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ivABSTRACTCOLE PARAMETERS OF HUMAN BLOOD WITHDIFFERENT ANTICOAGULANTSImpedan
e spe
tros
opy of blood samples with A
id Citrate Dextrose, EthyleneDiamine Tetra-a
eti
 A
id, Lithium Heparin and Sodium Citrate anti
aogulants areperformed in the frequen
y range 20Hz-1MHz, using the two probe method, at roomtemperature. The measurement 
ell is a 
ylindri
al-like plasti
 tube of 1.45 
m diameterand 14 ml volume with two stainless-steel ele
trodes. Blood samples of 5 ml are drawnfrom 9 healthy male donors between ages 22 to 28, and 
entrifuged at 5500 rpm for8 minutes to 
onstitute di�erent hemato
rit values in the range from 29 % to 60 %.Multifrequen
y impedan
e measurements are �tted to Cole-Cole diagrams using theMatlab algorithm; Cole parameters R0, R∞, fc and α are then used to model theequivalent ele
tri
al 
ir
uit of blood. Only high frequen
y data (100kHz-1MHz) areused in �tting the Cole 
ir
le where e�e
ts of ele
trode polarization are negligible. Itis later shown that this is a

eptable sin
e the 
hara
teristi
 frequen
y of the bloodsamples o

urs around few MHz. Resistivities of plasma alone are measured as 70 ±1.3 Ω.
m : 79.2 ± 1.3 Ω.
m : 72 ± 3.4 Ω.
m and 78.3 ± 1.2 Ω.
m for EDTA, LH,SC and ACD respe
tively. At 100 % hemato
rit when the extra
ellular 
ondu
tivity iszero the intra
ellular resistivities are 200 Ω.
m for EDTA; 214 Ω.
m for LH; 261 Ω.
mfor SC and 176 Ω.
m for ACD. The rate of in
rease in extra
ellular resistan
e with Htis measured higher with LH and EDTA. In the physiologi
al range of hemato
rits, Reis the highest with LH and lowest with SC; at h=0.6 LH samples are 34 % higher thanSC samples. The 
hara
teristi
 frequen
y f
 
hanges with the type of anti
oagulant;the frequen
y span at Ht=50 % is from 0.8 MHz (LH) to 1.1 MHz (ACD). The angleof depression is the highest with LH.Keywords: erythro
yte, hemato
rit, ele
tri
al impedan
e of blood, impedan
e spe
-tros
opy, Cole-Cole plot, Maxwell-Fri
ke Formula.



vÖZETFARKLI ANTIKOAGULANLARDAKI KANIN COLEPARAMETRELERIFarkl� antikoagulan içeren, hematokrit de§eri % 29 ve % 60 aras�nda de§i³entam kan�n ve eritrosit süspansiyonlar�n�n spesi�k empedans�, 100 kHz-1 MHz frekansaral�§�nda ölçülmü³tür. Ölçüm haznesi 1.45 
m çap�nda, 14 ml ha
imli silindir ³eklindeplastik bir tüptür ve içinden geçen elektrodlar ara
�l�§� ile elektrotlar�n bulundu§u nok-talar aras�ndaki voltaj fark� ölçülür. Her bir ölçüm için 5 ml kan kullan�lm�³t�r. Kanörnekleri 22-28 ya³ aral�§�nda sa§l�kl� erkek bireylerden al�nm�³t�r. Farkl� yo§unluk-larda eritrosit süspansiyonlar� elde etmek için 5500 rpm'de 8 dakika santrifüj edilmi³tir.Çoklu empedans ölçümleri, Matlab algoritmas� kullan�larak Cole-Cole diyagramlar�na�t edilmi³tir. Cole parametreleri Re, Ri, fc and α oda s�
akl�§�nda belirtilen hematokritde§er aral�§�nda kan�n elektriksel modellemesi için kullan�lm�³t�r. Re ve Ri, Maxwell-Fri
ke denklemlerine �t edilmi³, fc and α parametrelerinin hematokritle de§i³imlerianaliz edilmi³tir. Bütün parametreler istatiksel olarak antikoagulanlar�n etkisini kar³�la³t�r-mak için kullan�lm�³t�r. Sonuçlar bize kan�n elektriksel model parametrelerinin hema-to
rite ba§l� olarak de§i³ti§ini ve antikoagulanlar�n kan�n elektriksel empedans�na etkietti§ini gösterir. Bu yüzden kan�n eletkriksel empedans� çal�³�l�rken, antikogulan�n etk-isi göz önünde bulundurulmal�d�r.Anahtar Söz
ükler: eritrosit, hematokrit, kan�n elektriksel empedans�, empedansspektroskopisi, Cole-Cole diyagram�, Maxwell-Fri
ke Formulü.



viTABLE OF CONTENTSACKNOWLEDGMENTS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iiiABSTRACT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ivÖZET . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vLIST OF FIGURES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . viiiLIST OF TABLES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xLIST OF ABBREVIATIONS . . . . . . . . . . . . . . . . . . . . . . . . . . . . xi1. INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11.1 Ele
tri
al Properties of Tissues . . . . . . . . . . . . . . . . . . . . . . 11.2 Blood . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21.2.1 Plasma . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31.2.2 Red Blood Cells(Erythro
ytes) . . . . . . . . . . . . . . . . . . 31.2.3 Cell Membrane . . . . . . . . . . . . . . . . . . . . . . . . . . . 31.3 Appli
ations of Bioele
tri
al Impedan
e Te
hnique for Blood . . . . . 41.4 Multifrequen
y Model of Tissues . . . . . . . . . . . . . . . . . . . . . 61.5 Cole-Cole Representation of Blood Impedan
e . . . . . . . . . . . . . . 71.6 Obje
tive of the Study . . . . . . . . . . . . . . . . . . . . . . . . . . . 92. MATERIALS AND METHODS . . . . . . . . . . . . . . . . . . . . . . . . . 102.1 Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102.1.1 Preparations for Blood Colle
tion . . . . . . . . . . . . . . . . . 102.1.2 Colle
tion and Preparation of Blood Samples . . . . . . . . . . 102.2 Instrumentation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112.3 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122.3.1 Ele
tri
al Impedan
e Measurements . . . . . . . . . . . . . . . . 122.3.2 E�e
ts of Centrifugation and Pipette Usage on Blood Cells . . . 153. Ele
trode Polarization Impedan
e and Dispersions . . . . . . . . . . . . . . . 163.1 Ele
trode Polarization Impedan
e . . . . . . . . . . . . . . . . . . . . . 163.2 Dispersions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 194. RESULTS AND DISCUSSION . . . . . . . . . . . . . . . . . . . . . . . . . 214.1 Cole Diagrams and Cole Parameters . . . . . . . . . . . . . . . . . . . 21



vii4.2 Hemato
rit Dependen
e with Di�erent Anti
oagulants . . . . . . . . . 284.3 E�e
t of In
reasing the Amount of Anti
oagulant . . . . . . . . . . . . 345. CONCLUSION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39



viiiLIST OF FIGURESFigure 1.1 α, β and γ dispersions. 5Figure 1.2 Ele
tri
al equivalent 
ir
uit of biologi
al tissues 6Figure 1.3 The Cole-Cole Plot for impedan
e of living tissues. 8Figure 2.1 The blo
k diagram of the 2-ele
trode measurement set-up. 12Figure 2.2 The Experimental Set-Up. 12Figure 2.3 The Measurement Cell. 13Figure 2.4 Resistan
es vs resistivities of saline solutions for 1.30 
m ele
-trode separation. 14Figure 2.5 Resistan
es vs resistivities of saline solutions for 1.95 
m ele
-trode separation. 14Figure 2.6 The error in the measurements of blood suspensions with respe
tto whole blood 
hanging with frequen
y. 15Figure 3.1 Ele
trode-Tissue Interfa
e Impedan
e Cir
uit 17Figure 3.2 The impedan
e spe
tros
opy of NaCl− with two ele
trodes. 18Figure 3.3 The ele
trode impedan
e after subtra
tion in the frequen
y range20 Hz - 10 kHz. 18Figure 3.4 Real and Imaginary parts of measured impedan
e of blood fromDonor #1. 20Figure 4.1 The Cole-Cole Plots for donor 1 with di�erent anti
oagulants. 22Figure 4.2 The Cole-Cole Plots for donor 2 with di�erent anti
oagulants. 22Figure 4.3 The Cole-Cole Plots for donor 3 with di�erent anti
oagulants. 23Figure 4.4 The Cole-Cole Plots for donor 4 with di�erent anti
oagulants. 23Figure 4.5 The Cole-Cole Plots for donor 5 with di�erent anti
oagulants. 24Figure 4.6 The Cole-Cole Plots for donor 6 with di�erent anti
oagulants. 24Figure 4.7 The Cole-Cole Plots for donor 7 with di�erent anti
oagulants. 25Figure 4.8 The Cole-Cole Plots for donor 8 with di�erent anti
oagulants. 25Figure 4.9 The Cole-Cole Plots for donor 9 with di�erent anti
oagulants. 26Figure 4.10 α as a fun
tion of hemato
rit, with di�erent anti
oagulants. 26Figure 4.11 fc as a fun
tion of hemato
rit, with di�erent anti
oagulants. 28



ixFigure 4.12 Extra
ellular resistan
e of blood with EDTA anti
oagulant, as afun
tion of hemato
rit. 30Figure 4.13 Intra
ellular resistan
e of blood with EDTA anti
oagulant, as afun
tion of hemato
rit. 30Figure 4.14 Extra
ellular resistan
e of blood with LH anti
oagulant, as afun
tion of hemato
rit. 31Figure 4.15 Intra
ellular resistan
e of blood with LH anti
oagulant, as a fun
-tion of hemato
rit. 31Figure 4.16 Extra
ellular resistan
e of blood with SC anti
oagulant, as afun
tion of hemato
rit. 32Figure 4.17 Intra
ellular resistan
e of blood with SC anti
oagulant, as a fun
-tion of hemato
rit. 32Figure 4.18 Extra
ellular resistan
e of blood with ACD anti
oagulant, as afun
tion of hemato
rit. 33Figure 4.19 Intra
ellular resistan
e of blood with ACD anti
oagulant, as afun
tion of hemato
rit. 33Figure 4.20 The 
hange in the resistivity of blood with respe
t to volume
hange of Sodium Citrate. 34



xLIST OF TABLESTable 1.1 Ioni
 
on
entrations in mEq.per liter in plasma. 3Table 4.1 Cole Parameters for all donors with all anti
oagulants. 27Table 4.2 Maxwell-Fri
ke Equations for di�erent types of anti
oagulants. 29Table 4.3 Re at various hemato
rits from di�erent resear
hers. 35Table 4.4 Estimating ρp and ρi with Maxwell-Fri
ke Equation. 36Table 4.5 Plasma resistivities (Ω.
m) 36Table 4.6 Comparison of Cole-Cole parameters for any two anti
oagulants. 37



xiLIST OF ABBREVIATIONS
f Frequen
yf
 Chara
teristi
 frequen
yh Hemato
rit in de
imal formH Hemato
ritIm(Z) The imaginary part of impedan
ekcell Cell 
onstantRe(Z) The real part of impedan
eRi Intra
ellular �uid resistan
eRe Extra
ellular �uid resistan
eRm The 
ell membran
e resistan
eR0 The sample resistan
e at f=0R∞ The sample resistan
e at f=∞Z The sample impedan
e
α The spread of relaxation times
φ The depression angle
ρi Intra
ellular Resistivity
ρe Extra
ellular Resistivity
ρp Plasma Resistivity
τ Time 
onstant



11. INTRODUCTION
1.1 Ele
tri
al Properties of TissuesThe ele
tri
al properties of biologi
al tissues, in other words bioele
tri
ity, havebeen studied for over the past 150 years, as the instruments for the measurementof ele
tri
al resistan
e and 
apa
itan
e be
ome avaliable, by resear
hers from a widevariety of s
ienti�
 areas. These properties determine the 
urrent pathways throughthe body and are therefore important in many studies su
h as in the measurement ofphysiologi
al parameters using impedan
e te
hniques, studies of physiologi
al e�e
ts ofele
tromagneti
 �elds, ele
tro
ardiography, mus
le 
ontra
tion and nerve transmission[1℄. The existen
e of 
ell membrane was �rstly demonstrated by the diele
tri
 studieson 
ell suspensions [2℄.The bioele
tri
al impedan
e te
hnique is the measurement of tissue impedan
eupon the appli
ation ele
tri
al 
urrent. The te
hique was used by early investigatorsand still 
ontinues to be important for 
lini
al appli
ations.Peltier dis
overed in 1834 that animal bodies behave as polarization 
ells if ex-posed to dire
t 
urrents (DC), they are able to store ele
tri
ity and release it afterthe termination of the 
urrent. Hermann, in 1872, probably was the �rst to measurethe resistan
e of tissues exposed to alternating 
urrents (AC) [1℄. Du Bois and others(1848-1860) demonstrated that the resistan
e of animal tissues de
reases with in
reas-ing frequen
y [3℄. Bernstein proposed, in 1902, that the interior of a living 
ell wasan ele
trolyte and the 
ell was seperated from its environment by a membrane onlyslightly permeable to ions [2℄. Cole o�ered a parti
ularly interesting survey of theseearly works from 1920s up to 1940s by Höber, Fri
ke and others [4℄. S
hanne andP.Ceretti presented a summary of many diele
tri
 studies on tissue [5℄. Foster andS
hwan, in 1989, published a 
riti
al review emphasizing the me
hanisms responsiplefor the observed ele
tri
al properties [1℄. Re
ently, M
Adams and Jossinet provided an



2histori
al overview suggesting to highlight the 
ontributions of various resear
h areassu
h as physi
s, ele
tro
hemistry, ele
trophysiology and biomedi
al engineering. Theyde
lared that this wide variety of areas leads to misunderstanding and misuse of ter-minology and 
on
enpts suggested by others, so in their review they explained some ofthe most important of these terms/
on
epts [2℄.The impedan
e of biologi
al tissue is related to its water 
ontent. Tissue 
ontainsintra
ellular and extra
ellular water spa
es that a
t as an eletri
al 
ondu
tor. The 
ellmembrane separating these two water spa
es behaves as an ele
tri
al 
apa
itor [6℄. Atlow frequen
ies the alternating 
urrent passes through the extra
ellular spa
e sin
e 
ellmembranes are relatively highly resistive, whereas at high frequen
ies 
ell membranesbe
ome 
ondu
tive[2, 6℄. There are many studies using this te
hnique to estimate water
ontent in tissues and the whole body [7, 8, 9, 10, 11℄.
1.2 BloodBlood is the extra
ellular �uid of the body.It 
arries nutrition from small intes-tine to the body, 
arries oxygen from lungs to the heart, from heart to whole body.It also 
arries toxi
 waste produ
ts and 
arbondioxide from tissues to the kidneys andlungs, respe
tively. It in
ludes the 
ells destroying foreign materials. In addition,blood 
arries the hormones from their sites of produ
tion in the endo
rine glands totheir target organs in other lo
ations [12℄.Blood tissue 
onsists of a 
ellular 
ompartment and a �uid medium 
alled theplasma. The blood 
ells �oat freely within the plasma medium. The 
ells are mostlyred 
ells (erythro
ytes), with smaller numbers of white 
ells (leuko
ytes) and platelets(o

asionally 
alled thrombo
ytes) [13℄.



31.2.1 PlasmaThe plasma o

upying 55 % of the blood 
onsists mainly of water (90 %). Ithelps to dissolve the blood proteins su
h as �brinogen, albumins, and globulins. Theblood plasma 
ontains high 
on
entrations of Na+ and Cl−(87 %). Typi
al values ofioni
 
on
entrations in plasma are given in Table 1.1.Table 1.1Ioni
 
on
entrations in mEq.per liter in plasma. [12℄Ion Blood PlasmaNa+ 142.0K+ 4.0Mg+ 2.0Ca++ 5.0Cl- 102.0HCO3- 26PO4- 2Other 6Protein 17
1.2.2 Red Blood Cells(Erythro
ytes)An erythro
yte is a 
ell without a nu
leus 
ontaining protein,haemoglobin andfew vorganelles in its 
ytoplasm surrounded by a 
ell membrane. It has a dis
-likeshape with a diameter about 7.2 µm in dried �lms and about 8.5 µm in suspension.Although red blood 
ells have the same, 
onstant shape in blood samples, they 
an bedeformed as they pass down the 
apillaries, but they 
an revert to their original shape[14℄.
1.2.3 Cell MembraneThe 
ell membrane is an asymmetri
 stru
ture 
onsisting of a lipid bilayer,membrane proteins and 
ell 
oat. The total thi
kness of the 
ell membrane is typi
ally



4about 7.5 nm. The 
ell membrane 
ontains approximately equal amounts of lipidsand proteins, with smaller amount of other substan
es in
luding water, 
holesterol,sugar groups and metal ions. The lipid bilayer is 
omposed of phospholipids whi
hare amphiphati
 mole
ules. These mole
ules, whi
h have both hydrophyli
 and hy-drophobi
 properties, 
an form, in the presen
e of water, a bimole
ular lea�et wherethe hydrophyli
 end of the mole
ule are fa
ing outwards and the hydrophobi
 hydro-
arbon 
hains point inward to form the membrane interior. The thi
kness of su
h alipid bilayer is 5 nm. The 
ell membrane is not a rigid stru
ture and 
an be des
ribedby the �uid mosai
 model [15, 16, 13℄.
1.3 Appli
ations of Bioele
tri
al Impedan
e Te
hnique for BloodBlood, as a vital body �uid, has been extensively studied using the ele
tri
alimpedan
e te
hique [17℄. The earliest appli
ation of blood impedan
e measurementswas the determination of 
ardia
 output. Continuous re
ordings of the 
hange in
ondu
tivity of blood using arterial dete
toes was realized by Wiggers and White todetermine 
ardia
 output and was improved by Geddes and Ho� by employing spe
iallydesigned ele
trodes pla
ed on the surfa
e of an inta
t artery [9, 17, 18, 19, 20℄.The impedan
e of peripheral systems of the human body was �rst found byMann to 
hange with the 
ardia
 
y
le, today known as impedan
e plethysmography.This te
hnique is based on the fa
t that blood has a lower resistan
e than most otherliving tissues. Hen
e, when the volume of blood is in
reased in the region of interest,the impedan
e of the segment will be de
reased. It was developed by Kubi
ek intoimpedan
e 
ardiography for non-invasively monitoring the 
ardia
 output and strokevolume [20, 21, 22℄.As blood 
ells are mu
h less 
ondu
tive than plasma, Stewart de
lared that theresistivity of blood in
reased as the erythro
yte 
on
entration, whi
h is 
alled hemat-o
rit, was in
reased [23℄. Höber revealed that the red blood 
ell membranes were highlyresistive at low frequen
ies(≈ 1kHz) that red blood 
ell suspensions had a resistivity



5ex
eeding 1000 Ω whereas at high frequen
ies the resistivity fell to a value around 200
Ω [2, 17℄ and helped to 
larify the reason for the strong frequen
y dependen
e of theresistan
e of blood [1℄. Fri
ke made extensive studies on blood impedan
e and he wasthe �rst who determine the 
apa
ity of red blood 
ell membrane as 0.81 µF 
m−2 andmade the theoreti
al study on the relation between the impedan
e and hemato
rit ofblood [24, 25, 26℄. A pra
ti
al apparatus for determination of the hemato
rit valuebased on the ele
tri
al 
ondu
tivity of blood was introdu
ed by Okada and S
hwan[27℄. The diele
tri
 relaxation properties of whole blood and hemoglobin have beenrevealed by S
hwan [27℄. Whole blood exhibits beta ,gamma ,delta relaxations butno alpha dispersion (see Figure 1.1). For blood with a hemato
rit of 40%, the betadispersion has a total permittivity in
rement of about 2000 and is 
entered at about3 MHz. The gamma and delta dispersions are similar to those found in hemoglobinsolutions of similar 
on
entration [2, 28℄.

Figure 1.1 α, β and γ dispersions [29℄.



61.4 Multifrequen
y Model of TissuesEarly work has been dis
ussed previously that du Bois Reymond suggested theresistan
e 
omponent of animal tissue whereas Bernstein proposed the 
ell membraneand Höber explained its frequen
y dependent property [2℄.In 1907, Lapi
que investigated the use of the three-
omponent model, whi
h isthe parallel 
ombination of a resistan
e and a 
apa
itan
e,both in series with anotherresistan
e, to model the ex
itation of the nerve membrane.Following the studies by Philippson, Fri
ke and Morse [30℄ developed a theoryfor the resistan
e of suspensions of spheri
al or spheroidal 
ells. They found thattheir measurements on suspensions of red blood 
ells at various frequen
ies 
ould bea

urately �tted to a 
ir
uit similar to that shown in Figure 1.2. Re was thought torepresent the resistive properties of the suspending medium, Ri those of the interiorsof the 
orpus
les, Cm is the 
apa
itan
es of the membranes and Rm is the resistan
eof 
ell membranes whi
h is negligible. Hen
e at low frequen
ies the mebranes havehigh rea
tan
e and do not allow the 
urrent passage, so the 
urrent �ows through thesuspending medium and the total impedan
e is relatively high and equal to Re. Onthe 
ontrary, at high frequen
ies the 
apa
itan
e of the membranes de
rease and theybe
ome 
ondu
tive allowing the 
urrent �ow, so there remains the limiting resistivevalue of the intra
ellular �uid.

Figure 1.2 Ele
tri
al equivalent 
ir
uit of biologi
al tissues [29℄.



71.5 Cole-Cole Representation of Blood Impedan
eThe 
omplex impedan
e of tissues or other biologi
al materials, (Z=R+jX), giverise to a lo
us having the form of a minor ar
 of a 
ir
le whose 
entre lies below thereal axis when equivalent resistan
e, R[Z℄, and the equivalent series rea
tan
e, Im[Z℄,plotted on the 
omplex impedan
e plane. This lo
us, whi
h is 
alled Cole-Cole plot,is shown in Figure (1.3). The 
omplex impedan
e equation whi
h is also 
alled Coleequation of tissue is given by the following Equation 1.1, where Φ ( (1 − α)π/2) isthe angle of depression, R0 is the resistan
e at zero frequen
y, R∞ at in�nite and τis the mean relaxation time 
onstant. The plot gives the Cole parameters R0, R∞,
hara
teristi
 frequen
y fc (=1/2πτ) and α. α takes values between 0 and 1, when itis equal to 0, Equation 1.1 turns into Debye equation.
Z = R∞ +

(R0 − R∞)

1 + (jwτ)1−α
(1.1)

α = (2/π)sin−1(d/r) (1.2)where w is the angular frequen
y. In the Equation (1.2) d is the distan
e from the realaxis and r is the radius of the depressed 
ir
le.The imaginary part of Z is maximum at fc that is determined from the inter-se
tion of the straight line, obtained by plotting lnw against ln( |v|
|u|
), with lnw. Thephasors u and v are de�ned in Figure 1.3.

|u| =
√

(Im {Z})2 + (R{Z} − R∞)2 (1.3)



8
|v| =

√

(Im {Z})2 + (R0 −R{Z})2 (1.4)In Figure 1.2, R0 is equal to Re and, R∞ is the parallel 
ombination of Ri andRe. The 
ell membrane 
apa
itan
e is seen as a parallel 
ombination of 
ell membraneresistan
e (whi
h is negligebly small) and 
apa
itan
e. However, even within the sametissue, 
ells will have slightly di�erent shapes and stru
tures and will have di�erenttime 
onstants. To a

ount for this e�e
t, 
apa
itive e�e
ts of 
ell membranes arelumped into a 
onstant phase angle impedan
e ZCPA de�ned by
ZCPA = 1/K(jw)1−α (1.5)where K is the 
onstant magnitude of the 
apa
itan
e in units of Siemens.se
onds1−αand when α is equal to zero, ZCPA be
omes purely 
apa
itive.

Figure 1.3 The Cole-Cole Plot for impedan
e of living tissues.



91.6 Obje
tive of the StudyBlood is a vital tissue and plays important role in 
lini
s. There are lots of dis-eases related to this tissue su
h as Hepatitis, Aids. Ele
tri
al bioimpedan
e te
hniqueis a time-saving and 
heap method to study the properties of blood in treatments anddiagnosis of diseases. Blood 
oagulates when it is drawn from vein. Hen
e, to study theele
tri
al properties of blood in vitro, anti
oagulants should immediately be added tothe blood. At this point, there o

urs a pitfall that the measured impedan
e may notre�e
t the intrinsi
 impedan
e value of blood. Therefore, the e�e
t of anti
oagulanton the blood impedan
e should be �gured out to see the exa
t ele
tri
al propertiesof blood. There are several types of anti
oagulants used in 
lini
s su
h as CPDA, forblood storage and EDTA, for determining hemato
rit. In this study, we used fourtypes of anti
oagulants in standardized blood 
olle
tion tubes: EDTA, LH, SC andACD all of whi
h have di�erent kinds of uses. The proportions of anti
oagulants inthe 
olle
tion tubes are not same; hen
e it was also the intention to observe the e�e
tsof in
reased amount of anti
oagulant.



102. MATERIALS AND METHODS
2.1 Materials2.1.1 Preparations for Blood Colle
tionThe blood samples are 
olle
ted at Medi
al Center of Bogazi
i University from14 healthy male donors between ages 22 to 28. Donors who voluntarily parti
ipated inthe study, are tested to met the standard blood donor 
riteria. The study is approvedby the Ethi
s Committee of Bogazi
i University.2.1.2 Colle
tion and Preparation of Blood SamplesBlood samples are drawn from ea
h donor into the four types of blood 
olle
tionva
uum tubes with anti
oagulants, ACD (A
id Citrate Dextrose), EDTA (Ethylenedi-aminetetraa
eti
 a
id), LH (Lithium Heparin) and SC (Sodium Citrate) by va
utainersystem. From ea
h subje
t, 27 ml of blood are drawn into three 9 ml Va
uette EDTAtubes 
oated with K3EDTA, 30 ml blood into three 10 ml Be
ton Di
kinson Va
u-tainer LH tube 
oated with LH, 25.5 ml blood into three 8.5 ml Be
ton Di
kinsonVa
utainer ACD-A tube in
luding 1.5 ml ACD-A solution and 27 ml blood into threeSC tubes. The maximum volume of SC va
uum tube in 
ommer
ial use is 6 ml, whi
his small for the study be
ause in
reased number of tubes leads to di�
ulties duringblood donation. So SC tube is prepared by adding SC solution in 1:9 ratios by syringeinto CAT 
oated 10 ml Be
ton Di
kinson tube without any anti
oagulant in it. SCsolution is prepared by adding 109 mmol SC (Na3C6H5O72H20) to 1000 ml distilledwater and is stored in the refrigerator. Abbott Bayer Hemogram-1200 analyzer is usedto determine the hemato
rit value of the donor. Approximately 1.5 ml blood is drawninto 2 ml EDTA tube and it is pla
ed in the analyzer. After blood is drawn into threetubes, they are put on a mixer for 10 minutes in order to homogenize the anti
oagulant



11in the blood. The tubes are 
entrifuged at 5500 rpm for 8 minutes using Ele
troMagM615M and transported to blood laboratory (RNA room) at Mole
ular Biology andGeneti
s Department of Bogazi
i University to perform the measurements. ACD-Atubes are made of glass; they are fragile and there is a risk of breaking them during
entrifugation. So they are allotted to 15 ml fal
on tubes and then 
entrifuged in Be
k-man Coulter AllegraTM X-22R Centrifuge at blood laboratory at the same settings.After 
entrifugation, one of the three tubes is used as the original sample with thehemato
rit value measured in the Hemogram-1200. So it is agitated for several timesuntil plasma and red blood 
ells are evenly distributed in the tube. The reason for
entrifugation of this tube is to eliminate any possible di�eren
e due to 
entrifugation.For 
onstitution of erythro
yte suspensions, plasma and red blood 
ells are separatedinto separate tubes. By diluting red blood 
ells with plasma in di�erent volumes using5000 ml Eppendorf Mi
ropipette, at least three erythro
yte suspensions with hema-to
rits between 30% and 60% are determined. Hen
e, for ea
h subje
t at least foursamples with di�erent hemato
rits are determined. Erythro
yte suspensions are pre-pared and measured immediately after being drawn from subje
ts. All measurementsare performed at room temperature.
2.2 InstrumentationBlood 
omplex measurements are performed by HP 4284A LCR Meter usingtwo-probe 
on�guration. Figure 2.1 shows the two probe 
on�guration of the atta
h-ment of the sample to the LCR meter.The 
alibration of system to eliminate impedan
e e�e
ts of 
onne
ting BNC
ables is performed a

ording to the open 
ir
uit/short 
ir
uit 
orre
tion pro
edure ofHP 4284A manual. The open 
ir
uit and the short 
ir
uit 
on�gurations are measuredand it is seen that the residual 
apa
itan
e and indu
tan
e of the probe are negligiblysmall.
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Figure 2.1 The blo
k diagram of the 2-ele
trode measurement set-up.2.3 Methods2.3.1 Ele
tri
al Impedan
e MeasurementsThe measurement system 
onsists of the HP 4284A LCR Meter, the measure-ment 
ell pla
ed verti
ally in a holder and two 
onne
ting BNC 
ables, of 31.5 
mlength ea
h (Figure 2.2).

Figure 2.2 The Experimental Set-Up.
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Figure 2.3 The Measurement Cell.The measurement 
ell is a 
ylindri
al-like plasti
 tube of 1.45 
m diameter andstandard volume of 14 ml. Two stainless-steel needle ele
trodes, ea
h measuring 0.14 x8.8 
m and separated by 1.3 
m, are used to inje
t the 
urrent along the axis of sample
hamber and measure voltage a
ross them (Figure 2.3). The needle ele
trodes are
onne
ted to the impedan
e analyzer HP 4284A through BNC 
ables.5 ml of blood is allotted using 5000 ml Eppendorf Mi
ropipette into the mea-surement 
ell and the resistan
e R and the rea
tan
e X are measured in the frequen
yrange 20Hz - 1MHz. The measurement 
ell 
onstant, kcell=(σR)−1, is determined byusing di�erent 
on
entrations of NaCl solutions; i.e. solutions that are purely resistive.The 
ondu
tivities of the NaCl solutions are measured by HINOKI Condu
tivity Me-ter. The impedan
e measurements are done at four di�erent frequen
ies 10 kHz, 100kHz, 800 kHz and 1 MHz with two di�erent ele
trode separations, of 1.3 
m and 1.95
m (Figure 2.4- 2.5). The 
ell 
onstant for 100 kHz and 1.3 
m ele
trode separation isfound to be 1.14 
m−1.
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Figure 2.4 Resistan
es vs resistivities of saline solutions for 1.30 
m ele
trode separation. R ≥ 0.99for all 
urves.

Figure 2.5 Resistan
es vs resistivities of saline solutions for 1.95 
m ele
trode separation. R ≥ 0.99for all 
urves.



152.3.2 E�e
ts of Centrifugation and Pipette Usage on Blood CellsTo obtain erythro
yte suspensions with di�erent hemato
rit values, 
entrifuga-tion and pipette are used. Sin
e red blood 
ells are too perishable, 
entrifugation andpipette may deform or even break them and lead to errors in the measurements. Toverify this, ele
tri
al impedan
e of whole blood is 
ompared with blood suspensions ofthe same hemato
rit value. From Figure 2.6, we see that the errors 
ontributed in theimpedan
e measurements for Sodium Citrate anti
oagulant are around 6 % for donor# 2 and # 9, whereas it is nearly 1 % for donor # 4. On the other hand, the errorde
reased with in
easing frequen
y and this observation is taken into a

ount to adjustour data, sin
e the experiments are performed at high frequen
ies.

Figure 2.6 The error in the measurements of blood suspensions with respe
t to whole blood 
hangingwith frequen
y.



163. Ele
trode Polarization Impedan
e and Dispersions
3.1 Ele
trode Polarization Impedan
eWhen studying ele
tri
al properties of tissues, ele
trode polarization impedan
eon ele
trolyte 
ondu
tivities be
omes a nuisan
e [2℄. This impedan
e is found at metal-ele
trolyte interfa
es and a�e
ted by several parameters su
h as ele
trode material;surfa
e area of ele
trodes; type of ele
trolyte and frequen
y of treatment. It 
an berepresented as a series 
ombination of a resistan
e (Rp) and a 
apa
itan
e (Cp):

Zp = Rp +
1

jwCp
(3.1)Both Rp and Cp are frequen
y dependent and de
rease with in
reasing fre-quen
y; and, the phase angle of the polarization (i.e.wRpCp) impedan
e is almost
onstant [31℄. In Figure 3.1 the sample in 
onta
t with ele
trodes (a), its ele
tri
alequivalent 
ir
uit(b) and the observed 
ir
uit total impedan
e Z∗(
)= R+jwC are seen.The polarization impedan
e of ele
trodes Zp=Rp+1/jwCp is seriesly 
onne
ted withthe sample impedan
e Zs=Rs+1/jwCs.

Rp = R0f
−m (3.2)

Cp = C0f
−n (3.3)The measured impedan
e is the sum of the sample impedan
e and ele
trode polar-ization impedan
e. The polarization impedan
e 
ould be eliminated by any of thefollowing methods:Substitution Method : The ele
trode impedan
e 
hara
teristi
s are obtained byusing a solution of known 
ondu
tivity. For example, NaCl solution is used as a ref-eren
e solution sin
e it is purely resistive: the impedan
e 
urve against the frequen
y
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Figure 3.1 Ele
trode-Tissue Interfa
e Impedan
e Cir
uit [31℄.is frequen
y independent. At low frequen
ies, the impedan
e 
urve de
reases within
reasing frequen
y up to a 
onstant value. This 
onstant value is the resistan
e ofNaCl solution and when it is subtra
ted from the measurement value, the resistan
eof ele
trode is obtained. Another approa
h is to use the suspending medium, namelyplasma, as referen
e solution. But, this method is limited to low 
on
entrations ofsuspension; i.e. the hemato
rit value should be less than 10 %.Ele
trode-Distan
e Variation Tea
hnique: The impedan
e measurement is per-formed at two inter-ele
trode distan
es. When subtra
ting the impedan
e of the smallervolume of blood from the larger one, one should obtain the impedan
e of the sample.The limitation of this te
hnique is that the polarization impedan
e be
omes large in
omparison with the sample impedan
es at low frequen
ies and small errors in thedetermination of the total impedan
e (Zsample+Zpolarization) 
ause, therefore, largeerrors in impedan
e di�eren
e [31℄.Polarization impedan
e is investigated by making use of NaCl solutions of known
ondu
tivities. In Figure 3.2, the resistive impedan
e of NaCl is 
onstant and approxi-mately equal to 69.9 Ω. It is subtra
ted from low frequen
y measurements to obtain theele
trode polarization impedan
e. The �tting equation in Figure 3.3 shows R0=5927.6and m=0.88 in Equation 3.2.
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Figure 3.2 The impedan
e spe
tros
opy of NaCl− with two ele
trodes.

Figure 3.3 The ele
trode impedan
e after subtra
tion in the frequen
y range 20 Hz - 10 kHz.



193.2 DispersionsThe Debye ( Equation 1.1 ) representing the 
omplex impdedna
e Z = R + jX,when separated into its real and imaginary 
omponents gives Equations 3.4 and 3.5,respe
tively:
R = R∞ +

(R0 − R∞)[1 + (wτ)1−αsin(απ/2)]

1 + 2(wτ)1−αsin(απ/2) + (wτ)2(1−α)
(3.4)

X = −
(R0 − R∞)(wτ)1−αcos(απ/2)

1 + 2(wτ)1−αsin(απ/2) + (wτ)2(1−α)
(3.5)A typi
al impedan
e spe
tros
opy with 2 ele
trodes is illustrated in Figure 3.4.The measured impedan
e is the sum of the polarization impedan
e and blood sampleimpedan
e. By �tting in MatLab, Equations 3.4 and 3.5 to the real and imaginaryparts of measured impedan
es respe
tively in the frequen
y range from 100 kHz to 1MHz, where ele
trode polarization is negligible, the intrinsi
 impedan
e of the sampleis obtained in the β-dispersion region. β-dispersion 
urves predi
ted by Equations 3.4and 3.5 are 
onsistent with the measurements. Divergen
e of the measured data fromthe 
al
ulated 
urves at frequen
ies below 10 kHz is due to ele
trode polarization;

α-dispersion asso
iated with the interfa
e between the ele
trodes and blood. Thepolarization impedan
e 
an be obtained by subtra
ting this intrinsi
 impedan
e fromthe measured one.
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Figure 3.4 Real and Imaginary parts of measured impedan
e of blood from Donor #1. Solid linesrepresents Equations 3.4 and 3.5.



214. RESULTS AND DISCUSSION
The 
omplex impedan
e of measurement of whole blood samples and erythro-
yte suspensions, with four anti
oagulants (EDTA, LH, SC, ACD), is performed in thefrequen
y range from 100 kHz to 1 MHz where the ele
trode-tissue polarization inter-fa
e impedan
e is negligibly small. In this frequen
y range, the 
ell membranes alsogradually be
ome 
ondu
tive so the measured resistan
es re�e
t both the intra
ellularand extra
ellular properties.4.1 Cole Diagrams and Cole ParametersErythro
ytes are diluted with plasma in varying 
on
entrations to obtain dif-ferent hemato
rit values for ea
h donor. Figures 4.1-4.9 illustrate the Cole-Cole Plotsof the 
omplex impedan
e 
onstru
ted in the frequen
y range from 100 kHz to 1 MHz.Cole parameters R0, R∞, α and fc are obtained by performing a Matlab 
ode in whi
hthe experimental data are �tted into a 
ir
le. In Table 4.1, the Cole parameters arelisted for ea
h donor.R0 and R∞ in
reases with in
reasing hemato
rit for ea
h anti
oagulant. α, fcresponse to hemato
rit 
hange for ea
h type of anti
oagulant is shown in Figure 4.10and in Figure 4.11. The alpha parameter remains almost 
onstant with respe
t to
hanging hemato
rit. The frequen
y span at H=50 % is from 0.8 MHz (LH) to 1.1MHz (ACD). fc gets lower for ea
h anti
oagulant as the volume o

upied by red blood
ells be
ome greater implying a larger e�e
tive 
ell membrane 
apa
itan
e. The e�e
tis more pronoun
ed with LH.
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Figure 4.1 The Cole-Cole Plots for donor 1 with di�erent anti
oagulants.

Figure 4.2 The Cole-Cole Plots for donor 2 with di�erent anti
oagulants.
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Figure 4.3 The Cole-Cole Plots for donor 3 with di�erent anti
oagulants.

Figure 4.4 The Cole-Cole Plots for donor 4 with di�erent anti
oagulants.
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Figure 4.5 The Cole-Cole Plots for donor 5 with di�erent anti
oagulants.

Figure 4.6 The Cole-Cole Plots for donor 6 with di�erent anti
oagulants.
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Figure 4.7 The Cole-Cole Plots for donor 7 with di�erent anti
oagulants.

Figure 4.8 The Cole-Cole Plots for donor 8 with di�erent anti
oagulants.
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Figure 4.9 The Cole-Cole Plots for donor 9 with di�erent anti
oagulants.
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Table 4.1Cole Parameters for all donors with all anti
oagulants.EDTA LH SC ACD

Donor1
Ht 35.0 38.0 45.0 48.7 30.0 40.0 47.6 36 38.0 44.1 30.0 38.9 40.0 60.0Ri 532.4 390.9 335.4 293.3 427.1 348.6 303.7 445.5 375.4 343.2 477.6 303.6 361.5 279.8Re 151.4 171.5 194.5 213.6 143.4 169.8 225.5 141.3 189.5 214.4 139.3 192.6 169.4 279.5
α 0.20 0.13 0.1 0.2 0.3 0.2 0.2 0.2 0.1 0.1 0.2 0.2 0.2 0.1f
 0.9 1.0 1.0 0.8 1.2 1.0 0.8 1.2 0.9 0.9 1.4 1.2 1.2 0.8

Donor2
Ht 30.0 40.0 51.0 60.0 35.0 40.0 48.2 55 30.0 40.0 46.53 60.0 30.0 40.0 43.7 50Ri 503.2 394.8 319.0 290.4 421.2 322.2 283.2 290.0 447.6 383.9 346.3 285.7 545.6 362.1 302.7 271.8Re 138.7 177.2 229.0 281.3 155.9 206.8 272.0 287.0 126.5 157.3 183.5 256.4 134.1 165.3 208.9 228.3
α 0.1 0.1 0.1 0.1 0.2 0.2 0.2 0.1 0.3 0.1 0.1 0.1 0.1 0.1 0.1 0.1f
 1.2 1.0 0.8 0.7 1.2 0.9 0.7 0.7 1.6 1.1 1.0 0.8 1.5 1.4 1.0 1.0

Donor3
Ht 30.0 40.0 44.6 60.0 30.0 40.0 47.7 60 32 44.8 56 30.0 35.0 40.4 60Ri 518.9 402.4 378.1 306.9 455.7 395.3 349.2 301.1 478.7 341.4 298.8 509.1 384.6 322.6 280.4Re 140.8 182.4 196.6 310.7 170.1 231.1 263.9 405.3 142.1 196.3 266.6 137.2 168.6 195.1 270.9
α 0.2 0.1 0.1 0.1 0.2 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1f
 1.0 1.0 0.9 0.7 0.9 0.8 0.8 0.6 1.2 1.0 0.8 1.5 1.4 1.2 0.9

Donor4
Ht 30.0 40.0 48.2 60.0 30.0 40 48.9 60 30 40 45.7 60 30.0 40 40.2Ri 497.7 412.3 328.3 277.9 494.3 366.7 308.9 300.1 506.3 386.5 366.0 298.3 467.5 370.1 358.1Re 145.6 172.4 234.1 370.9 152.6 213.3 311.5 386.1 130.5 158.6 181.4 276.1 141.3 171.6 216.7
α 0.1 0.1 0.1 0.1 0.3 0.2 0.1 0.1 0.1 0.1 0.1 0.1 0.2 0.1 0.1f
 1.1 1.0 0.8 0.6 1.2 0.8 0.7 0.6 1.2 1.1 0.9 0.7 1.6 1.2 1.0

Donor5
Ht 30.0 40.0 48.3 60.0 30.0 40.1 47.1 60 24 32 44.9 50 30.0 40 42.5Ri 442.2 378.2 329.9 264.4 484.3 342.2 303.5 287.9 535.4 432.5 308.2 312.2 392.8 354.3 279.3Re 147.5 173.8 237.6 359.9 153.3 191.0 261.4 317.3 112.3 140.1 190.3 209.3 143.7 165.7 224.9
α 0.2 0.1 0.1 0.1 0.2 0.2 0.2 0.1 0.3 0.2 0.2 0.2 0.3 0.1 0.1f
 1.2 1.0 0.8 0.6 1.1 0.9 0.7 0.6 2.1 1.2 0.9 0.9 2.0 1.3 0.9

Donor6
Ht 30.0 40.0 45.7 60.0 30.0 40 46.9 50 35 40.0 60Ri 483.8 407.0 344.6 288.1 437.9 298.1 297.5 249.1 355.3.5 340.2 272.9Re 145.6 182.6 206.6 342.94 157.5 231.3 272.9 432.9 167.1 197.9 290.2
α 0.1 0.1 0.1 0.1 0.2 0.2 0.2 0.2 0.2 0.1 0.1f
 1.2 0.9 0.8 0.6 1.2 0.7 0.7 0.4 1.4 1.1 0.8

Donor7
Ht 35.0 45.0 49.6 60.0 29.4 35 45.0 49.1 35 42 47.7 60 30 40 41.9Ri 532.8 391.7 362.7 317.7 523.0 431.5 368.3 322.6 462.7 430.0 352.2 319.5 502.3 398.7 326.7Re 153.4 198.7 239.6 331.9 152.9 171.4 211.7 241.7 155.7 172.7 214.6 284.2 144.9 168.7 203.2
α 0.2 0.1 0.1 0.1 0.2 0.2 0.1 0.1 0.1 0.1 0.2 0.1 0.2 0.2 0.1f
 1.1 0.9 0.8 0.6 1.3 1.1 1.0 0.8 1.2 1.2 0.9 0.8 1.8 1.5 1.2

Donor8
Ht 35.0 45.0 50.5 30.0 40.8 44 51.1 30.0 40.0 44.0 46.2 30.0 40.0 42.3 60.0Ri 484.3 401.3 365.3 548.1 416.9 400.3 343.3 573.2 440.2 442.8 364.6 538.3 416.2 333.0 296.0Re 153.1 195.3 233.2 147.6 197.3 203.8 254.1 148.3 168.5 189.5 205.8 138.9 168.4 194.4 301.4
α 0.1 0.1 0.1 0.2 0.1 0.1 0.1 0.1 0.2 0.1 0.2 0.1 0.1 0.1 0.1f
 1.1 0.9 0.8 1.1 0.9 0.9 0.8 1.1 1.1 0.9 0.8 1.3 1.3 1.3 0.8

Donor9
Ht 30.0 40.6 47.4 60.0 30.0 40.0 49.3 55.0 30.0 40.0 43.2 60 30.0 40.0 41.9 60Ri 432.3 348.1 291.2 250.5 421.8 374.9 348.2 291.8 437.6 370.9.5 360.9 283.7 441.5 352.5 318.3 267.8Re 94.5 161.7 199.1 272.6 164.3 187.7 256.8 270.3 136.9 168.3 185.7 273.9 143.8 172.7 227.2 284.4
α 0.3 0.1 0.1 0.1 0.2 0.1 0.2 0.1 0.3 0.2 0.1 0.1 0.2 0.1 0.1 0.1f
 1.6 0.9 0.8 0.6 1.1 1.0 0.7 0.7 1.4 1.1 0.9 0.7 1.7 1.2 0.9 0.8
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Figure 4.11 fc as a fun
tion of hemato
rit, with di�erent anti
oagulants.4.2 Hemato
rit Dependen
e with Di�erent Anti
oagulantsThe relationship between intra
ellular and extra
ellular resistivities and hema-to
rit 
an also be formulated by using the Maxwell-Fri
ke equation [25℄:
Re = ρp(1 + ξh)/(1− h) (4.1)where ρp is the resistivity of plasma, ξ= f -1, with f=form fa
tor and h is hemato
ritin de
imal form. In Zhao's paper [32℄ Equation 4.1 expressed in the form:

Re = a/(1− h) + b (4.2)where a and b are 
onstants and ρp= a + b, ξ= -b/(a + b) and f= 1 +ξ= a/(a + b).Sin
e (1-h) represents the volume fra
tion of plasma in the blood, Ri 
an beobtained by substituting h for 1 - h in Equation 4.2:
Ri = c/h+ d (4.3)where 
 and d are 
onstants and 
= ρi(1 + ξ), d= −ρiξ, and f= 
/(
 + d).



29For h=0 in Equation 4.2, Re= ρp= a + b sin
e no red blood 
ells are present.For h=1 in Equation 4.3, ρi= (interior resistivity)= 
 + d.In Figures 4.12-4.19, Ri and Re values for ea
h anti
oagulant are �tted to the
orresponding Maxwell-Fri
ke formula, the 
oe�
ients of the �tting equations with theR-square values are listed in Table 4.2. For EDTA 38 , for LH 36 and for SC andACD 34 data points are 
onsidered. It is 
learly seen that when hemato
rit in
reases,extra
ellular resistan
e in
reases whereas intra
ellular resistan
e is redu
ed.Equations in Table 4.2 show that, the rate of in
rease in extra
ellular resistan
ewith hemato
rit is largest with LH and EDTA. In the physiologi
al range of hemato
rit,Re is the highest with LH and the lowest with SC; at h=0.6 Re of LH samples are 34% higher than SC samples. Zhao has found out that, Re with SH is 20 % higher thanSC for 60 % hemato
rit. Table 4.2Maxwell-Fri
ke Equations for di�erent types of anti
oagulants. R is the 
orrelation 
oe�
ient.Present Study R Zhao (1993) RT=Room Temperature T = 370CEDTA 175.4/(1-h)-117.6 0.996 131.7/(1-h)-78.8 0.994LH 203.9/(1-h)-144.8 0.949 - -Re SC 133.5/(1-h)-54.8 0.994 112.1/(1-h)-52.9 0.998ACD 135.2/(1-h)-46.95 0.992 122.6/(1-h)-62.8 0.997EDTA 130.9/h+69.2 0.923 155.3/h+7.6 0.985LH 111.7/h+101.8 0.921 - -Ri SC 177.9/h+83.2 0.846 158.8/h-1.6 0.97ACD 129.1/h+47.3 0.919 156.3/h+7.3 0.986
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M.F:175.4/(1−h)−117.6     R−square=0.9963

Figure 4.12 Extra
ellular resistan
e of blood with EDTA anti
oagulant, as a fun
tion of hemato
rit.
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Figure 4.13 Intra
ellular resistan
e of blood with EDTA anti
oagulant, as a fun
tion of hemato
rit.
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M.F:203.9/(1−h)−144.8     R−square=0.9488

Figure 4.14 Extra
ellular resistan
e of blood with LH anti
oagulant, as a fun
tion of hemato
rit.
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M.F:111.7/h+101.8     R−square=0.9373

Figure 4.15 Intra
ellular resistan
e of blood with LH anti
oagulant, as a fun
tion of hemato
rit.
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M.F:133.5/(1−h)−54.85    R−square=0.9944

Figure 4.16 Extra
ellular resistan
e of blood with SC anti
oagulant, as a fun
tion of hemato
rit.
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Figure 4.17 Intra
ellular resistan
e of blood with SC anti
oagulant, as a fun
tion of hemato
rit.
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M.F:135.2/(1−h)−46.95  R−square=0.9921

Figure 4.18 Extra
ellular resistan
e of blood with ACD anti
oagulant, as a fun
tion of hemato
rit.
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Figure 4.19 Intra
ellular resistan
e of blood with ACD anti
oagulant, as a fun
tion of hemato
rit.



344.3 E�e
t of In
reasing the Amount of Anti
oagulantThe amount of anti
oagulant in standard SC tubes is 1 ml. Hen
e, when bloodis drawn into the tube (10 ml 
apa
ity), the hemato
rit of whole blood 
hanges. Inerythro
yte suspensions that are prepared by making use of di�erent 
on
entrations ofplasma and red blood 
ells, plasma 
ontains an amount of anti
oagulant whi
h 
annotbe disregarded.In this spe
i�
 experiment, the impedan
e of 5 ml blood with SC anti
oagulantis measured at 100 kHz by gradually de
reasing the volume of plasma and repla
ing itby the same amount of anti
oagulant, su
h that the hemato
rit remained 
onstant. Theexperiment is performed with whole blood from donor # 2 (H=48,3 %) and donor #3(H=48,0 %). In Figure 4.20, the in
rease in the volume of SC de
reases the resistivityof blood for both of the donors. Hen
e the amount of anti
oagulant should be takeninto 
onsideration when studying the impedan
e of blood.

Figure 4.20 The 
hange in the resistivity of blood with respe
t to volume 
hange of Sodium Citrate.In the Figure 4.20, it is 
learly seen that the quantity of anti
oagulant a�e
ts theele
tri
al properties. In
reasing the amount of Sodium Citrate in the blood in
reasesits 
ondu
tivity. When extrapolating to zero anti
oagulant blood resistivities are 177
Ω.
m and 169 Ω.
m respe
tively. Corresponding 
hanges in resistivity of blood with 1ml of SC anti
oagulant are 
al
ulated as 10.2 % and 10.8 %.



35Extra
ellular resistan
e values obtained in this study are 
ompared with someof the previous studies su
h as Geddes and Sadler (1973), Mohapatra and Hill (1975)and Zhao (1993) are tabulated in Table 4.3 [32℄. Re value is 
al
ulated by insertingthe hemato
rit values to the Maxwell-Fri
ke Equations given in Table 4.2.Table 4.3Re at various hemato
rits from di�erent resear
hers. RT=Room Temperature.
Present Study (RT) Zhao(1993) T=370C T=370CH(%) EDTA LH SC ACD EDTA SH SC ACD Kubi
ek Geddes and Hill and Mohapatra Sanberget al(100 kHz) Sadler(24 kHz) Thompson (100 kHz) and Hill(100 kHz) et al(100 kHz)10 77 82 93 103 68 71 72 73 89 66 51 45 6520 102 110 112 122 86 91 87 90 102 83 72 69 8230 133 146 136 146 109 117 107 112 121 103 93 94 10340 175 195 168 178 141 151 134 142 148 128 114 118 13150 233 263 212 223 185 199 171 182 186 160 135 142 17060 321 365 279 291 250 271 227 244 241 199 156 166 228By applying the Maxwell-Fri
ke equation to Re vs h and Ri vs h data, theintra
ellular �uid resistivity, (ρi), and the plasma resistivity, (ρp), are 
al
ulated andshown in Table 4.4. In this study, both ρi and ρp are smaller than Zhao's �ndings. Ade
rease in temperature in
reases the resistivity, so it is expe
ted that the resistivityvalues is higher in the present study 
ompared to Zhao's results sin
e the temperature issigni�
antly lower than in Zhao's experiment. Pauly and S
hwan (1977) determined ρivalue as 193 at 25 0C using heparin as anti
oagulant whi
h is 
lose to 213.5 for LithiumHeparin found in this study [33℄. Cha [3℄ et al determined ρp as 47.1, in EDTA tube,at room temperature. The volume 
on
entration of anti
oagulants vary between thestudies. In the present study, EDTA and LH are 
oated to the tube, and the volume
on
entrations of SC and ACD is 1:11 and 1.5:10, respe
tively. In Zhao, 1.50, 0.12,0.02 and 2.00 ml per 10 ml sample for ACD, EDTA, SH and SC, respe
tively. Also thedi�eren
e in the hemato
rit values of the data points and the number of data pointsmay a�e
t the parameters.Amounts of anti
oagulants in the va
utainer tubes in�uen
e the extra
ellularmedium. The fa
t that ea
h type of anti
oagulant has a di�erent resistivity must alsobe taken into 
onsideration. In Zhao's paper (1993) the resistivities were reported as



3660.5 Ω.
m for ACD, 20.6 Ω.
m for EDTA and 53.4 Ω
m for SC, at 370C. In this study,resistivities at 100 kHz, measured at room temperature, are 67.9 Ω.
m for ACD and52 Ω.
m for SC. Table 4.4Estimating ρp and ρi with Maxwell-Fri
ke Equation. RT=Room TemperatureEDTA LH SC ACDPresent study T=RT ρp(ohm.
m) 58 59 79 88
ρi(ohm.
m) 200 214 261 176Zhao(1993) T=370C ρp(ohm.
m) 53 - 59 60
ρi(ohm.
m) 163 - 157 153In Table 4.5, plasma resistivity values dire
tly measured by 
ondu
tivity meterand 
al
ulated by �tting Maxwell-Fri
ke equations are seen. A

ording to t-test, in allanti
oagulants, there is no signi�
ant di�eren
e between the 
al
ulated and dire
tlymeasured resistivities of plasma. Hemato
rit value, the intera
tion of red blood 
ellswith plasma and anti
oagulant 
an a�e
t the 
al
ulated plasma resistivity. The amountof SC and ACD is higher than EDTA and LH, and therefore their e�e
ts are expe
tedto be higher. Table 4.5Plasma resistivities (Ω.
m)EDTA LH SC ACD

ρp(
al) ρp(meas) ρp(
al) ρp(meas) ρp(
al) ρp(meas) ρp(
al) ρp(meas)Donor#1 77 71 65 81 -41 72 102 -Donor#2 86 69 72 78 76 66 72 77Donor#3 74 - 78 - 70 73 103 80Donor#4 64 69 97 - 70 71 7 77Donor#5 65 69 97 - 70 71 27 79Donor#7 49 72 86 79 82 74 62 79Donor#8 63 71 81 80 89 78 84 79Donor#9 65 69 81 78 85 71 110 77Statisti
ally, multi
omparison analysis is performed on normalized values of Coleparameters. Sin
e Re is almost linearly, and Ri is inversely proportional to hemato
rit,we used normalized values; Re/h and Ri.h, respe
tively. When the anti
oagulants are
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ompared with respe
t to normalized intra
ellular resistan
e, it is found that ACD issigni�
antly di�erent from EDTA and SC; and there is no signi�
ant di�eren
e betweenLH and other anti
oagulants. Additionally, EDTA and SC are not signi�
antly di�erentfrom ea
h other.Multi
omparison analysis based on the extra
ellular �uid showed that EDTA issigni�
antly di�erent from SC and LH is signi�
antly di�erent from all other anti
o-agulants. When the analysis is performed for R∞, no signi�
ant di�eren
e is observedbetween anti
oagulants. For the 
omparison based on fc, one 
an see that all anti-
oagulants di�er from ea
h other, with the only ex
eption that EDTA and LH arenot signi�
antly di�erent from ea
h other. The mean values of Re/h are 464±50.3 Ω,530±63.4 Ω, 437±30.1 Ω, 465±34.8 Ω and Ri.h are 159±16.9 Ω, 153±7.3 Ω, 159±19.1
Ω, 146±16.1 Ω for EDTA, LH, SC and ACD respe
tively. The statisti
al results basedon the multi
ompare analysis are displayed in Table 4.6.Table 4.6Comparison of Cole-Cole parameters for any two anti
oagulants. ∗: p< 0.005, NS: no signi�
an
e.Re/h Ri*h f
*h αEDTA LH SC ACD EDTA LH SC ACD EDTA LH SC ACD EDTA LH SC ACD

EDTA ... * * NS NS NS * ... NS * * ... NS NS *
LH * ... * * NS ... NS NS NS ... * * NS ... NS *
SC * * ... NS NS NS ... * * * ... * NS NS ... *
ACD NS * NS ... * NS * ... * * * ... * * * ...



385. CONCLUSION
It has been shown that, hemato
rit value of whole blood 
an be measured bythe multifrequen
y impedan
e measurement te
hnique with di�erent anti
oagulants.Although anti
oagulants 
hange the hemato
rit dependen
e of extra
ellular �uid andintra
ellular �uid, due to their 
hemi
al 
omposition and di�erent volume 
on
entra-tions, the 
ommon response is that the extra
ellular �uid is linearly proportional withhemato
rit and intra
ellular resistan
e is inversely proportional to hemato
rit.Cole �ttings of the whole blood samples and hemato
rit suspensions are 
on-sistent with the theoreti
al predi
tion that their 
enters are below the real axis. Sin
eRe and Ri is determined from R0 (=Re) and R∞ (=Re//Ri), Cole parameters R0 andR∞ also 
hanges with hemato
rit. The 
hara
teristi
 frequen
y fc de
reases with in-
reasing hemato
rit, the e�e
t is more pronoun
ed with Lithium Heparin. The angle ofdepression α is almost 
onstant with respe
t to in
reasing hemato
rit and the highestin LH.
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