derived fromthe followi ng relation [Tran-Son-Tay et al.

1988] :
o 29 Rf)(l‘ - r)
T 9KV,

where g is gravity (981.0 cms?), R, is the radius of the ball (0.065

cm, Ipis the density of the ball (7.6675 g/m), I is the density of

the fluid and Kis the wall correction factor (the wall correction

factor was determ ned by nunerical sinulation fromthe ratio of the bal

diameter to the glass capillary tube dianeter, equal to 0.8077. K was

found to be 82.93).
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2.3. Calibration

The cal i bration protocol consists in evaluating the perfornmances
of the whole setup in terns of precision, and consistency. The
precision is defined in the present study as the intrinsic precision due
to the electronic. The high sanple rates for both the oscill oscope (150
MHz) and the Tine-to-Voltage Converter (2.5 Msanpl es/s) provide accurate
ti me measurenents depending on the dynamic resolution of the TVC and the
measured time interval. The precision corresponds to the tota

measurenent error, E (in %, that the Tinme-to-Voltage Converter

i ntroduces during the conversion. It can be enpirically expressed as
fol | ows:
1 -. Dynamic Resolution i
E=+f7 2O +0.25%Y
[ Time Measured %

For a neasured tinme between 10 and 100 ns, which is a typical tine
interval for falling ball experiments, the corresponding error, E, is:
0.95 %> E > 0.32 %

The consistency is related to the viscosity nmeasurenments. The new
setup was calibrated by using distilled water and known vi scosity
silicone oils (Accurmetric™ Kentucky) at 25°C. The speed of sound data
in distilled water for tenperatures between 5 and 37°C was conpared to
t he data obtained by Del G osso and Mader, [1972], as shown in Fig. 2.8.
The densities were accurately neasured with specific gravity bottles
(Fisher Scientific). The oil viscosity was al so determ ned using a

Brookfield digital visconmeter (Mdel RVIDCP, Brookfield, Massachusetts).
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Figure 2.8: Speed of Sound in Distilled Water
as a Function of Tenperature.

The density of water was found to be 0.985 g/m at room
tenperature and the densities of silicone oils were equal to 0.972 g/n
for 10 ¢St (9.72 cP) and to 0.983 g/m for 100 cSt (98.3 cP). The
Brookfield digital viscometer, due to its range limtations (32 to
196600 cP) could not performthe nmeasures for distilled water and
silicone oil 10 cSt. The mcrorheoneter found for the apparent
viscosity of water at 25°C. 0.98 = 0.03 cP, which match the data found
inthe literature [Hol man and Gajda, 1984]. Silicone oil 10 cSt was
measured at 9.58 + 0.15 cP. Finally silicone oil 100 cSt viscosity was
found to be 95.09 = 2.59 cP, to conpare with the results of the
Brookfield digital viscometer: 94.99 £ 0.97 cP

The m crorheoneter is used to neasure the viscosity of red bl ood
cell suspensions. Gven as an exanple, Table 2.1 shows the apparent

viscosity values for normal, and sickle red bl ood cell suspensions at 25



% and 45 % hematocrit,

literature.
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Table 2.1: Viscosity Measurenents of Normal,

found by the mcrorheoneter and in the

and Sickle Red Bl ood Cell Suspensions.

Temperature: 32C AA RBC AA RBC SS RBC
Normal Oxygenation Hct = 25 % Hct =45 % Hct = 25 %

Medium: Plasma (cP) (cP) (cP)

Literature 5.44 £ 0.75
[Ditenfass, 1985] X (30 men, 100 X
Hct=46.8 + 3.1 %)
Microrheometer 2.12 £ 0.057 4.08 +0.100 2.57 £ 0.106
(2 men, Hct=25 %) | (4 men, Hct=45 %) | (4 men, Hct=25 %)

For these studi es,

honozygous sickl e cell

2. 4.

Bl ood Preparation

bl ood from heal t hy donors,

fromdonors with

di sease and fromsickle trait donors is coll ected

by veni puncture into vacutainers using either Sodium Heparin as an

ant i coagul ant .

within 36 hours fromw t hdrawal .

bl ood is centrifuged (Model

Blood is stored at 5°C and al |

To obtain the red bl ood cells,

nmeasurenents are nade

whol e

Mar at hon 6K, Fisher Scientific) at 2000 g

for 25 minutes after which the plasma and buffy coat are renpved by

aspiration and carefully stored.

The red cells are then washed three

times in isotonic Phosphate Buffered Saline solution (PBS) (Dul becco’s

Phosphat e Buf fered Sali ne,

D-PBS, 10 X).

The pH of the PBS was

previously adjusted to 7.4 (with 0.1 MHO or 0.1 MNaOH) and its

osnmol arity was found to be 303 nosnol .

digital pHreter (Mbdel

220, Corning,

New Yor k) .

The pH is nmeasured with a

Experinments are done at
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25 % hematocrit to standardi ze the data. Hematocrit is neasured by
centrifugation of a 20 mM sanple at 13450 g for 3 mnutes (Hematocrit
tube, Cat-Nunmber 1-000-7500-C, Fisher Scientific). By know ng the exact
vol ume of packed cell suspensions (referred to in the text as
suspensi ons of washed red cells, containing no plasma) and its
hematocrit, one can derive the exact volune of either PBS or plasnma and
buffy coats to add (depending on if we want to resuspend these packed
cell suspensions in their autol ogous plasma or in PBS). The suspensions
are then equilibrated at anbient air for nore than one hour, to ensure
that all the sanples start at a total oxygenation |evel (saturation in

oxygen about 98.8 9% .

2.5. Henogl obin Sol ution Preparation

Bl ood from heal thy, honozygous sickle cell and sickle trait donors
is also used to obtain henogl obin solutions. The standard preparation
of red bl ood cell suspensions resuspended at 25 % hematocrit either in
t heir autol ogous plasma or in PBS renmains the sane as descri bed
previously in paragraph 2.4.

A sonicator (Mdel Virsonic 50, Fisher Scientific) is inserted
into a 25 % hematocrit suspension of red blood cells. This sonicator
supplies 23 kHz of high frequency electrical energy. This electrica
energy is transformed into nechanical vibrations within the unit’s
converter by piezoelectric transducers. These ultrasonic vibrations are
intensified and focused into the sanple by an associated 1/8” dianeter
titani um nm croprobe, inmersed with the sanple solution. Extremely

power ful shearing action is produced through the expansion and col | apse
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of millions of mcroscope vapor bubbles (cavities). This phenonenon
known as cavitation, produces mllions of mniature shock waves

t hr oughout the sanple, causing the nolecules in the liquid to becone
intensively agitated. Eventually, the cell nenbranes are broken, and so
i s obtained the henogl obi n.

The use of a glass cooling (Fisher Scientific) is needed in order
to cool off the 2 mMl sanple to be sonicated at 5°C. The power range is
set to 15 and the time of exposure is 30 s to 45 s. Wthin this
interval, cell nenbranes are successfully broken w thout causing any
aggregation. The henogl obin solutions were systematically screened by
checki ng a drop under m croscopy (Mdel Axiovert 100, Zeiss, Cernany)

and see if it remains intact cells or not.

2.6. Determination of Polymer Fraction

Several methods (as described in Chapter 1: Introduction and
background) can be used to determ ne the extent to which the
distribution in intracellul ar henogl obin concentrations found in sickle
erythrocytes affects the amount of intracellular polynerization of
henogl obin S.

Noguchi et al. [1983] and Noguchi [1984] devel oped a new nunerica
anal ysis to calculate the polyner fraction, as a function of oxygen
saturation. The addition of the nonideal behavior of water in the
solvent to the henpgl obin non-ideality in the thernodynan c description
for henoglobin S polynerization greatly inproved the fit of the
estimated prediction conpared to the C NVR neasurenents [ Noguchi et al.

1980] .
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By explicitly assum ng that the intracellul ar henogl obin and
conposition of sickle erythrocytes is known and uni form Noguchi and co-
wor kers [1980] can predict the behavior of polyner in unfractionated
bl ood, based on the foll owi ng new t her rodynam c anal ysi s.

The skel eton of this thernodynam c nodel was devel oped by M nton,
[1977]. The noni deal behavi or was added by GII et al. [1980].

Assum ng a honogenous cel |l popul ation, the polymer fraction, f, can be
derived as follows:
fo=GCG (G- G/ [G (G- &)

where G = MCHC, G = concentration of henoglobin in the pol ymer
phase (69 g/dL), G = solubility of henoglobin in the m xture expressed
as a function of the oxygen saturation.

Using the density profile the cal cul ated pol ymer fraction can be
expressed as:

&F, G IG -Gl / [G (G- G

—h
o
1

{G/ [G(C- &I} xa&F (G- G)

where F, is the fraction of cells with intracellul ar henogl obin
concentration GC.

The whol e theory has been summari zed by Sunshine et al. [1982] and
Noguchi et al. [1983]. An henogl obin el ectrophoresis and a Conpl ete
Bl ood Count provide the proportions of henoglobin (HbF, HbA, HbS) and
the MCHC respectively. The solubility, G, is calcul ated based on these
paraneters as explained in the theory. A code devel oped by C T. Noguchi
outputs the predicted polyner fraction, f, as a function of the

saturation in oxygen.



CHAPTER 3
THEORY

3.1. Speed of Sound

The m crorheoneter accurately neasures the speed of sound, c, in
any isotropic fluid. The speed of sound is defined as the speed at
whi ch sound waves propagate longitudinally through a fluid. It can be

expressed for an adi abatic and reversible process, as foll ows:

(3.1)

Defi ning the adiabatic conpressibility, b, as
= Ladro (3.2)
r%ﬂpzT
then, equation (3.1) may be expressed as a function of only two

paranmeters, which are the adiabatic conpressibility, b, and the density

of the fluid, r, as shown by equation (3.3):

c=(rb)

N |

(3.3)

Assuming that the fluid into question is a suspension of fine
particles (meaning that the size of the particles is much smaller than
t he wavel ength of the sound wave), then b and r can be respectively

repl aced by the relations (3.4) and (3.5) [Landau and Lifshitz, 1971]:
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b =(1- X)bg’Lszp (3. 4)
r =(1- x)['g+xl'Sp (3.5)

where x is the fractional volume of particles and where the subscripts
sp and sf stand for Suspending Particle and Suspendi ng Fl uid,
respectively. One condition for equations (3.4) and (3.5) to hold is
that the particles be way smaller than the wavel ength of the sound wave
traveling through the suspension. Wth red blood cells, their dianeter
is about 8 mm which is roughly nore than 10 tines snaller than the
wavel engt h of the sound wave (100 mm). By conbining equation (3.3) with
equation (3.4), the adiabatic conpressibility of a suspended particle,
bsp,, may be expressed as shown by Tran-Son-Tay et al. [1989] by the

follow ng rel ation:

Zoﬁ
sf'_ (3.6)
e 1”’C I,

o m

>g§ D
Ml.

DR
O,¢
Sl

@3
<[

8
@ D fD;{D> D D
+

This shows that if the characteristics of a suspension are known
(density, hematocrit and speed of sound through the suspension) then the
conpressibility of individual red blood cells nmay be derived. The Mean
Cor puscul ar Henogl obi n Concentration (MCHC) can be cal cul ated fromthe
conpressibility values by using the linear fit that Shung et al. [1982]
have found:

MCHC = 187.48 - 4.44°10'%p (3.7)

where MCHC is in g/dL and b in cnf/dyne.
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3.2. Steady-State Viscosity

The steady-state viscosity, also known as apparent viscosity is
the result of the falling ball experinent. The apparent viscosity of
blood is not an intrinsic property of blood, but it is a property that
depends on the data reduction procedure. The falling ball experinment is
typically the case of a Stokes flow around a falling sphere. Stokes
flow is described as a steady flow of an unbounded fluid around a ball,
at | ow Reynol ds nunber (Re << 1). The drag force (Fuwounded) @s well as
the Archi nedes’s force (Buwboundes) are known to be the two forces that
exert the fluid to resist to a falling object noving through the fluid

as shown in Fig. 3.1.a.

I:Unbounded
fBUnbounded Bt f Ft
mg mg

(a) (b)

Figure 3.1: Falling Ball in:
(a) Unbounded Fluid and (b) Cylindrical Tube.

Assuming that the fluid into question has a constant density, r,
and a constant Newtonian viscosity, h, then the drag force can be

expressed as it has been shown by Stokes [1851]:
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F.=6p RhV, (3.8)
where R, is the radius of the ball and VW is the term nal velocity of
the ball. Fy, known as the Stokes drag force, which is the drag force
for an unbounded viscous fluid does not count any effects due to the
presence of a container wall (Fig. 3.1.b). The wall correction factor,
K, can be determined for various ball-to-tube dianmeter ratio, |, as
presented in Fig. 3.2. K, is defined as the ratio of F/Fy , where F
is the total drag on the falling ball in a viscous fluid within a

cylindrical tube. The ratiol = R/R used in this study is 0.8077, and

the appropriate wall correction factor, K, is 82.93.

100

Bl

/

/

//

1

00 01 02 03 04 05 06 07 08

Ratio Ru/R:

Figure 3.2: Wall Correction Factor, K, for a Rigid Sphere with
Radius, R,, within a Cylindrical Container with Radius, R,
Moving Axially in a Purely Viscous Fluid.

The total drag F is expressed as foll ows:

F.=6pK R,hV, (3.9)
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where V, is the termnal velocity of the ball falling axially through
t he tube.

The buoyant weight is defined as

gp Rgr (3. 10)

where r is the density of the fluid. Equation (3.10) added to the tota

drag, F;, nust be equal to the weight of the ball:

4
3P Rar, (3.11)

where r, is the density of the ball. By conbining equations (3.9),
(3.10) and (3.11), the steady-state viscosity, h (apparent viscosity),

may be derived

2
n=20R(p ) (3. 12
YA
By measuring the term nal velocity, V,, of a falling ball in a

fluid (wwth a known density, r), then the steady-state viscosity of this

fluid can be cal cul at ed.



CHAPTER 4
RESULTS

4.1. Blood Analysis

A total of twelve individuals were studied: tw normal, five
sickle trait and five sickle cell donors. Atw milliliters sanple was
systematically drawn and sent to the University of Florida, Shands
Hospital, where an Henogl obi n El ectrophoresis (HoE) and a Conpl ete Bl ood
Count (CBC) were done within six hours after the bl ood was drawn.
Proportions of the different types of henogl obin were determ ned from
t he Henogl obi n El ectrophoresis, and the MCHC fromthe CBC. Results of
t he henogl obi n el ectrophoresis are presented in Table 4.1 and the

Conpl ete Bl ood Count results are shown in Table 4.2. Donors:

- 1to b5, are sickle trait donors,
- 6 to 10, are sickle cell donors,
- 11 and 12 are nornal donors.

Sickle cell anema is one of the henogl obi nopat hi es, characterized
by a type of henobglobin with altered oxygen affinity, that causes anem a
and other clinical consequences. Sickle cell individuals are expected
to be anemic, which is confirned by the CBC results (Table 4.2, see
their hematocrit, Hct, and total henogl obin concentration, [Hb]).
Sickle cell donors clearly exhibit a | ower hematocrit: 26.3 £ 5.8 %
than normal donors: 43 £ 3.2 % as shown in Table 4.1. Sickle trait
donors present a slightly |ower hematocrit, than normal donors: 37.6 *

2.8 % (normal range: 33 and 49, nales and femal es incl uded).
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As a consequence, the total henogl obin concentration for sickle
cell individuals is only : 8.7 £ 1.8 g/dL, as opposed to 14.8 =+ 0.9 ¢g/dL
for normal donors and 12.5 + 1.0 g/dL for sickle trait donors.

Individuals 6 and 9 are treated with Hydroxyurea, which is a drug
that reduces the intracellul ar sickle henoglobin concentration and
i ncreases fetal henoglobin (Table 4.3). Sickle cell donors exhibit a
clear disorder in their henogl obin el ectrophoresis results. Only sickle
henogl obi n and fetal henoglobin were significantly present with: 84.8 +
12.5 % sickle henmogl obin and 8.0 + 11.7 % fetal henogl obin.

Donors 7 and 9 are individuals with sickle b Thal assem a. Sickle
honbzygous b Thal assemia is a sickling disorder, that results fromthe
bound between the sickle trait and b Thal assemia trait genes. This
di sease |l eads to no or severely reduced amount of normal henogl obin.
Fetal and A; henogl obins are usually found in [ arger proportions (Donor
7 shows 3 % A, henogl obin and no fetal henogl obin; donor 9 presents 26 %
fetal henoglobin and only traces of A;; HbF and HbA, are two other types
of normal henogl obins). Table 4.3 summarizes the results of the
henogl obi n el ectrophoresis and the CBC. Nornmal donors show val ues of
normal henogl obin close to 100 % as expected. On the contrary, sickle
trait individuals, present 38.0 + 3.3 % of sickle henogl obin and
59.7 £ 3.6 % of normal henoglobin. Al nost no fetal henogl obin was
detected, less than 0.1 %

Data presented in Table 4.3 are used to generate the pol yner
fraction profiles, given in Fig. 4.1. The deterni nation of the polyner
fraction is based on a thernodynam c anal ysis, that has been sunmmarized
in Chapter 2: Materials and nethods. The polynmer fraction profiles were

generated by Dr. Noguchi and co-workers (N DDK, N H, Bethesda
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Maryl and), using a code that expresses the polyner fraction in ternms of
t he oxygen saturation. This programtakes as inputs the respective
proportions (in 9% of normal henogl obin, fetal henoglobin, sickle
henogl obi n (henogl obins A, and C are fold with sickle henpgl obin), and
finally the Mean Corpuscul ar Henogl obin Concentration (MCHC in g/dL).
The four upper curves, donors 6 to 10 are the polyner fraction
profiles for sickle cell individuals. The maxi mum polymer fraction
formed is roughly 60 % at total theoretical deoxygenation of 0 %
saturation in oxygen. There is polynerization of sickle henoglobin for
saturation in oxygen below 80 % for donors 6, 7 and 8, and below 70 %
for donor 9. Polyner fraction curves for donors 6 and 9 (treated on
Hydr oxyurea) are beneath the profiles for donors 7 and 8. As expected,
pol ymer fraction values for AS donors are much [ower than for SS
i ndividuals. The five |ower curves represent the polyner fraction
profiles for the sickle trait donors 1 to 5. The maxi mum pol yner
fraction formed is approximately 30 % at total deoxygenation. Polynmner
starts formng for a saturation in oxygen below 50-55 % It is
essential to point the fact out that 50 % oxygen saturation is where the
PQO,- SO, dissociation curve is the steepest (see Chapter 1: Introduction

and Background) .
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PATIENT HbA HbF HbS HbAZ/C MCHC
(%) (%) (%) (%) (g Al)

63.8 0.3 34.9 1.0 33.3

55.4 0.2 41.6 2.8 33.5

AS 63.1 0.0 34.1 2.7 33.5
58.0 0.0 40.0 Present 33.3

58.4 0.1 39.3 2.2 33.2

0.0 14.0 84.0 Present 34.1

0.0 0.0 97.0 3.0 32.9

SS 0.0 0.0 98.0 | Present| 32.5
0.0 26.0 73.0 Present 33.8

26.0 0.0 72.0 Present 32.6

AA 98.8 0.0 0.0 1.2 34.0
99.0 0.0 0.0 1.0 34.7

Table 4.3: Henogl obin El ectrophoresis

and MCHC Summary.
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4.2. Red Blood Cell Suspensions in Plasnma

Apparent viscosity (h) for AA, AS, and SS red bl ood cel
suspensions in plasma, as a function of PO, and SO, respectively, are
given in Figs. 4.2 and 4.3. The sane scale was used for all the plots
presented in this chapter for easier conparison. Normal donors do not
show any changes in their viscosity, as PO, (Fig. 4.2.a) and SO, (Fig.
4.3.a) decrease; a constant linear relationship is observed. On the
ot her hand, sickle trait donors have a slight increase in their
viscosity, as PO, and SO, decrease (Figs. 4.2.b and 4.3.b). Partial
pressure in oxygen bel ow 20 nrHg, equivalent to a saturation in oxygen
of 30 % seens to be the trigger |evel under which viscosity starts
increasing. A statistical analysis showed that the best curve fit for
the viscosity curves expressed in terns of PO, (Fig. 4.2.b) and SO
(Fig. 4.3.b) were logarithmc and |inear respectively. The correlation
coefficients for the PO, curve were 0.67 (logarithmc), and 0.65
(linear). For the SO, curve, the correlation coefficient was 0.76
(linear), against 0.69 (logarithmc). Eventually, sickle cell donors
have a nore pronounced increase in their apparent viscosity, for PG
bel ow 60 mMHg, or 70 % saturation in oxygen. The sane statistica
approach led to believe that a logarithmc fit is in this case, the nost
appropriate: 0.76 (PO, curve, Fig. 4.2.c), and 0.79 (SO curve, Fig.
4.3.¢c).

Vi scosity values as a function of polymer fraction are shown in
Fig. 4.4. For normal donors, there is no polynmer formation (Fig.
4.4.a). Sickle trait and sickle cell individuals data are presented in
Figs. 4.4.b and 4.4.c respectively. Their trends will be discussed in

Chapter 5: Discussion
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Figure 4.2: Apparent Viscosity vs. PO:

(a) AA donors, (b) AS donors,

and (c) SS donors.
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and (c) SS donors.
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4.3. Red Blood Cell Suspensions in Phosphate Buffer Sol ution

Figures 4.5, and 4.6 show the val ues of the apparent viscosity as
a function of PO, and SO, respectively. Normal donors exhibit a flat
linear relationship between viscosity values and PO, (Fig. 4.5.a) and
also SO, (Fig. 4.6.a). Sickle trait individuals appear to exhibit the
same trend (Fig. 4.5.b). However, the best curve fit was found to be
logarithmc with a correlation factor of 0.71 (to conpare with the
linear regression: 0.56), suggesting that there is a non negligible
i ncrease at very |ow oxygen |levels (below 20 mmHg). On the contrary, a
linear relationship over the full range is found between h and SO, (Fig.
4.6.b). Sickle cell donors once again show an increase in viscosity for
PO, below 60 nmHg (Fig. 4.5.c), steeper than for sickle trait donors.
The best curve fit happened to be logarithmc rather than |linear (0.74,
against 0.53). This remark is also suitable for the viscosity plot
expressed as a function of SO, (Fig. 4.6.c) for which an increase in
viscosity is again observed at saturation in oxygen below 70 %
Curves of viscosity expressed as a function of polyner fraction are
shown in Fig. 4.7. No polyner is fornmed inside RBC s from normal donors
as expected (Fig. 4.7.a). A linear relationship is seen between
vi scosity and polyner fraction up to 30 %for sickle trait donors (Fig.
4.7.b). The relationship between apparent viscosity and pol yner
fraction for sickle cell individuals is shown in Fig. 4.7.c. The
difference in anplitude in viscosity between plasma and PBS suspensi ons,
suggesting a potential effect of plasma proteins will be addressed in

Chapter 5.
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Figure 4.5: Apparent Viscosity vs. PQO:

(b) AS donors,

and (c) SS donors.
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4.4. Henogl obin Solutions in Plasma

Henogl obi n sol uti ons were obtained from25 %red bl ood cel
suspensions in plasma, using an ultrasonic sonicator. Before lysing the
cells, the suspensions were exposed at anbient air, for nore than an
hour, for total oxygenation. Apparent viscosity results versus PG, and
SO, are shown in Figs. 4.8, and 4.9. Nornmal donors show a const ant
linear relationship for both PO, (Fig. 4.8.a) and SO, (Fig. 4.9.a)
curves, confirmng that no major changes are noticed for normal bl ood
vi scosity upon deoxygenation. Sickle trait individuals still exhibit a
very flat relationship, down to PO, about 20 mHg (Fig. 4.8.b). Bel ow
that critical level, the relationship tends to becone steeper. The
rel ati onshi p between viscosity and SO, (Fig. 4.9.b) is found to be
linear (correlation factor is 0.62). Sickle cell individuals present
very simlar results, except that a nore pronounced increase i s observed
still for PO, below 40 mmHg (Fig. 4.8.c). The best curve fit for PG
(Fig. 4.8.c) and SO, (Fig. 4.9.c) curves are both logarithmc
(correlation coefficients: 0.76 and 0.79, respectively, to conpare with
a linear regression: 0.44, and 0.68). The apparent viscosity results
versus polyner fraction are shown in Fig. 4.10. For normal donors,
there is still no polymer formation (Fig. 4.10.a). For sickle trait
donors, a linear relationship was found up to 30 % pol ymer fraction
(Fig. 4.10.b). Sickle cell individuals data (steady-state viscosity vs.

pol ymer fraction) are presented in Fig. 4.10.c.
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CHAPTER 5
DI SCUSSI ON

5.1. Blood Analysis

Fromthe blood analysis (Table 4.1) normal donors have a majority
of henoglobin A (98-99 % and traces of henoglobin A/ C  No polyner
formati on occurs since sickle henpglobin is totally absent (Figs. 4.4.a,
4.7.a, and 4.10.a).

Sickle trait is treated |like a beni gn henogl obi n di sorder disease.
Donors with sicklem a undergo clinical conplications only under extrene
hypoxi a. However, extreme variations in clinical expressions and
conplications anong different sickle trait donors or even in the sanme
i ndi vi dual [ Cooper and Tool e, 1972] are found, and remai n unexpl ai ned
even nowadays. Geater variability in blood viscosity is usually found
i n heterozygous sickle (AS) individuals where the average percentage of
sickl e henoglobin is 40 % (range from22 to 45 % docunented in the
literature [Fibach et al., 1993]). However, as shown in Table 4.3, the
present popul ation studied is relatively honogenous (sickle henogl obin:
38.0 £ 3.3 % normal henoglobin: 59.7 £ 3.6 %, which explains the
simlar polymer fraction profiles obtained for sickle trait individuals
(Fig. 4.1), and fairly uniformvalues in the nmeasurenents.

Greater scatter in the henoglobin nmeasurenents is found in
honozygous sickle (SS) individuals. Average percentages are found to be

84.8 £ 12.5 % sickle for henmpglobin and 8.0 + 11.7 %for feta
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henogl obin (Table 4.3). Two donors were treated on Hydroxyurea (donors
6 and 9), which is an inhibitor of DNA synthesis. Hydroxyurea increases
fetal henoglobin levels in sickle cell individuals [Fibach et al., 1993;
Rodgers et al., 1993], and to a |l ower degree in sickle b Thal assem a

i ndi vidual s. Hydroxyurea inhibits the polynmerization process and tends
to reduce vaso-occlusive occurrences. Therefore, the predicted pol yner
fraction curves for these two individuals, as showmn in Fig. 4.1 are
beneath the profiles of patients 7 and 8. Donor 9, with 26 %feta
henogl obi n and 73 % si ckl e henogl obi n has a cal cul ated pol ymer fraction
profile simlar to sickle trait’s donors. However, for this case

pol ymer formation starts at 70 % oxygen saturation as opposed to 50 %in

AS donors.

5.2. Study of Deoxygenation on Cell Rheol ogy

Bl ood vi scosity depends on many factors [Ditenfass, 1976]:

- netabolic,
- cancer,

- infections,
- trauma,

- genetic,

- i munol ogi cal

- enotional stress,

- drugs,

- sone unknown factors (obesity and diet).

However, for sickle cell anem a the nost inportant factors are:

1. hematocrit,

2. tenperature,

3. anount of polyner inside the cell, which is a function of
oxygen saturation, as well as a function of the
henogl obi n conposition and concentration

4. alignnment of polynmer,

5. the proportions of dense cells and also Irreversible
Sickled Cells (1SC
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t ransf usi on,
menbr ane abnormalities,
cell-to-cell adhesion,
henogl obi n- menbr ane i nteractions,
.serum proteins, pH
. hapl ot ypes.

RBOONO

= O

The scatter in the data is therefore a direct cause of the
conbi nati on of sonme of these factors, factors that are sonetines hard to
track down. In the protocol followed for this study, the effects of
hematocrit and tenperature are inhibited, since all the red bl ood cel
suspensi ons are resuspended at 25 % hematocrit, and the tenperature is
mai ntai ned at 37°C. The pHis set to 7.4, by controlling the parti al
pressure in CO, at 5.6 % Haplotypes are not believed to be really
i nfluent, and therefore can be considered as a negligible factor. The
effects of plasma proteins can be investigated, since neasurenents for
red bl ood cell suspensions in both autol ogous plasma and Phosphate
Buf fer Solution are made. The amount of polymer forned inside the cel
is predicted, and related to the partial pressure in oxygen, oxygen
saturation, and viscosity neasurements. |f studying whole red bl ood
cell suspensions appears to be relevant froma clinical point of view,
one nust keep in mnd, that factors 4 to 9 nay be inportant and need to
be characterized. Dense cells have a domnant role into the sickling
process [Hiruma et al., 1995], and this explains trenendous differences
in polyner fractions at low levels in oxygen fromone patient to
another. Cell-to-cell adhesion, facilitated by plasma proteins [Hebbel
1991] is also a factor that causes an increase in viscosity. Sickle
cell individuals may present different conbinations of these factors,
which all are related sonehow to the rheol ogi cal properties of the red

bl ood cells, and consequently have effects on viscosity nmeasurenents.
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As di scussed in Chapter 4, no theoretical nodel exists to express
the viscosity as a function of polyner fraction (PF). Figure 5.1
sumari zes the data of viscosity versus polymer fraction for normal
sickle trait, and sickle cell donors (suspensions in plasm, Phosphate
Buf f er Sol ution, and henogl obin solutions). The corresponding |inear

regressions for polyner fraction below 55 %give the follow ng results:

- SS RBCin Plasma: h =7.936 °~ PF + 2.713,
- AS RBCin Plasma: h =6.238 ° PF + 2.712,
- SS RBC in PBS: h = 4.456 ~ PF + 1.620,
- AS RBC in PBS: h =1.342 ° PF + 2.103.

The increase in viscosity is linear with polyner fraction in
sickle trait and in sickle cell individuals, as polynmer fraction
increases to 30 % The linear relationship between viscosity
suspensi ons and pol ymer goes on in sickle cell individuals up to a
critical polymer fraction value of 50-55 % as it is shown in Fig. 5.1.
Above this critical value, a sharp increase in viscosity is seen. Red
bl ood cell suspensions in plasma and in PBS are studied, in order to see
if plasma proteins have any effects on the mechanical properties of red
bl ood cells upon deoxygenation and to confirmthe findings of Chien et
al. [1970] and Usam et al. [1975].

FromFig. 5.1 it can be seen that the difference in viscosity
bet ween PBS and plasma results is due to the fact that the viscosity of
plasma is slightly greater than the viscosity of PBS. The difference in
vi scosity disappears when the results in PBS are adjusted for the higher
vi scosity value of plasma under fully oxygenated condition (Fig. 5.2).

The linear regression for all the data gives
- for PF £ 55 % h = 4.922 © PF + 2.705,
- for PF > 55 % h = 118.380 = PF - 58. 46.
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Duri ng these experinments, pH was also nonitored. Starting around
7.4 at normal oxygen concentration (anbient air), the pH slightly
i ncreased at very | ow oxygen levels, to reach values around 7.6 in PBS
and 7.8 in plasma. A small increase in pHis not expected to produce a
significant change in viscosity.

Based on this work, apparent viscosity appears to be a potential
good paraneter for assessing clinical severity in sickle cell anema. A
conpl ete characterization of viscosity as a function of polymer fraction
is useful. Polymer fraction is a direct neasurenment of the
pol ymeri zati on process, but it is easier to neasure viscosity than
pol ymer fraction. dinical severity in sickle cell patients can be
accurately and quickly estimated, daily if necessary. This would allow
a better tracking of the devel opnent of the di sease, and al so woul d

permt to investigate the effects of sone pharmacol ogi cal agents.

5.3. Further Wrk

The present study is a step into the characterization of the
rheol ogi cal properties of sickle red blood cells. Below, is a list of
observations and suggestions that should be considered in order to
i nprove our understandi ng of the biorheol ogi cal behavior of red bl ood
cel I s.

1. A dynamc study should be done to express the elastic and
vi scous conponents as a function of polymer fraction for sickle trait
and sickle cell individuals. This work will bring additiona
i nformati on, and could be a better paraneter for assessing clinica

severity or effects of drugs.
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Figure 5.1: Best Curve Fits:
Apparent Viscosity vs. Polymer Fraction
(a) RBCin Plasma, (b) RBCin PBS, and (c) Hb in Plasma.



67

Apparent Viscosity (cP)

22.5 +

20.0 +

17.5 +

15.0 + .
& RBC in Plasma

OoRBC in PBS

0.7

Polymer Fraction

Figure 5.2: Best Curve Fit:
Apparent Viscosity vs. Polymer Fraction:
SS, AS RBC in Plasnma and PBS.




68

2. It was shown in Chapter 2: Material and Methods, that it is
easy to obtain henoglobin fromred blood cell suspensions. The problem
with utilizing henoglobin solutions, is that it is difficult to obtain
henogl obi n concentrations as high as in cells. Therefore, the effects
of deoxygenati on on such suspensions are hard to interpret. It is
suggest ed that henopgl obi n sol utions, and whol e bl ood suspensi ons be
studied in parallel, at higher hematocrit (ideally at 100 % hematocrit).
Ef fects of deoxygenati on would be studied on these solutions to
determine the role of the cell menbrane in the rheol ogi cal neasurenents.
Pol ymer fraction would be related to the steady-state and conpl ex
viscosities, both for AS, and SS individuals.

3. It would be interesting to find if the instrunent is sensitive

enough for studying the interactions between:

- RBC and endot helial cells,
- RBC and protein-coated (e.g. collagen) walls.

4. The effects of pharmacol ogi cal agents on the kinetics and

extent of henogl obin gel formation should be studied.



APPENDI X A
TI ME- TO- VOLTAGE CONVERSI ON

Ti me-t o- Vol t age Converter

Three maj or functional blocks characterize the Tinme-to-Voltage
Converter (Mbdel TVC 501, Tektronix, Florida): the front panel, the
processor board and the counter board.

The front panel provides the user interface. Keyboard encoder
data outputs to the processor board. Status and neasurenent data from
t he processor board inputs to the display controller and displayed by
the front panel LEDs.

The processor board consists of the mcroprocessor, signal inputs
circuits and power regulators. |Its primary functions is to provide
general instrunent control and to generate triggers fromthe input
signals. The microprocessor outputs neasurenents and status data to the
front panel display controller. It also outputs data to a dual DAC
Each DAC out put drives an ACP that produces the threshold level for a
trigger conparator (Channels A and B). It shifts serial data
consi sting of control bits and counter status bits, into a chain of
shift registers. The shift register on the processor board outputs
control bits for various processor board circuits. Shift registers on
the counter board provide control bits, counter status bits and counter
prel oad data. The signal inputs (Channels A and B) are connected to

coupling switches (DC or AC). The switch outputs are sent to anplifier
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circuits and then to trigger conmparators where the trigger slope and

| evel are set. The trigger conparator outputs go to the nonitor outputs
and the counter circuit board. The channel B is available in divide-by
100 and divi de-by 1000. Several denonstration signals are avail able

t hrough the channel B nonitor. The processor board supply the foll ow ng
vol tages: +5 VA, +5 VAD, +12 VA, -12 VA, +21 V using the source voltage
of the power nodul e.

The counter board consists of the clock generator, pulse formng
and synchronizing circuits, dual counter, DAC circuits and shift
registers. This board perfornms Tine-to-Voltage Conversions based on the
duration of the input triggers. The counter board al so generates test
signal s avail able at the channel B nonitor output. The clock generator
is the master clock that drives the pul se form ng and synchroni zi ng
circuits. The trigger conparator outputs are inputs to the pul se
form ng and synchronizing circuits. The triggers are fornmed into a
pul se representing the tine interval to be nmeasured. This tinme interval
pul se is synchronized to the clock generator. Wen the tinme interval
pul se is active, clock pulses are ANDed with it to forma burst. This
burst is passed to the Dual counter. This last counts the nunber of
pul ses received in the clock burst fromthe pul se form ng and
synchronizing circuit. One bank select signal determ nes which bank is
enabl ed for counting. The pulse count is |loaded into the DAC. The DAC
converts the count value into a corresponding current. An anplifier
foll owi ng the DAC produces an output voltage fromthe DAC current. The

resulting voltage is the Time-to-Voltage Conversion
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An adjustment circuit including gain and offset potentioneters provides
of fset and gain calibration for the anplifier output.

The serial data fromthe processor board is shifted into a chain of
shift registers and then back to the m croprocessor. Data fromthe dual
counter and status data is |oaded into one set of registers. The

m croprocessor uses this data for the AUTO of fset function. The
processor can send a counter preload value to another set of registers.

This prel oad val ue represents the offset val ue.

Vol t age-to- Ti ne Conversi on and Ti me-to-Di stance Conversion

1. Voltage between: -Vmn and +Vnax,

2. Voltage = Voltage + A/m nY%;

3. Vol tage now between: [Vmax and +Y/m n%4 and zero,
4. Voltage = Voltage / (Vmax + ¥A/m ny),

5. Vol tage now between 0 and 1,

6. Voltage = Voltage x H_top,
where Htop = (H Determned - Ball_Dianmeter) - H Bottom
7. Voltage = Voltage + H Bottom

where H Bottom= 0.5 x (TF - TVC) x Speed_of _Sound_Sanpl e,
where TF = Tine of Flight, and TVC = Tine to Vol tage Converter

Ti me.



APPENDI X B
CO- OXI METER

The co-oxineter (Mdel AVOXi neter 1000, Avox Systens, Texas)

neasures:
1. The saturation in oxygen (%bQ0,),
2. The total henopgl obin concentration (THb),
3. The oxygen content (O, Content).
According to Beer's law, if several |ight-absorbing conpounds are

present in a solution, the concentrati on of each conpound can be
deducted if the compounds differ in their optical absorbencies and if
optical density is neasured at as many wavel engths as there are
conpounds present.

If 3 conmpounds X, Y, Z are present and if the optical density (QOD)
is measured at 3 different wavelengths (l;), the result is a set of
si mul t aneous equations with as many equations as there are unknown
concentrations (ci). Thus, if the optical pathlength (I) and the
extinction coefficient (e are known, the concentrations C, C, C, can

be conputed fromthis set of equations:

oD(l1) = 6€i1.C.1 + €,1.C.1 +€,1.C. 1
OD(l2) = €12.C. 1l + €,,.C.1 + €,.C. 1
OD(l3) = €i13.C.l + €,35.C.1 + €,3.C. 1

The AVOXi neter 1000 is capable of nmeasuring the paraneters |listed

above in a sanple of whole blood, partially henolysed and in henogl obin
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solutions. Five wavel engths are being used to obtain accurate

measur enents of the oxyhenogl obin saturation (%bG) and can detect four
di fferent henogl obi n speci es (oxyhenogl obi n, deoxyhenogl obi n,

met henogl obi n, carboxyhenogl obin). The oxyhenogl obin saturation is

defined as foll ows:

o - [H0)

[THb] = [HbO:] +[Hb] +[ MetHb] +[HbCO]

wher e
%O, : Oxyhenogl obi n saturation
[ THb] : Total henogl obin concentration
[ HhO] : Oxyhenogl obi n
[ Hb] : Deoxyhenogl obi n
[ Met Hb] : Met henogl obi n
[ HbCO : Car boxyhenogl obi n

The accuracy is = 1% for the nmeasure of saturation in oxygen and
respectively 0.45 g/dL (THb > 10 g/dL) and 0.35 g/dL (THb < 10 g/dL) for

t he nmeasure of the total henogl obin concentration.



APPENDI X C

OXYCGEN M CROSENSCR

The chem cal mcrosensor (Mdel 1231, D anmond General Devel opnent
Corporation, Mchigan) is capable of nmeasuring the partial pressure in
oxygen. A PG, pol arographic sensing el ectrode (Mdel 757 oxygen needl e
el ectrode, Di anond CGeneral Devel opment Corporation) will be used to
check on the partial pressure in oxygen of the bl ood sanples.

The oxygen needl e el ectrode contai ns a cathode and an anode
(reference electrode). Wen it is correctly polarized in a solution
contai ning electrolytes and di ssol ved oxygen, current will flow as a
result of the reduction of oxygen at the cathodic surface (negatively
pol ari zed). The reactions at the cathode and anode are respectively

expressed as

O.+2H.0 +4€ ® 40H
4Ag +4Cl ® 4AQCl +4¢
The voltage-current relationship for a pol arographi c oxygen

el ectrode is represented by the characteristic curve as shown in Figure
2.6 (Chapter 2: Materials and Methods). In the region around -0.7 Volt,
the current tends to reach a plateau in which changes in voltage have
little effect on current. |In this plateau region, the current is
limted by the rate at which oxygen can diffuse to the cathode. As the

voltage is increased above -1.0 volt (or decreased below -0.5 Volt), the
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current again increases (or decreases) with voltage due to the reduction
of other elenents in addition to oxygen

The diffusion rate is a function of the oxygen diffusion
coefficient of the menbrane, nedia surrounding the cathode and the
di ssol ved oxygen concentration. In turn, it is proportional to the
oxygen partial pressure and tenperature. Therefore, for a constant
tenperature (= 0.2 degree Celsius), current flow through the el ectrode

is directly proportional to the partial pressure in oxygen



APPENDI X D

PROGRAM DESCRI PTI VE OF DATA ACQUI SI TI ON CODE

| NTRCDUCT1 ON

The data acquisition code was witten in Turbo Pascal 7.0 (Version

Borland 7.0), composed of 14 independent units. This programruns on PC

base (PC XT/ AT or above) and does not require any nunerical co-processor

(8087).

PROJECT (Main):

CONSULT:

COURBE10:

FB:

GRAPHI QU:

CODE | NFORNATI ON

Sour ce Conpi |l ed: 6245 i nes.

Code si ze: 113904 bytes.
Data si ze: 36374 bytes.
Stack size: 16384 byt es.

Data size required for 1/QO 655360 bytes.
No EMS required.

UNI TS

15 | i nes,
Executabl e file, PRQIECT. EXE

935 | i nes,
Consul tation of Patient’s infornation and Vi scoel astic
nmeasur enents.

275 1ines,
Pl ot curves on screen pixel by pixel

185 Ii nes,
Run falling ball experinent.

325 |i nes,
Cont ai ns diverse graphic subroutines for Input/Cutput
operations in graphic node and draw ng subrouti nes.

355 lines,

Run:

- oscillating ball experinent,
- GDM visconetry.
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OSCl LLCSs: 2430 li nes,
Drive the digitizing oscilloscope (Mdes Listen/Tal k).
Initialize digitizing oscill oscope paraneters.
Take care of all the data transfers.
O der data transfer when needed.
Derive the viscosity fromthe data acquired.
Save the data into files.
Unit required for speed of sound, falling ball,
oscillating ball experiments and GDM vi sconetry.

PARAMET: 210 li nes,
Initialize gl obal parameters such as radius of the
ball, wall correction factor, capillary tube

di aneter, height of oscillation..

PATI ENT: 250 li nes,
Al ow the operator to enter all the patient’s
information as well as information regarding the
ongoi ng experi nment.

SCS: 105 Ii nes,
Run speed of sound experinment.
Derive the exact height of the capillary tube.

START: 320 li nes,

Mai n screen.

Initialize acquisition paranmeters and cl ear al
tenporary data used to prepare the code for the
execution of a new run.

The operator can choose to:

- initialize gl obal paraneters,

- enter patient’s information,

- consult stored information,

- run speed of sound,

- run falling ball,

- run oscillating ball or the GDM vi sconeter.

STARTUP: 145 1i nes,
Initialize all the variables, synbols and tenporary
buffers for further use.
Sel ect the optimal video node and call the
unit START.

TPDECL: 475 1i nes,
Interface unit containing Input/Qutput subroutines
regarding the data transfer between the digitizing
osci |l | oscope, and the GPIB.

VARI ABLE: 220 |i nes,
Contains all the definitions and decl arati ons of:
- CONSTANTS
- TYPES (record, file...)
- VARI ABLES (real, pointer, file...).
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FUNCTI ONAL SCHEMATI C

PROJECT

(Source Compiled)

STARTUP

> START

Y Y Y Y Y

| PARAMET || PATIENT || CONSULT | SOS FB 0SCB
GRAPHIQU || GRAPHIQU | | GRAPHIQU GRAPHIQU || courBE1o || courBE10
VARIABLE || VARIABLE || VARIABLE OSCILLOS || GRAPHIQU || GRAPHIQU
TPDECL oscILLoS || osciLLos
VARIABLE TPDECL TPDECL
VARIABLE || VARIABLE

Functional Schenatic.

Figure D. 1:
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