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OZET

Eritrosit suspansiyonlarinin elektriksel 6zelliklerinin olgulmesiyle eritrosit
agregasyonunun degerlendirilebilece@ini bildiren ¢alismalar bulunmaktadir
Eritrositlerin ve plazmanin elektriksel 6zellikleri birbirlerinden farklidir. Eritrosit
suspansiyonlarinin elektriksel Ozelliklerinin Olclimesiyle eritrosit
agregasyonunun degerlendirilebilecegini, fotometrik dlgimlere benzer sekilde
bir seyir gosterdigi ve eritrosit agregasyonu sureci hakkinda bilgi verebilecegini
bildiren g¢alismalar bulunmaktadir. Son zamanlarda yapilan c¢alismalarda
eritrosit agregasyonu ve agregasyon zaman sabitlerinin dlgim sistemine ait
geometriye bagh olarak degisebilecedi dusunulmektedir. Fakat kiguk captaki
kapillerdeki agregasyon Kkinetigi hakkinda yeterli bilgi bulunmamaktadir. Bu
calismada, farkli geometriye sahip cam kapillerde eritrosit agregasyon
kinetiginde meydana gelebilecek degisikliklerin belirlenmesi amaclanmaktadir.
Eritrosit sUspansiyonlarinin elektriksel 6zellikleri yatay cam kapillerde, enjektor
pompaslyla olusturulan akim sirasinda ve sonrasinda kaydedilmistir. Olglim
sistemimizde elektriksel OlcUmlerin yapilabilmesi igin, iki tane paslanmaz
celikten yapilmis olan elektrodlar cam kapillerin bas ve son kisimlarina
yerlestirilmistir. Bu elektrodlar, seri kapasitans (C) olgumleri igcin LCR metreye
baglanmistir. Bu calismada 80—-800 um arasi ¢apa sahip cam kapiller borularda
eritrosit agregasyonunun zaman seyri degerlendiriimigtir. Bu amacla cesitli
Ozelliklere sahip eritrosit sispansiyonlarinin cam kapillerden akimi saglandi,
akim sirasinda ve akim durdurulduktan sonra, suspansiyonlarin agregasyon
surecini yansittigi bilinen dzellikleri izlenmigtir. Bu ¢alismanin sonuglarina gore,
eritrosit agregasyon parametreleri Olgumu yapilan kapillerin  ¢apindan
etkilenmektedir. Cam kapillerin  gapinin  azalmasiyla birlikte eritrosit
agregasyonu parametrelerinde dnemli degisiklikler élctlmustir. Ozellikle, 80 ile
800 pm arasinda degisen caplara sahip kapillerde olgimu yapilan eritrosit
agregasyonu zaman sabitleri (Ty2, Tsow and Tras) kapillerin capina baglh olarak
degisimler gostermektedir.

Klguk capa sahip cam kapiller borulardaki eritrosit suspansiyonlarinin
elektriksel 6zelliklerinin dlgulmesi, bu kapillerde eritrosit agregasyon kinetigininin
belirlenmesine yardimci olabilir.

Anahtar kelimeler: Kapasitans, Elektriksel 6lgcim, Eritrosit agregasyon kinetigi,
Cam kapiller



ABSTRACT

It has been reported that electrical properties of red cell suspensions also
change during aggregation. The electrical properties of blood plasma and blood
cells differ from each other. Several groups suggested that monitoring electrical
properties of red cell suspensions during aggregation can provide information
about the time course of aggregation, in a similar way to the photometric
methods. In recent years, erythrocyte aggregation and aggregation time
constant is thought to vary depending on the geometry. But there is not enough
information about the kinetics of aggregation of small diameter capillaries. The
aim of the study is the investigation of the alterations depending on the diameter
in glass capillaries with different diameters in erythrocyte aggregation kinetics.
Electrical properties of red blood cell (RBC) suspensions were recorded in a
horizontal glass capillary, during and after the stoppage of flow induced by a
syringe pump. Two stainless steel cylinders were fitted on both ends of the
capillary serving as electrodes for electrical measurements. These electrodes
were connected to a LCR meter for the measurement of electrical series
capacitance (C). In this study, we evaluate the time period (course) of erytrocyte
agregation of glass capillary tubes with a diameter of between 80-800
micrometers. For this purpose, a flow was provided of various properties of
erythrocyte suspensions through glass capillary tubes and the process of
aggregation reflect the known properties of suspensions were monitored during
the flow and after the current flow was stopped. The results of the current study
also confirm of time-course related parameters influenced by geometry of the
capillaries used for RBC aggregation measurements. The decreased diameters
of glass capillaries resulted in significant and progressive changes of all kinetics
of aggregation parameters as measured by the six glass capillaries. Especially,
parameters reflecting the time course of RBC aggregation (T1/2, Tsiow and Tias)
as determined between 80 and 800 um were affected by the diameter of
capillaries.

The measurement of the electrical properties of the erythrocyte suspensions

in glass capillary tubes with a small diameter can help to determine the
erythrocyte aggregation kinetics in these the capillaries.

Key words: Capacitance, Electrical measurements, Red blood cell aggregation
kinetics, Glass capillary
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GiRiS

Kan, ¢ok hucreli canlilarda hayatin devami i¢cin yagsamsal dneme sahip
olan bir dokudur. Kan, plazma adi verilen sivi ortam iginde kan hucrelerinin
(eritrosit, l16kosit, trombosit) suspansiyon halinde dagildigi, damar sisteminin
igini dolduran ve kalbin pompa gucu sayesinde bu sistem i¢inde tUm vucudu
dolasan bir dokudur. Kan dokusu, fiziksel olarak hticresel elemanlarin plazma
icindeki bir sispansiyonundan ibarettir. Kanin hacim olarak %40-50 kadari,
esas olarak ortalama 8 pm capinda bikonkav diskoid hucreler olan
eritrositlerden (36, 118), kiguk bir bolimU diger kan hicrelerinden, geri kalan
%50-55’lik bolimu ise plazmadan olusur. Kan dokusunun akigkanhigi da,
birinci planda eritrosit kitlesine, plazmanin 6zelliklerine ve bu iki fazin
birbirleriyle iliskisine bagh olarak degisir (75, 76, 78). Ancak eritrositlerin
fiziksel 6zellikleri bu sistem icinde belirleyici rol oynamaktadir.

Kan dokusunun, organizmadaki homeostatik dengenin ve hucrelerin
yasamlarinin surdurebilmesi i¢in surekli hareket halinde olmasi gereklidir
(103). Kan dokusunun damar sistemi icindeki hareketi her seyden 6nce kendi
Ozelliklerine ve akigkanhdina baghdir. Kanin akigkanhgi, tim cok fazh
sivilarda oldugu gibi her bir fazin reolojik 6zellikleri ve iki fazin birbirine orani
ile belirlenir. Bu iki fazi, kanin hicresel elemanlari ve plazma olusturur. Buna
gore, kanin akiskanhgi; plazma viskozitesi, hematokrit degeri ve kan
hlcrelerinin reolojik davraniglarindan etkilenir. Eritrositlerin sekil degistirme
yetenekleri ve tersinir kimelenme egilimleri (agregasyon), degisik kosullarda
kanin akiskanhginin belirlenmesinde 6nemli rollere sahiptirler (111). Akim
hizinin ylksek oldugu kosullarda eritrosit deformabilitesi kan viskozitesini
belirleyen temel faktérler arasindadir (113). Akimin yavaslamasi halinde,
hicrelere etki eden kuvvetler kugulir ve kimelenme egilimi 6n plana ¢ikar.
Eritrosit agregatlarinin olusmasi, bu kosullarda viskoziteyi yukseltir (58).

Eritrositler plazma icinde, durgun halde iken, bikonkav disklerin birbirine
paralel yuzeyler olusturmasi seklinde kimelenirler. Bu kimelenme ayni
hlcrelerin basit tuz ¢ozeltileri icinde suspansiyon haline getiriimeleri halinde
ortaya ¢ikmaz. Eritrosit agregasyonu, bu hucrelerin 6zel bir dizilim gosterdigi
bir olaydir. Bu kiimeler eritrosit sispansiyonu (kan) akmaya basladiginda
(htcreler etki eden akim kuvvetleriyle) parcalanir. Yani eritrosit agregasyonu
tersinir bir kimelenmedir. Eritrosit agregasyonu gerek plazmanin, gerekse
eritrositlerin  hucresel oOzelliklerindeki degisimlerden etkilenir. Plazma
bilesenlerinden &zellikle fibrinojen konsantrasyonu eritrosit agregasyonunu
etkileyen en 6nemli faktorlerden biridir (74). Fibrinojen yaninda diger akut faz
reaktanlari, plazma globulin fraksiyonlarindaki degisimler, osmolarite ve pH
degisiklikleri, hematokrit degerindeki artig eritrosit agregasyonunu etkiler (74,
103). Eritrositlerin karakteristikleri, deformabilite, eritrosit morfolojisi ve ylzey



yuku farkhliklari ve membrana IgG baglanimi gibi hicresel 6zelliklerin,
eritrositlerin  intrinsik ~ agregasyon  edilimlerini  belirgin  Olc¢llerde
degistirebileceklerine dair deneysel kanitlar bulunmustur (96).

Eritrosit agregasyonunun derecesi, eritrositleri bir arada tutan kuvvetlerle
(agregan kuvvetler), bu kimeleri dagitmaya c¢alisan kuvvetler (disagregan
kuvvetler) arasindaki denge ile yakindan iligkilidir (74). Disagregan
kuvvetlerin basinda ortamdaki hidrodinamik kuvvetler gelir. Hicre kimelerine
etki eden kayma kuvvetleri buyudukge, kumelenme egilimi azalir. Bunun
yaninda, eritrosit membrani ylzey yukune bagh olarak ortaya c¢ikan
elektrostatik itim kuvvetleri ve eritrosit rijiditesi agregasyona karsi koyan
kuvvetler arasindadir (74). Eritrosit agregasyonu gerek plazmanin, gerekse
eritrositlerin  hucresel ozelliklerindeki degigsimlerden etkilenir. Eritrosit
agregasyonunu in vitro belirlemek icin cesitli yaklagimlar ve yodntemler
kullaniimaktadir. Bu metodlar arasinda siklikla kullanilanlar eritrosit
suspansiyonlarindan isik gecirgenliginin ya da isik yansimasinin dlgimu (24,
61), eritrosit agregasyonunun mikroskobik indeksleri (5), eritrosit
sedimentasyon hizi, duguk kayma viskozitesi (12) ve ultrason geri
sacihmidir.

Agregasyon sirasinda eritrosit suspansiyonlarinin elektriksel ozellikleri
degisir (1, 2, 4, 89, 91, 93). Yapilan birgcok c¢alismada eritrosit
suspansiyonlarinin  elektriksel &zelliklerinin  kaydedilmesinin, fotometrik
Olcimlere benzer sekilde agregasyon sirasinda isleyen sure¢ hakkinda bilgi
verebilecegi gosterilmistir (2, 4, 90, 91). Zhao ve arkadaslarinin yaptigdi
calismanin  sonuglarina gore direng ve kapasitans  dlgUmunin
suspansiyondaki fibrinojen konsantrasyonuyla arttigi gosterilmistir (123). Yine
bu calismaya gore eritrosit sedimentasyon hiziyla kapasitansin birbiriyle
iligkili oldugu ve kapasitansin eritrosit sedimantasyon hizina ¢ok duyarl
oldugu sdylenmektedir. Eritrositlerin ve plazmanin elektriksel o6zellikleri
birbirlerinden oldukga farklidir. Kan akiminin olmadigi veya sabit akim
kosullarinda gerceklestigi sirada Olgulen empedans ve kapasitansin akim
kosullarina bagl olarak degistigi bilinmektedir (13, 123). Eritrosit
suspansiyonlarinin empedans ve kapasitanslari cgesitli faktérler tarafindan
belirlenmektedir. Bunlar: 1) Sdspansiyonun o6zellikleri (hematokrit ve
eritrositlerin 6zellikleri) 2) Hidrodinamik kosullar (kayma kuvvetleri) 3) Olgiim
kosullari (dlgum sisteminin geometrisi, elektrotlarin 6zellikleri ve olgum
frekansi)

Eritrosit stispansiyonlarinin fiziksel 6zellikleri, 6rnedin elektriksel iletkenlik
veya Isik gegirgenliginin, akimin durmasindan sonra yapilan kayitlardan elde
edilen eritrosit agregasyonunun iki fazini yansitmasi beklenir. Kendi
laboratuarlarimizda yaptigimiz galismalarda 1000 um capa sahip kapiller
borulardaki eritrosit sispansiyonun agregasyon olcimi hem fotometrik hem
de suspansiyonun elektriksel o6zelliklerinin olgtlmesiyle karsilastiriimistir.
Eritrosit suspansiyonlarindan 1gik gegirgenligi ve bu yontemin eritrosit
agregasyonu Olcumu i¢in kullanimi daha onceki ¢alismalarla onaylanmigtir



(59, 105, 108). Suspansiyonun 1sik gegirgenligi ve kapasitans olgimlerinin
agregasyon formasyonunu tam anlamiyla yansittigi bulunmustur.

in vivo olarak kapiller sonrasi venllerdeki agregasyon formasyonunun
Olcimunun yapildigi ¢calismada vendllerin ortalama ¢api 12—15 um iken, in
vitro sistemlerde, fotometrik dlgcimlerde genellikle hemen her zaman sabit
caplardaki (birkag yuz mikrometre) silindirik yapilar kullaniimaktadir. Normal
insan kaninin rulo formasyonunun zaman sabiti 1-3 saniye, U¢ boyutlu
agregat olusumunun zaman sabiti ise 10-25 saniyedir (13, 14, 24). Kim ve
arkadaslarinin yapmis oldugu c¢alismadaki zaman sabiti ise yaklasik 100
ms’dir (69). Tum bu ¢alismalardan da anlasilacagi gibi eritrosit agregasyonu,
Olcim sisteminin geometrik 6zelliklerinden etkilenmektedir.  Eritrosit
suspansiyonlarinin 1sik gegirgenliginin belli ¢apin altindaki cam kapiller
borularda olgumu, Olgim sisteminin yapisi geredi ¢okta mumkun degildir.
Suspansiyonun 1g1k gegirgenligi ve kapasitans olgumlerinin agregasyon
formasyonunu tam anlamiyla yansittigi bulunmustur. Bu nedenle kli¢lk ¢capa
sahip cam kapiller borulardaki eritrosit suspansiyonlarinin elektriksel
Ozelliklerinin (kapasitans) olgllmesi, ¢ok klglk captaki kapillerde eritrosit
agregasyon kinetigininin belirlenmesine yardimci olabilir.

Son zamanlarda vyapilan c¢alismalarda eritrosit agregasyonu ve
agregasyon zaman sabitlerinin dlcim sistemine ait geometriye bagh olarak
degisebilecegi dusunulmektedir. Fakat kiiguk gaptaki kapillerdeki agregasyon
kinetigi hakkinda vyeterli bilgi bulunmamaktadir. Bu c¢alisma, eritrosit
agregasyon kinetigi akimin gergeklestigi sistemin geometrisine bagl olarak
degisir hipotezinin test edilmesi amaciyla planlanmistir. Calismada bu
amacla farkh Ozellikteki eritrosit suspansiyonlarinin  degisik captaki
kapillerdeki agregasyon Olgcumleri yapilacaktir. Bu galisma, farkli geometriye
sahip cam kapillerde eritrosit agregasyon kinetiginde meydana gelebilecek
degisikliklerin anlasiimasina katkida bulunacaktir.



GENEL BILGILER

2.1. Kanin Akiskanlk Ozellikleri Ve Onemi

Kan dokusu, sivi mekanigi agisindan oldukga karmasik bir yapiya
sahiptir. Tanim olarak kan, “non-Newtonien-shear thinning” bir sividir (48).
Bu tur sivilarin viskoziteleri sabit olmayip, akim kosgullarina gore degisir. Basit
(Newtonien) sivilarda kayma hizi (shear rate) ile kayma kuvveti (shear
stress) arasinda dogrusal bir iligki vardir ve bu iki parametreyi birbirine
baglayan sabit, sivinin viskozite degeridir (44, 72). Kan gibi non-Newtonien
sivilarda ise kayma hizi-kayma kuvveti arasindaki iliski dogrusal olmayip
sivinin viskozitesi kayma hizina bagl olarak degisir. Kan, viskozitesi kayma
hizi arttikga azaldigi i¢in “shear thinning” bir sividir (48).

Kanin bu ¢ok 6zel reolojik davranigi iki fazli olan 6zel yapisindan
kaynaklanir. Plazmadan olusan bir sivi faz ve onun iginde yer alan hicresel
elamanlardan olugsan kan dokusunun akiskanligi fazlarin reolojik 6zelliklerine
ve bu iki fazin birbirine oranina baglidir (48, 72). Dolayisiyla hematokrit
degeri kan viskozitesinin belirlenmesinde énemli bir role sahiptir. Hematokrit
degeri ile kan viskozitesi arasinda Ustel bir iliski vardir. Ozellikle %50'nin
uzerindeki hematokrit degerlerinde kan viskozitesi 6nemli dlgude artar (48,
110).

Kanin akigkanhgi hicresel bolimunin %98’ini olusturan eritrositlerin
reolojik 6zellikleriyle de yakindan iligkilidir. Eritrositlerin sekil degistirme
(deformabilite) yetenekleri sayesinde ¢ok ylksek hematokrit degerlerinde bile
kan akigi saglanabilmektedir (36, 114, 115). Eritrositlerin bir bagka dnemli
Ozellikleri de agrege olabilmeleridir. Damar yataginda kayma kuvvetleri belli
bir kritik degerin altina indiginde eritrositler agrege olarak kanin
akigkanhginin azalmasina sebep olabilirler. Kayma kuvvetlerinin arttigi
kosullarda ise eritrosit agregatlari pargalanir (72). Belirli bir degere ulasana
kadar, kayma hizi artigi kan viskozitesinde azalmaya sebep olur. Kayma hizi
bayUk arterlerdeki seviyesine ulastiginda ise eritrosit agregatlari pargalanir
ve bu noktadan sonra, kan viskozitesi kayma hizindan bagimsiz hale gelir;
yani kan Newtonien bir sivi gibi davranmaya baglar. Bdylece eritrosit
agregasyonu da kanin non-Newtonien davraniginin belirlenmesinde onemili
rol oynar (32).

2.1.1. Kitle Halinde Kan Akimi

Kan dokusunun bir batln olarak davranabilmesine izin verecek dlglde
bldylk boyuttaki damarlarda kan, tam olarak iki fazli bir stspansiyon
Ozelligindedir (48). Bu kosullarda, damar sisteminin geometrik 6zelliklerine,
kanin fiziksel 6zelliklerine ve akim hizina bagimh olarak laminer veya
turbulan karekterde akim gorulebilir. Laminer akim, sivi tabakalarinin birbiri



uzerinde kaymasi seklinde gerceklesen duzenli, hidrolik direncin dusuk
oldugu bir akim geklidir (71). Fizyolojik kosullarda damar sisteminin buayuk bir
bolumunde kan akimi laminer karakterdedir. Damar geometrisindeki yerel
degisikliklere, kan akim hizindaki ani artiglara bagl olarak kan akimi tlrbdlan
hale donusebilir. Bu kosullarda akim direnci de artar.

Laminer akim kosullarinda sivinin akigkanligi, sivi tabakalari (laminalar)
arasindaki surtinme kuvvetiyle yakindan iligkilidir. Kan dokusu gibi iki fazli
sivilarda, birinci faza (plazma) ait laminalar arasindaki surtinme ikinci fazi
olugturan parcaciklarin bu laminalari ne Olgude distorsiyona ugrattigi ile
yakindan iligkilidir (71). Kanin hdcresel elemanlarindan olusan ikinci fazdaki
pargaciklarin kolay sekil degistirebilen bir 6zellikte olmalari onlarin laminer
akim cizgilerine oryantasyonunu kolaylastirarak tabakalar arasindaki
surtinmeyi, dolayisiyla sivinin viskozitesini azaltir (32, 48, 71). Zit olarak,
eger laminalar arasinda yer alan pargaciklarin buyuklugu artarsa, tabakalar
arasindaki sirtinme ve viskozite artar (100).

2.1.2. Kapiller Kan Akimi (Mikrodolagim)

Dolagsim sisteminde kapiller damarlar 3—8 pm c¢aptadir. Bu kosullarda
kanin bitin olarak iki fazli bir sivi sistemi gibi disinUlmesi olanaksizdir.
Bunun yerine, kanin hicresel elemanlarinin ve plazmanin mikrodolagimdaki
davraniglart ayri ayri degerlendiriimelidir. Yer yer kan hucrelerinin
boyutlarindan daha kuguk bir gapa sahip olabilen bu damarlardaki akim hizi,
blylk 6l¢tide kan hicrelerinin sekil degistirme yetenekleri (deformabilite) ile
yakindan iligkilidir (36).

2.1.3. Kanin Akigkanhgini Belirleyen Faktorler

iki fazli bir sivi olan kanin akiskanligi, tim ¢ok fazli sivilarda oldugu gibi
her bir fazin reolojik 6zellikleri ve iki fazin birbirine orani ile belirlenir. Bu iki
fazi, kanin hlcresel elemanlari ve plazma olusturur. Buna gbére, kanin
akiskanligi; plazma viskozitesi, hematokrit degeri ve kan hucrelerinin reolojik
davraniglarindan etkilenir.

Plazma Viskozitesi: Plazma kandaki hicresel elemanlar igin
suspansiyon ortami olarak gorev yaptigindan, akiskanligindaki bir degisiklik,
dogrudan kan viskozitesine yansir. Normal plazma viskozitesi 37 °C’de 1.10-
1.35 centipoise arasinda bir degere sahiptir (71), ancak hastalik
durumlarinda daha ylUksek degerler gozlenebilir. Genel olarak, plazma
viskozitesi hastalik surecinin nonspesifik bir belirtecidir ve akut faz
reaksiyonlari ile ilgili patofizyolojik durumlarda artar (97) . Bu artis, plazmanin
protein igerigi ile yakin bir iligki gosterir. Fibrinojen gibi akut faz reaktanlari
hastalik sirasinda plazma viskozitesindeki artmaya 6nemli 6l¢ide katkida
bulunur (97).

Hematokrit Degeri: Laminar akim kosullarinda, sivi tabakalarinin
arasindaki direnci arttiran hlcresel elemanlarin oransal miktari, bu iki fazl



sivinin akiskanhgini belirleyen faktorlerin basinda gelir. Hematokrit dederi ile
kan viskozitesi arasinda eksponansiyel bir iligki vardir (48) (Sekil 2.2).

Kanin Hucresel Elemanlarinin Reolojik Davranigi: Kanin hicresel
elemanlarinin buyutk ¢ogunlugunu olugsturan eritrositler, kitle halinde akim
kogullarinda dikkate alinmasi gereken tek hacre tarudir. Ancak,
mikrodolagim duzeyinde, hucrelerin bireysel hareketleri on plana ¢iktigindan,
her bir hiicre tiranun reolojik davraniginin ayri ayri degerlendirilmesi gerekir.
Eritrositlerin sekil degistirme yetenekleri ve tersinir kimelenme egilimleri,
degisik kosullarda kanin akiskanhdinin belirlenmesinde 6nemli rollere
sahiptirler (111). Akim hizinin yUksek oldugu kosullarda eritrosit
deformabilitesi kan viskozitesini belirleyen temel faktorler arasindadir (113).
Akimin yavaslamasi halinde, hucrelere etki eden kuvvetler kagulur ve
kimelenme egilimi 6n plana c¢ikar. Eritrosit agregatlarinin olusmasi, bu
kosullarda viskoziteyi yukseltir (58).

2.2. Eritrositler

Eritrositler baslica gorevleri solunum gazlarinin tasinmasi olan ileri
derecede 6zellesmis hicrelerdir (118). Ortalama hacmi yaklagik 90 femtolitre
(fL), ortalama ylizey alani 140 pm? olan eritrositler kemik iliginde dretilirler ve
periferik dolagima katiimadan once cekirdeklerini kaybederler (36, 118).
Diger organelleri de dolasimda birkac gun icinde kaybolur. Cekirdek,
mitokondri, ribozomlar gibi sitoplazmik organellere sahip olmayan eritrositler
protein sentezi yapamaz, mitokondri ile iligkili oksidatif reaksiyonlari
gerceklestiremez ve mitoza ugrayamazlar (118). Boylece eritrositler, protein
ve elektrolitleri cevreleyen basit bir membrandan ibaret olarak
tanimlanabilirler. Sitoplazmik proteinlerin %95’'inden fazlasini hemoglobin
(Hb) olusturur. Eritrositlerin sahip oldugu bikonkav disk sekli fonksiyonlarini
surdurebilmeleri i¢in ¢cok uygundur. Bu 6zel sekil sayesinde, hicre yuzeyinin
hacmine orani mumkin olan en ylksek degere ulagsmakta ve bdylece gaz
transferi kolaylasmaktadir. Ayrica bikonkav disk yapisinin kiireye gore sekil
degistirme yetenegdinin daha fazla olusu eritrositlerin mikrodolagimda optimal
hareketlerinin saglanmasina katkida bulunmaktadir (76, 118). Kiglk
damarlarda eritrosit hareketleri gozlemlendiginde bikonkav diskin akim
yonunde oriente olarak, yandan bakildiginda paragute benzer bir sekilde
ilerledigi gorulur. Boylece sekil dedistirebilen eritrositler, maksimum capi 4
pMm olan damarlardan rahatca gecebilmektedirler (118).

Normal eritrosit bikonkav disk seklinin saglanmasi ve korunmasinda rol
oynayan faktorler sunlardir: 1) membrandaki elastik gugler 2) yuzey gerilimi
3) membran yuzeyindeki elektriksel potansiyel 4) ozmotik veya hidrostatik
basinglar ve 5) ylzey alani/hacim iligkisi. Ayrica hicre seklinin korunmasinda
eritrositlerin iginde bulunduklari ortamin Ozellikleri de buyuk Onem
tasimaktadir (118).

Eritrosit membraninin akigskan yapisi, sahip oldugu lipid matriksten
kaynaklanmaktadir. Bu tabakanin lipid kompozisyonu membran akiskanhgini



degistirmektedir (107). Fakat bu degisimin membranin batin olarak visko-
elastik yapisi Uzerine 6nemli bir etkisi olmadigi gdsterilmistir (36, 112).
Eritrosit membraninin viskoelastik 6zellikleri hemen batinUyle eritrosit
membran iskeletinin yapisi ve proteinler arasindaki iligkiler ile belirlenir (33,
106).

2.2.1. Eritrosit Deformabilitesi

Eritrosit deformabilitesi, bu hicrenin belli bir kuvvetin etkisi altinda seklini
tersinir olarak degistirebilme yetenegini ifade eder (36). Eritrosit
deformabilitesi; eritrositin geometrik 06zellikleri, sitoplazmik viskozitesi ve
eritrosit membraninin mekanik 6zellikleri tarafindan belirlenir (36, 62, 77, 79).

Eritrositlerin  normal bikonkav-disk seklinin korunmasi deformabilite
yetenedi agisindan ¢ok onemlidir. Bu 6zel geometrik sekil, hlcreye yuzey
alanini genigletmeksizin sekil degistirme olanagi saglar. Eritrosit seklinde
meydana gelen bozukluklar deformabilite yetenegdinde dnemli bir azalmalara
neden olur (76, 77) .

Eritrosit sitoplazmasinin akiskanligi da eritrositlerin mekanik o6zelligini
etkilemektedir.  Sitoplazmanin  6nemli  bir icerigi olan hemoglobin
konsantrasyonu sitoplazma akigkanligini belirler (62, 77). Normal bireylerde
eritrositlerin hemoglobin konsantrasyonu yaklasik 27-37 g/dL arasindadir.
Bu aralikta sitoplazmik viskozite 5-15 centipoise kadardir (43). Bu normal
sinirlarda, sitoplazmik viskozitenin eritrosit deformabilitesi Uzerinde etkisi
ihmal edilebilir. Ancak, bu degerlerin Uzerindeki konsantrasyonlarda
sitoplazmik viskozitede buyuk artislar meydana getirir. Olgun eritrositlerde
hemoglobin sentezi ve yikimi olmadigindan konsantrasyon degisimleri
hldcrenin su kapsamindaki degisimlere baglidir.

Eritrosit membrani esnek yapisindan dolaylr dig kuvvetlerin etkilerini
sitoplazmaya aktararak eritrositlerin butin icerikleriyle akima katilmalarini
saglar. Eritrosit membraninin sekil degistirmeye izin vermesi yaninda bir
baska onemli 6zelligi de elastik yapiya sahip olmasidir (36). Eritrositlerin
hidrodinamik kuvvetlerin etkisindeki sekil degistirmeleri geri donusumludur.
Sekil degisimine neden olan etkinin ortadan kalkmasi ile hicre diskoid
sekline geri doner. Bu 06zelligin hemen butunuyle membran ve membran
iskeletine bagh oldugu aciktir (49, 76, 77).

2.2.2. Eritrosit Agregasyonu

Agregasyon, eritrositlerin birbirlerine paralel yluzeyler olusturarak, 6zel bir
sekilde kumelenmeleridir. Eritrosit agregasyonu sadece suspansiyon
ortaminda belli buyuklik ve yapidaki makromolekullerin varliginda ortaya
cikar. Bu kimelenme ayni hicrelerin basit tuz ¢ozeltileri icinde slspansiyon
haline getiriimeleri halinde gértilmez (Sekil 2.1). Eritrosit agregasyonu, bu
hdcrelerin  6zel bir dizilim gosterdigi bir olaydir. Bu kUmeler eritrosit
suspansiyonu (kan) akmaya basladiginda (htcreler etki eden akim
kuvvetleriyle) pargalanir. Yani eritrosit agregasyonu tersinir bir kimelenmedir.



Sekil 2.1. Eritrositlerin basit tuz ¢ozeltisi (A) icindeki davranisi ve plazma slispansiyonu
icinde, durgun halde iken, bikonkav disklerin birbirine paralel ylizeyler
olusturmasi (B)

Eritrosit agregasyonunun derecesi su faktorler tarafindan belirlenir:

e Sispansiyon ortaminin (plazmanin) bilesimi: SUspansiyon ortamindaki
fibriler yapidaki molekillerin konsantrasyonu eritrosit agregasyonunun
hizi ve buayuklugunu etkileyen onemli bir faktordur. Plazmada fibrinojen
proteini eritrosit agregasyonun derecesini belirler.

« Eritrosit membrani ylizey Ozellikleri: Eritrosit membraninin ylizey yuku
eritrosit agregasyonunu etkileyen onemli bir faktordlr. Bunun nedeni,
negatif ylzey yukl nedeniyle eritrositlerin kiimelenme sirasinda birbirini
itmeleridir. YUzey yukinun azalmasi agregasyonun derecesini arttirir.

o Eritrositlere etki eden akim kuvvetleri: Eritrosit agregasyonu tersinir bir
kimelenmedir. Bu nedenle sivi akimi bu kimeleri pargalar. Sivi akigi ile
ilgili kuvvetler buyukse eritrosit kumelerinin buayuklugu kuguk olur. Belirli
bir akis kuvvetinin Uzerinde butun eritrosit kimeleri pargalanacak,
eritrositler birbirinden bagdimsiz hareket etmeye baslayacaklardir. Sekil
2.2’de yukaridan asagiya dogru, giderek artan kuvvetlerin etkisi altinda
eritrosrositler gorulmektedir. Kimelenmenin kuvvetler bayudikge azaldigi
gorulmektedir.

Eritrositlerin hlcresel 6zellikleri (sekil, deformabilite ve membran ylzey
Ozellikleri), suspansiyon ortaminin Ozellikleri (plazma fibrinojen ve
makroglobinler gibi proteinlerin konsantrasyonu, hematokrit, pH ve
ozmolarite) ve ortamdaki kayma kuvvetleri eritrosit agregasyonunu etkiler
(74, 96, 103). Hucreler yikanip protein ya da polimer icermeyen tamponlarda
tekrar sispanse edilirlerse, eritrosit agregasyonu ortadan kalkar.
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Sekil 2.2. Artan kayma kuvvetlerinin etkisi altindaki eritrositler.

Eritrosit agregasyonunun derecesi, eritrositleri bir arada tutan kuvvetlerle
(agregan kuvvetler), bu kimeleri dagitmaya c¢alisan kuvvetler (disagregan
kuvvetler) arasindaki denge ile yakindan iligkilidir (11, 74).

Disagregan kuvvetler; Disagregan kuvvetlerin baginda ortamdaki
hidrodinamik kuvvetler gelir. Kayma kuvveti mekanik gugclerin 6rnegin
rotasyonal vizkometre ya da boru icindeki akim sirasinda ortaya gikabilir. Bu
kuvvetler rulo formasyonunun olusmasina engel olur ya da var olan
agregatlarin dagilmasina neden olur. Bu nedenle kayma kuvvetinin
bayuklugu ile eritrosit agregatlarinin boyutu arasinda ters bir iligki vardir.
Normal sartlarda, patolojik olmayan kanda, disuk kayma hizlarinda (20-40 s
l) agregatlar genellikle daginiktir. Patolojik kanda ise hucreler arasindaki
¢ekim guclerinin fazla olmasindan ya da buyuk polimerler igceren eritrosit
suspansiyonlarinda disagregasyonun gerceklesebilmesi igin daha buyuk bir
kayma kuvveti gereklidir. Hucre kimelerine etki eden kayma kuvvetleri
bayudukge, kimelenme egilimi azalir. Bunun yaninda, eritrosit membrani
ylzey yukune bagh olarak ortaya ¢ikan elektrostatik itim kuvvetleride
agregasyona karsi koyan kuvvetler arasindadir (11). Eritrositler membran
yuzeyindeki sialik asid rezidulerinden dolayi genellikle net negatif ylzey
yukune sahiptirler. Bundan dolayi itici elektrostatik gugler eritrositlerin birbirini
itmesine ve ayri kalmasina neden olur. Eritrositler arasindaki bu elektrostatik
itici gu¢ rulo formasyonunun olugsmasina karsi koyar. Ayrica eritrosit rijiditesi



de agregasyona kargi koyan kuvvetler arasindadir Eritrositlerin birbirleriyle
yakin temasta bulunabilmesi ic¢in sekil degisikline ihtiyag duyar ve bundan
dolayl da agregasyona izin verir. Membran gerilimi ise bu sekil degisikligine
karsi koyar. Genel olarak eritrosit deformabilitesinin bozulmasiyla, eritrosit
agregasyonunun azalacagl kabul edilir (37) ve deneysel olarak eritrosit
deformabilitesinin degistiriimesi agregasyon yeteneginde degisikliklere neden
olabilir.

Eritrosit agregasyonunu etkileyen faktérler; Eritrosit agregasyonunun
derecesini hem suspansiyonun igerigi hem de eritrositlerin 6zelligi belirler.
Eritrositlerin tipik bikonkav-diskoid sekli, eritrositlerin rulo formasyonu igin gok
onemli bir 6zelliktir. Bu sekilden herhangi bir uzaklasma normal agregasyon
davranisinda sapmalara neden olur. Ornedin oval eritrositlere sahip olan
develerde neredeyse hi¢ agregasyon gozlenmez (87). Ayrica ozmotik basing
nedeniyle eritrositlerin seklindeki c¢ok az degisiklikler (6rnegin hicre
volimunun azalmasi veya artmasi) ya da eritrositlerin serbest radikallere
maruz kalmasi eritrosit agregasyonunu o©onemli derecede etkiler (40).
Izovolemik sekil degisikliklerinde ise, 6rnegin eritrositlerin ekinosit olmasi
agregasyonu oOnemli derecede azaltir veya engeller (73). Hematokrit,
agregasyon surecinde onemli bir belirleyici faktordlr. Dusik hematokrit
hicrelerin temas etmesini ve buna bagl olarak rulo formasyonunu engeller.
Hematokrit artisi ise agregasyonu artirir (14, 59, 104), ayrica hematokrit in
vivo agregasyonu etkileyen 6nemli faktérlerden biridir (69, 70).

Eritrosit agregasyonuna makromolekdillerin etkisi; Eritrosit agregasyonu
deneysel amagla plazma (sUspansiyon ortami) kapsami degistirilerek
modifiye edilebilir. Bu amacla yuksek molekdl agirhkli ve fibriler yapidaki
biyomolekdiller (6rnegin dekstran) bircok deneysel ¢calismada kullaniimistir(9,
28, 30, 47). Genellikle, bu biyomolekullerin ¢ozeltilerinin deney sirasinda
dolagsima enjekte edilmesiyle gerceklestirilen eritrosit agregasyonu artisi,
beraberinde plazma viskozitesi ylukselmesini de getirir. Buna karsilik, son
birkac yilda kullaniimaya baglanan yeni bir teknik eritrosit hucresel
Ozelliklerinin degistiriimesiyle, stspansiyon ortaminda herhangi bir degisiklik
yapilmaksizin eritrosit agregasyonunun modifiye edilmesine olanak
vermektedir (3, 23, 122). Bu yontemle, eritrosit yuzeyine kovalan olarak
baglanabilen, uglarinda 6zel reaktif gruplara sahip polietilenglikol esasli ko-
polimerler kullanilarak, eritrosit yiizey 6zellikleri degistirilmektedir. lyi kontrol
edilen kosullarda eritrositlerle birlikte inkiibe edilen reaktif ko-polimerin
konsantrasyonu degistirilerek, inkibasyon sonrasi yikanarak otolog
plazmalarinda suspansiyon haline getirilen hicrelerin agregasyon dereceleri
ayarlanabilmektedir. Bu sekilde, eritrosit agregasyonunun kademeli olarak
degistirilebilmesi ve bu degisimlerin hemodinamik etkilerinin incelenebilmesi
olanakli hale gelmistir.

Eritrosit agregasyonuna etkili hiicresel faktérler; Hucresel 6zelliklerin,

eritrositlerin intrinsik agregasyon egiliminde bireyler arasi, hatta turler
arasinda da belirgin farkhliklar olusturabilecek duzeylerde etkili olabildikleri,
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bazi durumlarda patolojik surecglerde gozlenenden daha yuksek duzeylerde
agregasyon degisikliklerinden sorumlu olabilecekleri anlasiimaktadir (96)

Eritrosit yasinin agregasyon uzerine etkileriyle ilgili ilk calisma Nordt'a
(84) aittir. Bu calismada, eritrositler yiksek hizda santrifligasyon teknigiyle
yaslarina gore, yuksek dansiteli (yasl), orta dansiteli ve dusuk dansiteli
(geng) olmak uge ayrilmigtir. Yasina gore ayrilan bu hucrelerin otolog
plazmada resuspanse edilmesinden sonra yapilan agregasyon oOlgimunde
yuksek dansiteli hiicrelerin distk dansitelilere gore iki kat daha fazla agrege
oldugunu, orta dansiteli hucrelerin ise agregasyonunun limitler arasinda
oldugu saptanmistir (84). Daha sonra yapilan calismalarda ise eritrosit
populasyonu sanrifij sonrasi ustte kalan %10’luk kisim (geng), ortadaki
%80’lik kisim ve dipteki son kisim (yasl) olarak Uge ayriliyor. Yapilan
calismalarin sonuglarina gore dipteki hucrelere ait agregasyonunun ustteki
hicrelere gore iki kat fazla gosterilmistir (81, 95, 117). Bu calismalarin
sonuglari gostermistir ki hucrenin yagi arttikca agregasyon derecesi de
artiyor.

Fibrinojen gibi akut faz reaktanlari hastalik sirasinda plazma
viskozitesindeki artmaya onemli Olgude katkida bulunur (28). Eritrosit
agregasyonu akut faz reaksiyonlari gibi plazma icerigindeki degisimler ve
hicresel faktdrlerdeki modifikasyonlarin goruldigu patofizyolojik sureclerde
degisir (7, 11, 103, 115). Eritrosit agregasyonuna hicresel faktorlerin
etkilerinin arastirilmasinda hacrelerin  membran yuzeylerinde degisiklige
neden olan enzimlerde kullaniimaktadir. Bunlarin arasinda eritrosit
membranindaki sialik asitlerin uzaklastirimasini saglayarak membran
yukinde degisiklige neden olan neuraminidase (66) ve eritrosit
glikokalikslerini parcalayan proteolitik (kimotripsin, tripsin ve bromelain)
enzimler sayilabilir (86). Bu enzimlerin hepside eritrosit membran yuzeyinin
Ozelliklerini degistirerek agregasyonun artmasina neden olur. Bunun yani sira
deneysel olarak eritrosit deformabilitesinin azaltimasi da, eritrosit
agregasyonunda azalmaya neden olmaktadir (15, 80, 81).

Eritrositlerin, madeni para yiginina benzer sekilde olusturduklari ve rulo
formasyonu olarak tanimlanan agregatlarini bir arada tutan agregan
kuvvetler ile ilgili olarak iki hipotez 6ne surtlmustir (11).

1. Képrileme hipotezi: Bu hipoteze gore, birbirine komsu hucrelerin
yuzeylerine adsorbe olan ve bu hicreler arasinda kopruler olusturan
makromolekuller, agregatlar bir arada tutarlar (37).

2. Kemiozmotik hipotez: Makromolekullerin eritrosit ylUzeyinden fiziko-
kimyasal mekanizmalarla uzak tutulmasi bir osmotik gradient ve
hicrelerarasi boslukta bir sivi hareketi olusturur. Bu sivi hareketinin
yarattigi basing farkliliklari komsgu hacreleri birbirine dogru iter (17,
83).
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Eritrosit agregasyonu tersinir bir kimelenmedir ve kan akimi ile ilgili
kuvvetler buyudukge eritrosit kimelerinin - buayukligu azalir. Durgun
kosullarda meydana gelen eritrosit agregatlari, kan akiminin baslamasiyla,
uygulanan kayma gerilimi ile dagilirlar. Belirli bir kayma kuvvetinin Uzerinde
batin eritrosit kumeleri dagilir ve eritrositler birbirinden bagimsiz hareket
etmeye baslar. Bu kuvvetlerin ortadan kalkmasiyla olusan durgun kosullarda
tekrar olusurlar.

Kan akiminin durmasiyla eritrosit agregasyonunun olusumu anlik bir olay
olmayip, zaman iginde belirli bir seyre sahiptir. Normal akim kosullarinda
eritrositler sekil degistirerek laminer akim gizgilerine uyum saglarlar. Akimin
durdurulmasiyla eritrositler baglangigtaki normal bikonkav diskoid sekline geri
donerler ve bu olay yaklasik birka¢ yuz milisaniyede gergeklesir (13). Bu
olayin hemen arkasindan agregasyon sureci baslar. Saglikli insan kaninin in
vitro kosullarda eritrosit agregatlarinin olusumu ile ilgili zaman sabitleri
saniyeler mertebesindedir (21, 24).

2.3. Eritrosit Agregasyonu Olgiim Yéntemleri

Eritrosit agregasyonu gerek plazmanin, gerekse eritrositlerin hicresel
Ozelliklerindeki degisimlerden etkilenir. Bu degisimler bir dizi fizyopatolojik
suregle iligkilendirilebilir (15, 16, 34, 39, 85, 98). Bu nedenle eritrosit
agregasyonunun olgumu klinik bir dneme sahiptir. Eritrosit agregasyonunu in
vitro  kosullarda belirlemek icin gesitli yaklasimlar ve yontemler
kullaniimaktadir:

2.3.1. Mikroskopik Metotlar

Genel olarak bu ydontemler durgun kosullarda veya belirli akim kuvvetleri
altinda agregat basina disen hlicre sayisini saptamaya dayanir (35, 38). Bu
islem, basit bir hemasitometre kullanilarak mikroskop altinda agregat ve
hicre sayilarinin saptanmasiyla yapilabilecegi gibi, video-mikroskopi ve
bilgisayarl analiz teknikleri kullanilarak da yapilabilir (5). Ornegin, hiicre
sayisi bilinen bir dille eritrosit suspansiyonu (%1 hematokritte) standart
hemasitometre haznesine yerlestirilir ve belirli bir stre (5-10dk) dagitilmadan
birakilir.  Alanin birgok bodlgesi video mikroskopi ile kayit edilir ve birim
hacimdeki htcresel Unitelerin (tek-dagiimis hicre ya da tek hucresel
agregatlar) sayisi belirlenir. Daha sonra mikroskobik indeks, birim hacimdeki
total hicre sayisinin birim hacimdeki hicresel Unitelere oranindan
hesaplanir. Bu deger agregasyon derecesi ile artar.

2.3.2. Eritrosit Sedimentasyon Hizi

Bircok hastalikta taniya yardimci bir inceleme ydntemi olan eritrosit
sedimentasyon hizi (ESH), oldukg¢a yaygin kullanilan, basit ancak duyarliligi
dusuk bir testtir (60). Kan dik bir tipe alindiginda, eritrositler dibe dogru
cokmeye meyillidir. Belirli bir slre igerisinde eritrositlerin gdkme mesafesinin
Olcuma ESH olarak adlandinlir. ESH agregasyonun derecesinin
belirlenmesinde kullaniimaktadir.
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2.3.3. Diisiik Kayma Viskozitesi Olgiimii

Genel olarak, 1-5 s™'in altindaki kayma hizlarindaki kan viskozitesi
eritrosit agregasyonu ile artar ve bu nedenle disuk kayma hizindaki viskozite
eritrosit agregasyon indeksi olarak kullanilir (12).

2.3.4. Ultrasonik Yontemler

Tek bir eritrosit ya da eritrosit agregatlari ultrasonu geri sagan nesneler
olarak davranirlar. Burada geri sacilimin derecesi hucrenin ya da agregatin
hacmine baghdir. Geri sacgilim katsayisi kan ya da eritrosit
suspansiyonlarindaki pargacik buyukligunu tanimlamak igin kullanilir (29,
41). Burada katsayinin blyuklugu agregasyon derecesi ile artar.

2.3.5. Fotometrik Metodlar

Bir eritrosit suspansiyonuna gonderilen 1g1gin suspansiyondan gegisinin
veya yansimasinin Olgtlmesini esas alan metotlardir (14, 24, 59). Eritrosit
agregasyonuyla birlikte suUspansiyondan gecen 1sik miktar artarken,
yansiyan isik miktari azalir. CUnkU agregatlar arasindaki bosluklar daha ¢ok
Is1din sUspansiyondan gegmesine izin verirken daha az 1s1gin yansimasina
neden olurlar.

Eritrosit agregasyonun lazer isik-geri sacilimi (LORCA; RR Mechatronics,
Hoorn, Hollanda) yontemi ile analiz yapan bir cihazda bir mililitre eritrosit
suspansiyonu aralarinda 0.3 mm bosluk kalacak sekilde birbirine uyan iki
cam silindirden olusan bir sistemine yerlestiriimektedir. Lazer isinlari direk
ornege verilmekte ve yansiyan isinlar iki fotodiyot araciligiyla kaydedilmekte
ve bilgisayar araciligiyla analizi yapiimaktadir.

Eritrosit agregasyonunun fotometrik olarak 6élgimuini yapan baska bir
cihaz (Myrenne aggregometer; Myrenne Gmbh, Roetgen, Almanya) ise,
aralarinda 50 um mesafe bulunan, birbirine parelel iki cam plaka ve
bunlardan birisini belirli bir hizda donduren bir adet motordan olusmaktadir.
Bu iki cam plaka arasina yerlestirilen kan érnegine bir diyot (LED) tarafindan
gonderilen infrared i1sik demetinin, kan 6rneginin diger tarafindaki fotosensor
tarafindan algilanip hesaplanmasini saglar. Olgciimiin baslangicinda cam
plaklardan birisi dondiiriilerek, kan érnedi 6lclim noktasinda 500 s™ kayma
hizinda 10 saniye hareket ettiriimektedir. Kan ornegi icerisindeki eritrosit
agregatlarini pargalayan (disagregasyon) bu hareketi izleyen ani bir durma
sonrasinda kan orneg@inin 1Sk gecirgenligi kaydedilmektedir. Kayma
kuvvetlerinin ortadan kaldirilmasindan sonra ortaya c¢ikan eritrosit
agregasyonu sirasindaki i1sik gegirgenligi degisikliginin zaman igindeki seyri
izlenerek agegasyonun buyukligu ve dinamigi saptanabilir.

2.3.5.1. Eritrosit Agregasyonu Zaman Seyri: Kan akiminin aniden
durdurulmasindan sonra isik yansimasindaki zamana bagh degisiminin
kaydedilmesi “syllectogram” olarak bilinir ve agregasyonun zaman seyrini
yansitir (124). Syllectogram veya benzer sekilde i1sik gegirgenliginin zaman
seyri matematiksel olarak analiz edilerek, eritrosit agregasyonu zaman
sabitleri ve c¢esitli indeksler hesaplanabilir (14, 24, 59). Syllectogram dort
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evreden olusmaktadir (Sekil 2.3): 1) Disagregasyon evresini olusturan ve
eritrositlerin akim dogrultusunda sekil degistirerek uzadigi baslangi¢ platosu
2) Akimin durmasiyla bu sekil degisikliginin ortadan kalktigi evre (shape-
recovery) 3) Eritrosit agregasyonun basladigi rulo formasyonu evresi, 1sik
yansimasinda azalis 4) Ug boyutlu agregatlarin meydana gelmesi.

Fotometrik Olgumler eritrosit suUspansiyonlarinda agregasyonunun
arastirlmasi icin yaygin bir gekilde kullaniimaktadir (14, 60, 104). Bu
yaklagimla eritrosit agregasyonu olgen cihazlar ticari amagla uretilmistir.
Fotometrik Olgum yapan bu cihazlar Ozellikle agregatlarin dagitiimasi
(disagregasyon) surecinde 6nem tasiyan, cesitli akim geometrileri (i¢ ice
gecmis silindirler, koni-plak, paralel yuzeyler, dikdortgen akim kanali gibi)
kullanirlar (14, 59, 60, 105). Bu 6lgim sistemlerine ait geometriler genellikle
birkagc yuz mikrometre genisliginde bir akim alanina sahip yapilardan
olugmaktadir.

2.3.6. Elektriksel Ozelliklerin izlenmesi

Eritrosit sUspansiyonlarinin elektriksel 06zellikleri de agregasyonun
izlenmesinde kullanilabilir. Plazmanin ve kan hucrelerinin elektriksel
Ozelliklerinin birbirinden farkli oldugu ve agregasyon sirasinda eritrosit
suspansiyonlarinin elektriksel 6zelliklerinin degistigi bilinmektedir (2, 4, 19,
21, 88-91). Eritrosit suspansiyonlarinin elektriksel dzelliklerinin izlenmesinin,
fotometrik Olgimlere benzer sekilde agregasyon sirasinda isleyen streg
hakkinda bilgi verebilecegi 6ne surlimustur (21, 90, 91).

I (au)

T 1004

120

Zaman {sn}

Rulo ve g boyutlu
agregasyaon

Disagregasyaon

Eritrositlerin

narrm al
sekline dénm esi

Sekil 2.3. Eritrosit slispansiyonlardan agregasyon éncesi ve sirasinda yansiyan isik
siddetindeki degisiklikler (Syllectogram). Aciklama metin igindedir. “ Kaynak
(60)’ den yeniden cizilmigtir’
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2.4. Eritrosit Agregasyonunun in-vivo Onemi:

Eritrosit agregasyonu, kanin “shear thinning” (artan kayma hizi ile kan
viskozitesinin  dusmesi) davranigindan sorumludur. Laminer akim
kogullarinda sivinin akigkanhgi, sivi tabakalari (laminalar) arasindaki
surtunme kuvvetiyle belirlenir. Plazmaya ait laminalar arasindaki surtunme,
eritrositlerin bu laminalari ne Ol¢lide distorsiyona ugrattigl ile yakindan
iligkilidir (Sekil 2.4) (11). Eritrositlerin kolay sekil degistirebilen bir 6zellikte
olmalari, onlarin laminer akim c¢izgilerine oriyentasyonunu kolaylastirarak,
tabakalar arasindaki surtinmeyi, dolayisiyla sivinin viskozitesini azaltir (32).
Tersine, eger laminalar arasinda yer alan pargaciklarin bayukligu, yani
eritrositlerin agregasyonu artarsa tabakalar arasindaki surtinme ve viskozite
artar (12). Bu tablo, kanin iki fazli bir suspansiyon gibi davrandigi buyuk
boyutlu damarlarda gegerlidir (32, 48).

Ama is butun dolasim sistemini degerlendirmeye gelince gesitli boyuttaki
damarlarda kan akimlari birbirinden farkli karakterler gosterebilir. Ornegin,
mikrodolagimda her iki fazin akigkanhk Ozellikleri —ayr  ayr
degerlendirilmelidir. Kanin in vivo reolojik davranigi ile ilgili ilk ¢alismalardan
birisi 1933 yilinda Whittaker ve Winton tarafindan yayinlanmistir (116). Bu
calismada, in vivo kosullarda belirlenen viskozitenin in vitro kosullarda
Olcllen degerden daha dusuk oldugu gosterilmistir (116). Bu nedenle in vivo
akim direncini sadece in vitro kosullardaki hemoreolojik verilere dayanarak
tahmin etmek isabetli sonuclar vermeyebilir. in vivo kan akiminin
belirlenmesinde eritrosit agregasyonu ve onun etkiledigi mekanizmalar
onemli bir rol oynamaktadir.

Eritrosit agregasyonunun derecesi damar sisteminin ¢esitli bolumlerinde
farkh buyukltklerde olabilir. Bu buyUkligu belirleyen en énemli faktor bu
boélimlerde hukim suren hemodinamik kosullarla ilgili olmak UGzere, yerel
kayma kuvvetleridir (92, 122). Eritrosit agregatlarinin disik kayma
kuvvetlerinin hakim oldugu vendz damarlarda ve cesitli nedenlerle kan
akiminin yavasladigi damar bolumlerinde yogunluk kazanmasi ve bu
boliumlerde kan viskozitesinin artisina neden olarak akim direncini
yukseltmeleri beklenir (27, 30). Genel olarak arteriyel damarlardaki kayma
kuvvetleri vendz dolasimdan ¢ok yuksektir (32). YUksek olan bu kayma
kuvvetlerinin arteriyel damarlarda agregasyon olugsumunu engelleyecegi
dugunulebilir. Ancak, butun silindirik akim sistemlerinde oldugu gibi, arteriyel
damarlarda da, kayma hizi ve kayma gerilimi damar kesitinin her yerinde
ayni degildir (42, 57). Kayma hizi, damarin merkezindeki akim alaninda
minimum, kenarlarindaki sivi akiminda ise maksimumdur (57). Bu durumda,
merkezi akim iginde eritrosit agregasyonunun olusmasina izin verecek
hemodinamik kosullarin olugabilecegi dusunulebilir.

Ote yandan, eritrositler akim sirasinda, kayma kuvvetleri ydniinden daha
kararli olan merkezi akim icine kayma egilimi gosterirler. Bu olay aksiyal
migrasyon olarak bilinir (57, 99). Bu olayin sonucu olarak, 6zellikle 1000
mikrometrenin altinda c¢apa sahip olan damarlarin belli bir kesitinde kanin
bilesiminin her yerde ayni olmadigi, eritrosit yogunlugunun merkezi akim
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bolgesinde daha yuksek oldugu, damar duvarina yakin bodlgede ise
plazmadan zengin bir sivi tabasi olustugu (faz ayrilmasi) gorulebilir (42, 57).
Aksiyal migrasyon sonucu eritrositlerin merkezde toplanmasi, hiicreler arasi
temasin ve agregasyonun artmasina neden olabilir.
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Sekil 2.4. Plazma igindeki eritrositlerin laminar akim gizgilerine etkileri. (a) eritrositlerin
olmadidi durumda plazmanin olusturdugu laminar akim gizgileri, (b) sekil
degistiremeyen (rijid) eritrositlerin varhdinda akim cizgilerinin distorsiyonu, (c)
sekil degistirebilen eritrositlerin varliginda akim gizgilerinin azalmig distorsiyonu,
(d) eritrosit agregasyonundan dolayr artmis distorsiyon (kaynak (11)’dan
alinmigtir).

in vivo galismalarin sonugclarina gore, eritrosit agregasyonunun farkli
organ ve dokularda kan akiminin belirlenmesinde onemli rolleri vardir. Ama
bu calismalarin sonuglari genel olarak birbirleriyle tam bir uyum iginde
degildir. intravital mikroskopi yéntemi kullanilan calismalarda, izotonik fosfat
tamponunda (PBS) hazirlanmig dextran 500 (500 kDa) ile agregasyon
derecesi artirilmis eritrosit sispansiyonlarinin rat mezenterine inflizyonundan
sonra (plazma konsantrasyonu 75 uM L) dokunun kan akimi azalmistir (47).
Diger bir calismada ise dekstran 70’in (70 kDa) PBS iginde hazirlanmis %0-
4’l0k ¢ozeltileri tavsan mezenterine inflze edilmis ve plazmada artan
dekstran 70 konsantrasyonuyla beraber eritrosit agregasyonun ve buna
parelel olarak kan akimi direncinin arttigi gosterilmistir (109). Bunun aksine
izole-perfize organ preparatlarinin  kullanildigi  galismalarda eritrosit
agregasyonu artisinin kan akimi iyilestirdigi (31) ve akim direncini dusurdugu
gosterilmigtir (8). Polietilenglikol esasli bir poloxamer (Pluronic F98-SC)
molekullyle modifiye edilerek eritrosit agregasyonu arttiriimis stspansiyonla
izole kobay kalbi perflizyonu yapilan bir galismada, agregasyon derecesinde
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yaklasik %100’lUk bir artisin fizyolojik perfuzyon basincinin ve vazomotor
kontrol mekanizmalarinin surdurtlmesi halinde kan akim direncinde herhangi
bir degisiklige neden olmadidi gosterilmistir (120).

Intravital mikroskopi ve izole organ calismalari arasindaki en onemli
farkhliklardan birisi, incelenen dokuya ait damarlarin yergekimi ile
oryantasyonuna iliskindir. intravital mikroskopi ydnteminin kullanildig
calismalarda, doku genellikle yatay dogrultulu bir tablanin Uzerine serilmis
durumdadir. Bu durumda damarlarin tima yatay pozisyondayken, izole organ
preparatlarda damarlar her dogrultuda yercekimi oryantasyonuna sahip
olabilirler. /n vivo kosullarda eritrosit agregasyonunun zamana bagimli
degisimleri, aksiyal migrasyon ve damarin ¢api direncin belirlenmesinde
onemlidir (26, 28, 68).

Eritrosit agregasyonu in vivo kan akimini agagidaki mekanizmalarla
etkileyebilir:

e Eritrosit agregasyonundaki artis, blUyluk ¢apa sahip damarlarda
hareket eden parcaciklarin boyutlarinda artisa, sivi tabakalari
arasindaki surtinme kuvvetinin baylimesine ve kanin daha viskoz hale
gelmesine neden olur.

o Arteriyel dolasim sisteminde bulunan agregat olusturmus eritrositlerin
kapiller damarlardan gecebilmesi i¢cin bu agregatlarin dagiimasi
gerekmektedir. Bu disagregasyon sureci enerji gerektirir ve bu da in
vivo akim direncine katkida bulunur.

e Aksiyal migrasyon, faz ayriimasi ve damar duvarinin yakininda
marjinal bolgenin olusmasi in vivo kan akiminda énemli rol oynar (99).
Artmig eritrosit agregasyonu ve aksiyal migrasyon, damar duvarina
yakin bolgede plazmadan zengin, daha dugsuk viskozite ve
hematokrite sahip, hicreden fakir bir marjinal zon olusturur ve damar
duvarina uygulanan surtinme direncini azaltir (42, 57).

e Damarlardan ayrilan yan dallar plazmadan zengin dusik hematokrite
sahip kan akimiyla besleneceginden, daha kuguk capa sahip bu
dallardaki hematokrit degeri, ana damardakinden daha dusuktir. Buna
plazma siyrilmasi denir (57, 99). Bu durumda, bu dallardaki kan daha
akiskan olacaktir. Doku duzeyindeki damarlarda hematokrit degeri bu
nedenle buyuk damarlardaki hematokrit degerinden daha dusuktur.
Yani agregasyonun derecesi doku hematokritini belirleyebilir (10, 22,
119)

e Eritrosit agregasyonundaki artig, endotel hucrelerine etkide bulunan
mekanik kuvvetleri degistirerek vaskiler fonksiyonlarin degismesine
neden olur (121)
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2.4.1. Eritrosit Agregasyonun In-Vivo Degerlendirilmesi

Eritrosit agregasyonunun vicut diginda incelenmesiyle elde edilen
bilgilerin, bu fenomenin in vivo kan akimi Uzerindeki etkisiyle ilgili
degerlendirmelere dogrudan uygulanmasi mumkudn degildir. Cunka eritrosit
agregasyonunun in vivo Kkosullardaki etkisi kanin belirli bir damar
segmentindeki gegis suresi ve segmentin uzunlugu, agregasyonun zaman
seyri, damarin oryantasyonu ve mikrodolagim duzeyinde kanin akim hizi gibi
cesitli in vivo faktérlere baghdir (6). Ozellikle eritrosit agregasyonunun
mikrodolagim vyatagi c¢evresinde ne Olgude etkili olacagr tartismalhdir.
Agregasyon zaman sabitleri genel olarak damar diginda, cesitli geometriye
sahip akim sistemlerinde olgulir. Kim ve arkadaslari ise in vivo eritrosit
agregasyonunu kapiller sonrasi venullerde yuksek hizli video mikroskopi
yontemi kullanarak incelemiglerdir (Sekil 2.5) (69). Buna goére, kapiller
sonras! venullerde agregat olusumu ilk 15 um’lik giris bdlgesinden sonra
baslamigtir (Sekil 2.5A). Eritrositler bu mesafeyi yaklasik 30 milisaniye iginde
kat etmislerdir. Kim ve arkadaslari ayrica eritrosit agregasyonunun bu
kosullarda yaklasik 100 milisaniye iginde tamamlandigini da gdstermiglerdir
(Sekil 2.5B).

Kapiller sonrasi vendallerin ilk 15 um’lik giris bolgesinde laminer akimin
ve aksiyal migrasyonun yeteri kadar gerceklesmemesi (45), kapillerden
gecebilmek igin eritrositlerde meydana gelen gegici sekil degisikliginin
venulun ilk girig bolgesinde de devam etmesi ve agregasyonun zamana
ihtiyaci olmasindan dolayi agregat olusumu goézlenmemigtir (70).

Kapiller sonrasi venullerdeki eritrositlerin birbirleriyle ¢arpisma sikhgi
hicrelerin icinde bulundugu sivinin kayma gerilimine ve bu hucrelerin bagil
vektorel hizlarina ve agisal hareketlerine baghdir. Tium bu faktorlerle
hesaplanan carpisma frekansi eritrosit agregasyonunun derecesini belirler
(70). Carpisma frekansindaki azalma agregat olusumunu azaltir (70). Kim ve
arkadaslarinin yaptiklari galismada kapiller sonrasi venullerdeki eritrositlerin
birbirleriyle ¢carpismaya basladiktan yaklasik 30-35 milisaniye sonra agregat
olusumunun gerceklestigi gosterilmigtir (70). Agregatlarin gézlenmesinden
once gegen bu 30-35 milisaniye, ayni zamanda venulun ilk 15 um’lik giris
bolgesinin kat edildigi suredir (69).

in vivo olarak kapiller sonrasi venullerdeki eritrosit agregat olusumunun
incelendigi calismada damarlarin ortalama c¢api 12-15 um iken, in vitro
sistemlerde, fotometrik dlcim sistemlerine ait geometriler genellikle birkac
yuz mikrometre genigliginde bir akim alanina sahip yapilardan olugsmaktadir.
in vitro dlglimlerde eritrosit rulo formasyonunun zaman sabiti birkag saniyedir
(24). Kim ve arkadaslarinin yapmis olduklari in vivo ¢alismalarda ise eritrosit
agregasyonunun yaklasik 100 milisaniye i¢cinde tamamlandigi gosterilmigtir.
(69, 70). Bu calismalarin sonuglarina gore in vivo ve in vitro eritrosit
agregasyonu zaman seyirleri birbirinden oldukga farkhidir. Bu zaman
seyirlerindeki farkliliklarin agregasyonun gercgeklestigi akim sisteminin (in
vivo kosullarda damarlar, ex vivo kosullarda olgim sistemi) geometrik
Ozelliklerinden kaynaklandigi dusunulmektedir.
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2.4.2. Olgiim Sistemi Geometrisinin Eritrosit Agregasyon
Parametrelerine Etkisi

Dobbe ve arkadaslari tarafindan yapilan bir calismada 6lgim sistemine
ait geometrinin degismesinin eritrosit agregasyon parametrelerinde
degisiklige neden oldugu gdsterilmistir (46). Bu ¢alismada LORCA Couette
Agregometre (LORCA; RR Mechatronics, Hoorn, Hollanda) kullaniimistir. Bu
agregometre agregasyon Ozelliklerini lazer 1gik-geri sacilimi yontemi ile
analiz yapan bir cihazdir. Sistem igeride bulunan sabit bir silindir (bob) ve
bunun disinda bulunan dénen bir silindirden (cup) olusmaktadir. Bu iki
silindirin arasinda da OlgimU yapilacak olan numunenin tamamen
doldurdugu bir bosluk bulunmaktadir. Dobbe ve arkadaslari, iste bu
numunenin tamamen doldurdugu araligin c¢apini, hazirladiklari dort farkl
silindirle (0.37, 0.60, 1.05, 2.00 mm) degistirerek dlgim yapmislardir.

(A),

Postcapillary venule

\V
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90 1 : | @ Total aggregates
gg i : ! a Larger aggregates
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. : "
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Sekil 2.5. Kapiller sonrasi venlillerde eritrosit agregasyonu (kaynak (69) ‘den
alinmistir). A: Kapiller sonrasi venullerde agregat olusumunun gézlemlendigi
bolgelerin kapillere uzakh@r B: Kapiller sonrasi venlllerde eritrosit agregat
olusumunun zaman seyri.
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Yaptiklari olgiimlerin sonuglarina gore captaki artigla beraber eritrosit
agregasyonu yari zaman sabitinin (t12) arttigini, bunun yani sira agregasyon
indeksinin azaldigini  bulmuslardir (46). Yapilan baska bir c¢alismanin
sonuglarina gore de, agregasyon olgum sisteminin ¢apindaki artigla birlikle M
indeksinin degerinin ve amplitidunun azaldigi, agregasyon indeksi ve ti;
degerinin degismedigi gdsterilmistir [75]. Olgim sistemine ait ¢apin
artmasiyla kan orneginden gecen 1s1gin yogunlugunun etkilenecegi ve
bununda agregasyon parametrelerini etkileyecegdi soylenmektedir.

Kapiller sonrasi venullerdeki agregasyon formasyonunun o&lgimunidn
yapildigi yapinin ¢api 12-15 um iken, fotometrik dlgimlerde yaklasik birkag
yuz mikrometre gapindaki silindirik yapi kullaniimaktadir. Silindirik tuplerde
kan akimi eritrosit agregasyonuna, eritrosit deformabilitesine, tipln ¢apina
ve oriyantasyonuna baghdir. Normal insan kaninin rulo formasyonunun
zaman sabiti 1-3 saniye, U¢ boyutlu agregat olusumunun zaman sabiti ise
10-25 saniyedir (24). Kim ve arkadaslarinin yapmis oldugu c¢alismadaki
zaman sabiti ise yaklasik 100 ms’dir (69). Bu calismalarin en 6nemli
farkhliklarindan biri 6lgim sistemindeki geometrik farklardir. TUm bu
calismalardan da anlasilacagi gibi eritrosit agregasyonu, olgum sisteminin
geometrik 6zelliklerinden etkilenmektedir.

2.5. Eritrosit Siispansiyonlarinin Elektriksel Ozellikleri

Eritrosit slispansiyonlarinin elektriksel 6zelliklerinin dlgliimesiyle eritrosit
agregasyonunun degerlendirilebilecegini bildiren g¢alismalar bulunmaktadir
(88-91). Cesitli arastirma gruplan tarafindan plazmanin ve eritrosit
suspansiyonlarinin elektriksel 6zellikleri empedans ve dielektrik spektroskopi
ile degerlendirilmistir (55, 89, 90, 123). Eritrositlerin ve plazmanin elektriksel
Ozellikleri birbirlerinden farklidir. Plazma ve hucre igerigi iletken sivilardir.
Bunlarin elektriksel 6zellikleri birer direncle temsil edilebilir (R, ve R;) Hucre
membrani lipid tabakasi ise yalitkandir ve bir kapasitans (Cn) ile temsil
edilebilir. Eritrosit slUspansiyonlarinin elektriksel o6zellikleri bu faktorleri
dikkate alan modellerle incelenebilir. Uzerinde fikir birligine variimis
modellerden birisi bu Ui¢ parametreyi dikkate almaktadir (Sekil 2.6).

Eritrosit slspansiyonlarinin empedans ve kapasitanslari cesitli faktorler
tarafindan belilenmektedir. Bunlar arasinda, suspansiyonun 0Ozellikleri
(suspansiyon ortami, hematokrit ve eritrositlerin 6zellikleri), hidrodinamik
kosullar (kayma kuvvetleri), dlgum kosullari (6lgim sisteminin geometrisi,
elektrotlarin 6zellikleri ve 6lcim frekansi) sayilabilir.

Hematokrit ve eritrositlerin  gekilleri, kan Orneklerinin  elektriksel
parametrelerinin dlgimune etki eden 6nemli faktorler arasindadir (25, 51, 53,
64). Kanin direncinin (0, ) hesaplanmasinda plazmanin direnci ve
hematokritin kullanildidini  sdyleyen c¢esitli yaklagimlar vardir (52, 56).
Bunlarin igcinde en iyi bilineni asagida gosterilen Maxwell-Fricke esitligidir.

1+k.H
P =P Ty @

20



Esitlikteki pp; plazma direncini, H; hematokriti, k ise eritrositlerin
oryantasyonu ve geometrisine bagl faktoru ifade etmektedir.

o
Ri
Rp
O —
o
Sekil 2.6. Kan bioempedansinin esdeger devre modeli. R,: Plazma direnci; R;: Eritrosit

i¢ direnci; C,,: Eritrosit membran kapasitansi.

Eritrosit suspansiyonlarinin elektriksel ozelliklerinin kan akimi sirasinda
veya akimin durdugu sartlardan etkilenip etkilenmedigi (55, 64), ve Hoetink
ve arkadaslari (64) silindirik tipte kanin elektriksel iletkenliginin kan akimina
bagimlihdini teorik analizlerle test etmiglerdir. Yapilan bu teorik galismalarda
Maxwell-Fricke  teorisine  dayanilarak, eritrositlerin  geometrisi  ve
oryantasyonuyla ilgili faktorlerin kanin elektriksel o6zelliklerini etkiledigi
sdylenmektedir. Bu faktoérlerde akim sirasinda uygulanan kayma kuvvetleri
ve hucrelerin mekanik 6zellikleridir (6rnegin; eritrosit deformabilitesi) (36).
Hoetink ve arkadaslarinin bu teorik calismanin sonuglarinda sonra
iletkenligin kan akimina bagh degisiminin eritrosit oryantasyonu ve sekil
degisikligi ile aciklanmaya calisiimistir (64). Bununla birlikte, bu kuramsal
modelde eritrositlerin diger bir reolojik davranigi olan hicresel agregasyonu
g6z ardi etmiglerdir (82).

Zhao ve Jacobson, elektriksel empedans ve kapasitans degerlerinin
suspansiyondaki fibrinojen konsantrasyonuyla arttigini géstermislerdir. (123).
Yine bu calismada eritrosit sedimentasyon hizinin kapasitans ile korele
oldugu, kapasitansin eritrosit sedimantasyon hizina ¢ok duyarli oldugu
bildirilmigtir (123). Pribush ve arkadaslari eritrosit suspansiyonlarinin
elektriksel dzelliklerinin agregasyon sirasinda degistigini gdstermislerdir (89-
91). Bu suspansiyonlarin elektriksel 6zelliklerinin izlenmesinin agregasyon
sureci hakkinda bilgi verecegi 6ne surulmustar. (88, 89) Tam kan ve eritrosit
suspansiyonlariyla yapilan calismada, sistemdeki kan akimin aniden
durdurulmasindan sonra O&lgllen kapasitans degerlerinin degistigi ve bu
degisime de eritrosit agregasyonun neden oldugu bildirilmigtir (90). Eritrosit
suspansiyonlarinin elektriksel 6zelliklerinin fotometrik dlgumlere benzer
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sekilde bir seyir gosterdigi ve agregasyonla ilgili parametrelerin bu kayitlar
kullanilarak hesaplanabilecegi bildirilmistir (19, 21, 88, 91).

Biyolojik materyallerin dielektrik 6zellikleri: iclerinde, katilardaki gibi
elektron seklinde, elektrolitler veya biyolojik sivilardaki gibi iyonlar seklinde
serbest yuklerin bol bulundugu bir ortama iletken, bulunmadigi bir ortama ise
yalitkan (veya dielektrik) denir. Bu ikisinin arasinda yari-iletken diye
adlandirilan bir sinif daha tanimlanmistir. igerisinde serbest yiiklerin
bulunmadigi ortamlara dielektrik adi verilir. Dielektrik maddeler elektrik alan
icerisine konulduklarinda nétral olan atom veya molekullerin elektrik yuk
dagilimlarinin merkezi ayrilir ve bu ogeler elektriksel kutuplanmaya ugrarlar
(polarizasyon). Ortamda kalici dipol momente sahip molekdller var ise bunlar
da alan dogrultusunda yonelerek polarizasyona katkida bulunurlar. Ortamin
birim hacminde olusan elektriksel dipol moment miktari polarizasyon (P)
olarak tanimlanir ve ortamin dielektrik sabiti (¢) ve elektrik alana bagli
degisebilir.

Dielektrik ortamlar c¢ok siddetli elektriksel alanlarda kaldiklarinda
elektronlar molekullerden ayrilabilir ve ortam iletken hale gelebilir. Bu kritik
alan siddetine ortamin dielektrik dayaniklihidi denir. Dielektrik ortami
olusturan kalici veya etki ile olusan dipoller duslk frekansli alternatif alanlari
izleyebilirler. Alternatif alan serbest yuklere hareket verdigi gibi dipolleri de
titresime gecirir ve ortam bu yolla da alandan enerji sogurur. Ancak frekans
arttikga alani izleyemezler ve dielektrik sabiti frekansla azalir.

(]
100 |
10° |
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102 -
i 1 1 -
107 108 10
FREQUENCY
Sekil 2.7. Biyolojik ortamlarin dielektrik sabitlerinin (€) frekansa bagiml degisimi (101).

Dokularin iletkenligi ve dielektrik dzelliklerinin frekansa bagdimh olmasina
dispersiyon denir. Dispersiyon; dipollerin oryantasyonu ve yuklerin hareketi
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olarakta tanimlanabilir. Biyolojik ortamlarin dielektrik sabitleri ise t¢ farkh
mekanizma ile g farklh bolgede dispersiyon vermektedir (50, 101, 102) (Sekil
2.7). a dispersion; DuslUk frekans bolgesindedir (<10 kHz). Hucre
membranindan iyonlarin difuzyonu ve zit yuklerin dokunun yuzeyinde
polarizasyonuyla ilgilidir. Dokunun dielektrik sabiti cok yuksek degerlerdedir.
y dispersion; Gigahertz duzeylerindedir ve su molekullerinin polarizasyonuyla
ilgilidir. B dispersion; 0.1-10 MHz arasindadir. intraseliiler ve ekstraseliiler
bdlgedeki iyonlarin membrandan gegisine karsi bir bariyer gibi davranir. Yani
hicre membrani yiksek frekanslarin gegisine izin veren fakat disuk frekansli
akimlari gegirmeyen bir filtre gibi davranir. Eritrosit stspansiyonlarinin
elektriksel ozelliklerinin Olgllmesinde kullanilacak olan frekans B dispersion
bdlgesindedir.

Dokularin dielektrik sabiti ve iletkenlik gibi dielektrik ozellikleri baskin
olarak su igerigi tarafindan belirlenir. Dokularin dielektrik 6zellikleri, frekans
ve sicakliga bagli olarak da degisim gostermektedir. Frekans arttikca,
dielektrik sabiti (€)1 diserken, iletkenlik (o) degeri yukselir(Sekil 2.7.)

2.5.1. Eritrosit Suspansiyonlarinin Elektriksel Ozelliklerinin
Arastiriimasina Yonelik Yapilan On Galismalar

Yapilan ilk 6n c¢alismalarda kullanilan o6lgim sistemi Sekil 2.8'de
g6sterilmistir. Oncelikle, eritrosit agregasyonu 1000 ym capinda 75 mm
uzunlugundaki cam kapiller boruda fotometrik yontemle izlenmistir. Bu islem,
kan ornegi ile dolu kapiller boruya bir 1gik kaynagi (LED) tarafindan
gonderilen 1sik demetinin, borunun diger tarafina yerlestirilen bir
fototransistor tarafindan algilanip kaydedilmesi yoluyla gergeklestiriimistir.
Olglim igleminin baglangicinda kan 6rnegi bir enjektor pompasi  (Model
NE1000; New Era Pump Systems Inc.; Wantagh, NY, ABD) kullanilarak,
eritrosit agregatlarinin timuyle pargcalanmasina yetecek hizda (42 ml/dakika)
pompalanmig, pompanin ani olarak durdurulmasini takiben 1gik gecirgenligi
izlenmigtir (Sekil 2.9).

Photometer

Phototransistor

?_LED

LCR meter

Sekil 2.8. Fotometrik 6lgim sistemi
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Kaydedilen 1g1k gegirgenligi-zaman egrileri eritrosit agregasyon surecini
yansitan tipik egrilerle buyuk bir benzerlik gostermektedir (14, 59, 67, 104,
105). Calismanin bu béliminde, 1000 mikrometre i¢ ¢capa sahip kapiller
borularda eritrosit suspansiyonlarinin 1g1Ik  gegirgenliginin  kolaylikla
kaydedilebilecegi, bu yolla eritrosit agregasyonunun zaman seyrinin
izlenebilece@i onaylanmigtir. Ancak, kapiller c¢apinin 80 pm ye kadar
kigculmesi halinde, bu yontemin uygulanmasinda teknik gugcluklerle
kargilagiimaktadir. Kuguk caph kapillerlerin  optik o6zellikleri yontemin
uygulanmasina izin vermemektedir. Bu nedenle, kuguk caph kapiller
borularda eritrosit agregasyonunun izlenebilmesine olanak saglayacak bir
baska yontem arayisina girilmistir.

IsiIk gegirgenligi

| L} L} a
4] + 25 50 Fi
Fompanin Zaman [sn)

durdurulmasi

Sekil 2.9. Fotometrik Olgim sistemi ile olcllen 1sik gecirgenliginde agregasyon
sirasinda meydana degisimler.

Bunun igin 1000 um g¢apa sahip kapiller borulardaki eritrosit agregasyonu
sirasinda, suspansiyonun hem fotometrik hem de elektriksel 6zellikleri es
zamanl olarak kaydedilmistir. Bunun igin kullanilan oOlgim sistemi Sekil
2.8'de gosterilmigtir. Fotometrik sisteme ek olarak, kapiller borunun iki ucuna,
16 G’lik paslanmaz celik igneler monte edilmis ve elektrod olarak
kullaniimistir. Elektriksel empedans (Z) ve seri kapasitans (C) olgimleri igin
bu elektrotlar bir LCR metre ile (Hioki, 3532 LCR HiTester, Nagano, Japonya)
irtibatlanmistir. LCR metre RS-232 bagdlantisi ile bilgisayar tarafindan kontrol
edilmistir.

Yukarida anlatilan 6lgim sistemi kullanilarak yapilan 6n calismalarda
suspansiyon ortaminin o6zelliklerinin degistiriimesiyle eritrosit agregasyonu
modifikasyonu yapilan orneklere ait sk gecirgenligi, kapasitans ve
empedans olgimleri Sekil 2.10'de gosterilmistir. Eritrosit sispansiyonlarinin
akimin durdurulmasindan sonraki 1sik gegirgenligi kayitlari syllectogram
benzeri bir slre¢ gosterir ve eritrosit agregasyonu zaman seyrini yansitir.
Pompanin durdurulmasindan sonra, PBS ile dilie edilmis plazmayla

24



hazirlanmis orneklerde 1sik gecgirgenligindeki degisiklikler kigulmektedir. PBS
icinde hazirlanmig eritrosit suspansiyonunun 1sik gegirgenliginde ise diger
orneklerle karsilastirabilecek bir dedisiklik gézlenmemis, i1sik gegirgenliginde
zaman iginde bir azalma gozlenmigtir. Plazmayla suspanse edilen ornekte
akimin durdurulmasindan sonra isik gecirgenliginde keskin bir azalma ve
hemen arkasindan birkag saniye sonra artis gozlenmektedir. Isik
gecirgenliginde gozlenen bu degisimin aksine kapasitans ve empedans
Olcumlerinde ise akimin durdurulmasindan sonra yukariya dogru bir artis ve
arkasindan bir azalma go6zlenmektedir. Empedans Olgimlerinde tum
orneklerde belirgin degisiklikler s6z konusudur. Kapasitans olgimunde ise
PBS ile dilie edilmis plazma 6rneklerinde akimin durdurulmasindan sonra
meydana gelen degisiklikler, dilie edilmemis plazmayla hazirlanan 6rnekle
karsilastirildiginda daha kuguk bir tepe noktasinin oldugu gozlenmektedir.
PBS icinde hazirlanmig sispansiyonun kapasitans dlgumunde hesaplanabilir
bir degisiklik gozlenmemektedir.

A: Isik Gegirgenligi B: Empedans
N PBS .f\ PBS

1/2 plazma diliisyonu f\h
- 1/2 plazma diliisyonu

1/3 plazma diltisyonu

V- Plazma -N—_
1/3 plazma dilisyonu

Plazma
]10 k O

’ . . . ot 25 50 75

04 25 50 75 Zaman (s)
Pompanin Zaman (s)

durdurulmasi

C: Kapasitans
PBS

_,A — 1/2 plazma diliisyonu
ﬁ 1/3 plazma dilisyonu
J{FK Plazma
oh 25 50 75
Zaman (s)
Sekil 2.10. Eritrosit suspansiyonlarinin  pompanin durdurulmasindan sonraki 1Sk

gecirgenligi (A), empedans (B) ve kapasitans (C) kayitlari. Empedans ve
kapasitans kayitlari 100 kHz frekansta yapilmigtir.

Eritrosit  sUspansiyonlarinin ~ fotometrik agregometre  (Myrenne)
kullanilarak Olgulen agregasyon indeksi ile 11k gecirgenligi, empedans ve
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kapasitans olgumlerine ait egrilerin altinda kalan alanin hesaplanmasiyla elde
edilen agregasyon indeksinin (SA) korelasyonu vyapildigi zaman, isik
gegirgenligi ve kapasitans SA degeri ile M indeks arasinda pozitif ve
istatistiksel olarak o6nemli bir korelasyonun (p<0.0001) bulundugu
gosterilmistir. Empedans SA degeri ile M indeks arasinda ise 6nemli bir
korelasyon bulunmamaktadir (p>0.05) (Sekil 2.11).

A: Isik Gegirgenligi B: Empedans

250 5 Y= 9-82 + 4.3x; 1: 0.85, p<0.0001

500 % Y= 304.7 - 3.2x; r: -0.37, p>0.05
[ ]
[} ]
2001 0]
[ ]
[ ]
< 1907 . 300 - g"
i . ) u m
1001 2000 = v -
[ ] [ ]
507 100 3 oy = .
0 - . 0
0 10 20 30 40 0 10 20 30 40
Al Al

C: Kapasitans
250 3 y=11.64 + 3.63x; r: 0.84, p<0.0001
200 1 [ |

< 150 ¢
%2}

100 1

50 1§

Sekil 2.11. Eritrosit agregasyon indeksi (Al) ile 1sik gegirgenligi, empedans ve
kapasitans 6lglimlerine ait egrilerin altinda kalan alanin (SA) lineer regresyon
analizi.

Sonug olarak, 6n calismalar sonucunda, kapiller borulardaki eritrosit
agregasyonu sirasinda izlenen seri kapasitans dedgerlerinin agregasyonun
zaman seyrini yansittigi saptanmigtir (19, 21). Bu kanaate es zamanl olarak
yapilan 1sik gegirgenligi kayitlari ile yapilan karsilagtirmalar sonucunda
varilimistir. Elektriksel empedans degerleri ise bu 6zellikte bulunmamigstir.
Klguk c¢apa sahip cam kapiller borulardaki eritrosit suspansiyonlarinin
elektriksel Ozelliklerinin  Olgllmesi, bu kapillerde eritrosit agregasyon
kinetigininin belirlenmesine yardimci olabilir. Fotometrik 6lgim sistemlerine
ait geometriler genellikle birka¢ yuz mikrometre genigliginde bir akim alanina
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sahip yapilardan olugmaktadir. Bu olgum sistemlerinden ¢ok daha kuguk
geometriye sahip sistemlerde fotometrik olarak olgimin mdmkuin olmadigi
kosullarda, eritrosit stspansiyonunun elektriksel 6zelliklerinin, &6zellikle de
kapasitansin 6lgumu agregasyonun degerlendiriimesi igin kullanilabilir

2.6. Hipotez

Agregasyon zaman sabitleri genel olarak damar diginda, cesitli
geometriye sahip akim sistemlerinde Olgulir. Bu 0Olgim sistemlerine ait
geometriler genellikle birkag yuz mikrometre genigliginde bir akim alanina
sahip yapilardan olusmaktadir ve eritrosit rulo formasyonunun zaman sabiti
birka¢ saniyedir (24). Kim ve arkadaglari ise in vivo eritrosit agregasyonunu
kapiller sonrasi venillerde ylksek hizli video mikroskopi yontemi kullanarak
incelemiglerdir. Bu ¢alismada 6lgum yapilan damarlarin ortalama gapi 12-15
um’dir. Kim ve arkadaslar eritrosit agregasyonunun bu kosullarda yaklasik
100 milisaniye icinde tamamlandigini gdstermiglerdir (69). Bu calismalarin
sonuglarina goére in vivo ve in vitro eritrosit agregasyonu zaman seyirleri
birbirinden oldukga farklidir. Bu zaman seyirlerindeki farkhliklarin
agregasyonun gerceklestigi akim sisteminin (in vivo kosullarda damarlar, ex
vivo kosullarda olgum sistemi) geometrik 06zelliklerinden kaynaklandigi
dusunulmektedir.

Birka¢c yuz mikrometre genigligindeki olcim sistemlerinden ¢ok daha
klguk geometriye sahip sistemlerde fotometrik olarak Algimin muimkin
olmadidi kosullarda, eritrosit suspansiyonunun elektriksel o6zelliklerinin,
Ozellikle de kapasitansin Olcimu agregasyonun degerlendiriimesi igin
kullanilabilir. Eritrosit agregasyonu ve agregasyon zaman sabitlerinin dlgim
sistemine ait geometriye bagli olarak degisebilecedi distntlmekte, fakat
kigcuk captaki kapillerdeki agregasyon kinetigi hakkinda yeterli bilgi
bulunmamaktadir. Bu c¢alisma, eritrosit agregasyon kinetigi akimin
gerceklestigi sistemin geometrisine bagli olarak degisir hipotezinin test
edilmesi amaciyla planlanmistir. Bu calisma, farkli geometriye sahip cam
kapillerde eritrosit agregasyon kinetiginde meydana gelebilecek
degisikliklerin anlasiimasina katkida bulunacaktir.
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GEREGLER ve YONTEMLER

3.1. Caligmanin Genel Tanimi

Calismada 80-800 pm arasi ¢apa sahip cam kapiller borularda eritrosit
agregasyonunun zaman seyri degerlendirilmigtir. Bu amacla gesitli 6zelliklere
sahip eritrosit slspansiyonlarinin cam kapillerden akimi saglanmis, akim
sirasinda ve akim durdurulduktan sonra, suspansiyonlarin agregasyon
surecini yansittigi bilinen ozellikleri izlenmistir. Bu sistemde kullanilan cam
kapillerlerle dolagim sisteminin c¢esgitli duzeylerindeki, farkli ¢aplara sahip
damarlarin modellenmesi amaglanmigtir.

3.2. Calisma Plani

3.2.1. Kan Ornekleri ve Eritrosit Siispansiyonunun Hazirlanmasi

Calismada erigkin, gondllilerden alinan vendz kan oOrnekleri
kullaniimistir. Vericiler arasinda hikaye ile tespit edilebilen herhangi bir saglik
sorunu olanlarin bulunmamasina dikkat edilmistir. Akdeniz Universitesi Klinik
Arastirmalar Etik Kurulunun 17.11.2009 tarihli toplantisinda g¢alismamizin
yapiimasinda etik agidan sakinca olmadidi karari alinmigtir. Ornek alimindan
onceki 24 saat icinde herhangi bir ila¢g kullanmis olanlardan verici olarak
yararlanilmamigtir. Kan ornekleri antikoagulan olarak sodyum heparin (15
IU/ml) iceren enjektorlere, dirsek 6nii venlerinden alinmistir. Ornekler kan
alimini takiben hemen degerlendiriimis ve her drnek Uzerindeki galismalar
kan alimini izleyen dort saat icinde tamamlanmistir.

3.2.2. “Tam Kan ve Diliisyon” Kan Orneklerinin Hazirlanmasi

Gondullilerden elde edilen kan ornekleri, 1400 g'de 5 dakika santrifu;
edilerek plazma ve eritrosit paketi birbirinden ayrilmistir. Eritrosit paketi, 3
kez PBS ile yikanmis ve bir kismi otolog plazmada (tam kan) hematokrit 0.4
I/l olacak sekilde siispansiyon haline getirilmistir. Yikanmigs eritrosit paketinin
kalan kismi ise PBS ile1/3 ve 1/2 oraninda (sirasiyla %66 ve %50 plazma
iceren) dilie edilmis plazmayla hematokrit degerleri 0.4 I/l olacak sekilde
suspansiyon haline getirilmistir.

3.2.3. “Dextran 500” Kan Orneginin Hazirlanmasi

Gondlldlerden elde edilen kan o6rnekleri, 1400 g’de 5 dakika santrifQj
edilerek plazma ve eritrosit paketi birbirinden ayriimistir. Plazmaya %1
konsantrasyonda olacak gsekilde dextran 500 (MW: 500 kD, D5251; Sigma
Chemical Co., St. Louis, MO, ABD) eklendikten sonra, 3 kez PBS ile
yikanmis olan eritrosit paketi, bu plazma iginde hematokrit 0.4 1/l olacak
sekilde suspansiyon haline getirilmistir.
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3.2.4. “Glutaraldehid” Kan Orneginin Hazirlanmasi

Gondullilerden elde edilen kan ornekleri, 1400 g'de 5 dakika santrifu;
edilerek plazma ve eritrosit paketi birbirinden ayrilmistir. Eritrosit paketi, 3
kez PBS ile yikanmis ve PBS icerisinde hematokrit 0.05 I/l olacak sekilde
resuspanse edilmigtir. Son konsantrasyonu %0.003 olacak sekilde
Glutaraldehid (GA, Merck, Darmstadt, Germany) ile oda sicaklhginda (22°C)
30 dakika inkiibe edilmistir. inkiibasyon sonrasinda érnekler 1400 g'de 5
dakika santriflj edilerek supernetant uzaklastirilmistir. Eritrosit paketi, 3 kez
PBS ile yikanmis ve otolog plazmada hematokrit 0.4 I/l olacak sekilde
suspansiyon haline getirilmigtir.  Eritrositlerin  dustuk konsantrasyonda
(%0.003) Glutaraldehid ile 30 dakika inklibasyonu eritrosit deformabilitesini
azaltir. Bu muameleden sonra da eritrosit agregasyonunun etkilendigi
bilinmektedir (12).

3.2.5. “Neuraminidase” Kan Orneginin Hazirlanmasi

Gondullilerden elde edilen kan ornekleri, 1400 g'de 5 dakika santrif(j
edilerek plazma ve eritrosit paketi birbirinden ayrilmistir. Eritrosit paketi, 3
kez PBS ile yikanmis ve PBS igerisinde hematokrit 0.2 I/l olacak sekilde
resispanse edilmistir. Sispansiyon haline getirilen eritrositler Neuraminidase
enzimi varhiginda (75 mU/mL) bir saat 37°C’de inkiibe edilmistir. inkiibasyon
sonrasinda Ornekler 1400 g’'de 5 dakika santriflj edilerek supernetant
uzaklastiriimistir. Eritrosit paketi, 3 kez PBS ile yikanmis ve otolog plazmada
hematokrit 0.4 I/l olacak sekilde slUspansiyon haline getirilmistir. Eritrosit
hicresel Ozelliklerin degistiriimesi yoluyla, érnedin Neuraminidase enziminin
kullaniimasiyla eritrositlerin  membran ylzey yukinUu azaltiimasiyla
eritrositlerin agregasyon egiliminin arttinlldigi bilinmektedir (65, 94).

3.3. Olgiim Sistemi ve Eritrosit Siispansiyonlarinin Elektriksel
Ozelliklerinin Saptanmasi

Eritrosit suspansiyonlarinin elektriksel 6zellikleri farkli gaptaki yatay cam
kapillerlerde (80,160,320,480,640 ve 800 um ¢apinda, 75 mm uzunlugunda)
enjektdor pompasi (Model NE1000; New Era Pump Systems Inc. Wantagh,
NY, USA) aracihgiyla olusturulan akim sirasinda ve akimin durmasindan
hemen sonra kaydedilmistir. Cam kapiller ve elektrotlar sicaklik kontrollu bir
kutuya yerlestirilmistir ve élgtimler 37°C sicaklikta yapilmistir.

Bu calismada kullandigimiz  6lgim  sistemi  Sekil.3.2.2.1’de
g6steriimektedir. Olglim sistemimizde elektriksel élgtimlerin yapilabilmesi igin,
iki tane paslanmaz celikten yapilmis olan elektrodlar (Dis ¢api:7 mm; i¢
¢api:3.8 mm; Boyu:15 mm) cam Kkapillerin bas ve son kisimlarina
yerlestiriimistir. Bu elektrodlar, elektriksel empedans (Z) ve seri kapasitans
(C) dlgumleri igin LCR metreye (Hioki, 3532 LCR HiTester, Nagano, Japan)
baglanmistir. LCR metre de RS-232 baglantisiyla bilgisayara baglanmigtir.
LCR metreyle 6lcimun yapilacadi sisteme belirlenmis bir frekansta ve sabit
voltajda (V) bir test sinyali uygulandiginda sonug olarak akim (I) ve akimla
voltaj arasindaki faz agisi (8) dlgulir. Olgilen bu degerlerden ve uygulanan
voltajdan Empedans (Z), Reaktans (X) ve Seri Kapasitans (Cs) degerleri
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asagida verilen esitlikler kullanilarak délgima yapan LCR metre tarafindan
hesaplanir (63).

2|= \li @
X =|z|sing @)
C, = wix (4)
RS-232 [—
LCR metre —
=14

—_ Plastik Boru

Elektrot

_Boy: 15 mm .
Enjektér pompasi Ig gapi: 3.8 mm Cam kapiller Elektrot
Boy: 75 mm Boy: 15mm
i gapi: 3.8 mm

Sekil 3.1 Olgiim sistemi
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Elektriksel kapasitans ve empedans olgimleri 100 kHz frekans
degerinde, enjektor pompasi araciligiyla kapiller igine gonderilen kanin akimi
sirasinda ve akim durduktan sonraki 2 dakika boyunca birer saniye
araliklarla, LCR metreyi kontrol eden bilgisayara kaydedilmistir. Ozel bir
yazilim Uretme programi olan LabView 8.6 (National Instruments, Austin,
Texas, USA) ile yazilan program kullanilarak kaydedilen kapasitans ve
empedans egrilerinden eritrosit agregasyon parametreleri analiz edilmistir.

3.4. Eritrosit Suspansiyonlarinda Agregasyon Degerlendirmesi

Hazirlanan tum orneklerin agregasyon oOzellikleri lazer 1sik-geri sagilimi
(LORCA; RR Mechatronics, Hoorn, Hollanda) yontemi ile analiz yapan bir
cihaz yardimiyla degerlendirilmistir. Bilgisayar kontrolli bu cihaz aralarinda
0.3 mm mesafe bulunan, i¢ ice gecmis iki tane silindirden ve bilgisayar
tarafindan belirlenen hizda déndiiren bir adet motordan olusmaktadir. iki
silindir arasinda bulunan 0.3 mm’lik mesafeye konulan yaklagik 1 mililitre kan
ornegi olcimun baslangicinda 400 sn-1 kayma hizinda 5 saniye hareket
ettirilmistir. Kan 0Ornedi igerisindeki eritrosit agregatlarini pargalayan
(disagregasyon) bu hareketi izleyen ani bir durma sonrasinda kan 6rneginin
Isik yansimasindaki degisimleri 120 saniye suresince 11 farkli kayma hizinda
(10-800 s™) bilgisayar tarafindan kaydedilmistir. Kayma kuvvetlerinin ortadan
kaldirimasindan sonra ortaya cikan eritrosit agregasyonu sirasindaki 1sik
yansimasindaki degisimlerin zaman igindeki seyri (syllectogram) izlenerek,
agregasyonun buyukligu (derecesi) ve dinamigi saptanabilir. Bilgisayar,
eritrosit sUspansiyonunda agregasyon surecinde 1sik yansimasindaki
degisimleri izleyerek, agregasyon kinetigini yansitan bir dizi parametre
hesaplamaktadir. Bu parametreler eritrosit agregasyonun derecesi
(agregatlardaki ortalama eritrosit sayisi) yaninda agregasyonun zaman seyri
ile ilgili bilgileri de icermektedir. Bu parametreler: 1) Agregasyon indeksi,
egrinin altinda kalan alanin, egrinin altinda ve Ustindeki alanlarin toplamina
bélimu; 2) Agregasyon yari zamani (t12 ), 120 sn’lik periyot sirasindaki isik
yansimasindaki toplam degisikligin (amplitid) %50’si kadar igin gegen sure;
3) Agregasyon zaman sabitleri (Trast V€ Tgow). Bu zaman sabitleri bir double-
exponential esitlik kullanilarak hesaplanmistir. Tim olgumler 37°C sicaklikta
yapimigtir.

(I (t) —a +b.e—t/Tfast + C.e_t/TSIOW ) (5)

3.5. Degerlendirme ve istatistiksel Hesaplamalar

Eritrosit agregasyonunun Isik yansimasi veya Isik gegirgenligi
Ozellikleriyle incelenmesi halinde zaman seyrinin gift-eksponansiyel bir
egriyle modellenebildigi bilinmektedir. Bu iliskideki zaman sabitleri eritrosit
agregasyonunun erken ve geg iki ayr fazini yansitmaktadir. Bu ¢alismada
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elde edilen elektriksel parametrelerin zaman seyri kullanilarak da benzer bir
eksponansiyel degisimi temsil eden zaman sabitleri hesaplanmistir.

Sekil 3.2’de kapasitans egrilerinden eritrosit agregasyon indeksi (Al) ve
zaman sabiti ty,2’nin nasil hesaplandidi gosteriimektedir. Hesaplama islemine
enjektor pompasinin  aniden durdurulmasindan sonra meydana gelen
eritrositlerin sekil degistirmesinin tamamlanmasinin ardindan baslanmistir.
Eritrositlerin sekil degistirmesinden sonra meydana gelen kapasitans artisi,
eritrosit agregasyon surecini yansitmaktadir. Agregasyon indeksi (Al); egrinin
altinda kalan alanin (B), egrinin Ustinde (A) ve altinda kalan alanlarin (A+B)
toplamina bolinmesiyle hesaplanmigtir (Sekil 3.2). Zaman sabiti t;, ise
kapasitanstaki toplam degisikligin yarisi kadari (1/2 amplitid) igin gegen
suredir. Diger zaman sabitleri ise (Tslow ve Tfast) bolim 3.2.3.’de anlatildigi
gibi hesaplanmigtir. Tum hesaplama islemleri hem kapasitans hem de
empedans egrilerinden LabView 8.6 (National Instruments, Austin, Texas,
USA) ile yazilan 6zel bir program kullanilarak yapilmigtir.

2.5 -
2.0
A
B
= 15— Al = x 100
T A+B
Q r
1.0 4
B Y2 AMP
0.5 \
0.0 T T ]
0 T2 25 30 75

Zaman (sn)

Sekil 3.2.  Eritrosit agregasyon paremetrelerinin hesaplanma prosedirinin sematik olarak
gOsterilmesi. A; egrinin Ustinde kalan alani, B; egdrinin altinda kalan alani
temsil etmektedir.

Sonugclar ortalama * standart hata olarak ifade edilmistir. Coklu gruplar
arasindaki istatistiksel  karsilastirmalar tek  yonli  ANOVA le
degerlendirilmigtir. 0.05’den kuguk p degerleri istatistiksel olarak 6nemli kabul
edilmigtir.
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Pearson korelasyon katsayisi ve lineer regresyon analizleri yapiimigtir.
Bu modellerde farkl gapa ait kapasitans egrilerinden hesaplanan agregasyon
paremetreleriyle, ayni paremetrelerin  LORCA’da odlgulmis esdederleri
kullaniimistir. 0.05’den kuguk p degerleri istatistiksel olarak 6nemli kabul
edilmigtir.
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BULGULAR

4.1.Eritrosit Suspansiyonlarinda Agregasyonun Degerlendirilmesi

Eritrosit aggregasyon parametreleri  hazirlanan  tim  eritrosit
suispansiyonlarinda LORCA’da &lgtimustir. Olglimler sonucunda elde edilen
egrilerin analizlerinin sonuglarina gére agregasyon indeksleri (Al) buylkten
kigcuge dogru Dextran > Neuraminidase > Tam Kan > Glutaraldehit >1/3
Dilisyon > 1/2 Dilusyon seklinde siralanmaktadir (Cizelge 4.1).

Cizelge 4.1. Tam Kan, 1/3 Diliisyon (1/3 Dil), 1/2 Diliisyon (1/2 Dil), Dekstran, Glutaraldehit
(GA) ve Neuraminidase (NEU) gruplarinda  kullanilan  eritrosit
suspansiyonlarina ait agregasyon parametreleri. (Sonuglar + standart hata
olarak verilmistir, n=10. *:p<0.05; **:p<0.01; ***:p<0,001 tam kan grubundan

fark.

Al Trast (S) Tsiow (S) Tuz (S)
Tam kan 70.3+2.3 24+01 325104 2.8+0.08
1/3 diliisyon 48.7 + 2.8* 41+0.3* 29.9 £ 0.4* 5.2+0.6*
1/2 diliisyon 32.6 £ 2.4** 7.4 0.8 28.8 + 0.5*** 9.0 £ 0.9***
1% Dextran 500 82.1+£1.5* 0.6 + 0.04* 32.6+0.6 0.4 *0.02*
Glutaraldehit 511 £ 1.1 5.1%0.6" 29.5 + 0.4*** 5.3+0.4*
Neuraminidase 791 £1.3* 1.8+0.02 33.1+0.7 1.0+0.03

Cizelge 4.1’de gosterilen eritrosit agragasyonu zaman sabiti tip
degerlerinin ise “Dextran < Neuraminidase < Tam Kan < 1/3 Dilisyon <
Glutaraldehit < 1/2 Dilusyon” verilen sirayla arttigi goérulmektedir. Eritrosit
agragasyonu zaman sabiti Trsfa ait grafikte, Ty, grafigine benzer sekilde
ayni sirayla dextran orneginden 1/2 dilisyon o6rnegine dogru bir artigin
oldugu gorilmektedir. Hem Tist hemde Ty, de@erlerine bakildiginda dilisyon
gruplari, dekstran ve glutaraldehid degerlerinin tam kan degerlerinden
istatistiksel olarak ©6nemli dizeyde farkin oldugu saptanmigtir. Ayni
cizelgedeki eritrosit agregasyonu zaman sabiti T degerlerine bakildiginda
ise 1/2 Dilusyon, 1/3 Dilisyon ve Glutaraldehit gruplarina ait T degerlerinin
Tam Kan grubuna ait verilerle karsilastirildiginda istatistiksel olarak énemli
bir azalmanin  oldugu goérilmektedir. LORCA’da farkli eritrosit
suspansiyonlarina ait bu dlgumlerle deney gunu hazirlanan batin érneklerin
agregasyon derecelerinin dogrulugu test edilmistir. Birbirinden farkli ¢captaki
kapillerin kullanildi§i her deneyde yukarida s6z edilen butin Olgumler
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yapiimigtir. Bu Olgimlerin sonunda elde edilen verilerdeki sonuglar arasinda
istatistiksel olarak dnemli bir fark bulunmamistir.

4.2. Birbirinden Farkli Captaki Kapiller Borularda Eritrosit
Suspansiyonlarinin Empedans Kayitlari
Sekil 4.1.’de gaplari 800 ile 80 ym arasinda degisen alti farkli cam
kapillerde tam kan (P), 1/2 dilisyon (H) ve dekstran (D) gruplarina ait
empedans (Z) kayitlari verilmistir.

800 pm 640 pm
200 = 250

200+

Z (kQ)
T O
(k)

i)]

100 L} L} L} L} 1 150 T T T T 1
0 25 50 75 100 125 0 25 50 75 100 125
Zaman (sn) Zaman (sn)
480 pm
450+ 320 um
10004
./-\ D
~ 400+ P 900+ p
g s
X
N = 800+
D N H
350+
J\H 7004
300 T T T T 1 600 T T T T ]
0 25 50 75 100 125 0 25 50 75 100 125
Zaman (sn) Zaman (sn)
160 um
80 pm
6000
8000+
5000
7000+
¢ 4000 ~ p
< D g
~ = 60004
3000 N
2000 P 50004
e H
H
1000 T T T T 1 4000 T T T T ]
0 25 50 75 100 125 0 25 50 75 100 125
Zaman (sn) Zaman (sn)

Sekil 4.1. Farkh ¢apa sahip cam kapillerde Tam Kan (P), 1/2 Diliisyon (H) ve Dekstran
(D) gruplarinda kullanilan eritrosit suspansiyonlarina ait Empedans (Z; kQ)
kayitlari. Empedans 6lgimleri 100 KHz frekansta yapilmistir.
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Sekildeki tim  c¢aplara ait kayitlarda  enjektér  pompasinin
durdurulmasindan sonra empedans degerlerinde ani bir artisin oldugu, bunu
takip eden birkag¢ saniye iginde de kuguk azalma ve egrinin yatay pozisyonda
seyrettigi gOzlenmektedir. Sekildeki egrilerle  gosterilen empedans
Olgcumlerinde tum orneklerde belirgin degisiklikler s6z konusudur. Meydana
gelen bu degisikliklerin yani elde edilen elektriksel parametrelere ait bu
egrilerin daha iyi yorumlanabilmesi igin bu Oolgumlere ait agregasyon
parametrelerinin ve zaman sabitlerinin hesaplanmasi gerekmektedir.

AAl BiTrast
601
100+
50+
754
404
PN
c
L
< g0 B 301
[
204
254
10+
0 0=
80 160 320 480 640 800 80 160 320 480 640 800
Kapiller gapi (um) Kapiller Gapi (um)
C:Tslow
100 D:typ
’ 10.04
7.54 754
_
< —~
@ =
n
3 507 ~ 504
w2 =
2.54 2.5+
0.04 0.0+
80 160 320 480 640 800 80 160 320 480 640 800
Kapiller Gapi (um) Kapiller Gapi (um)

Sekil 4.2.  Farkh g¢apa sahip cam kapillerde Tam Kan grubuna ait Empedans (2)
kayitlarindan hesaplanan eritrosit agregasyon indeksi (Al) ve zaman sabitleri.
(Sonuglar = standart hata olarak verilmigti. n=10, Gruplar arasinda fark
bulunmamaktadir).

Tam kan grubunun empedans kayitlarina ait egrilerden hesaplanan
agregasyon zaman sabitleri ve agregasyon indeksleri Sekil 4.2.’de verilmistir.
Eritrosit agregasyon indeksi, Tsow Ve ti verilerine ait grafiklere bakildigi
zaman kapiller ¢apinin degismesine ragmen agregasyon parametrelerinde
fark bulunmamistir. Tis'a ait grafikte ise azalan gapla birlikte (80 ve 160 um
caplar igin) Trast degerinin de azaldigi goérilmektedir. Fakat diger ¢aplarla
kargilastirildiginda istatistiksel olarak énemli bir fark bulunmamigtir. Yapilan
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bu c¢alismanin sonucunda, kapiller borulardaki eritrosit agregasyonu
sirasinda izlenen empedans (Z) egrilerinin agregasyonun zaman seyrini
yansitmadigi soylenebilir. Bu kanaate daha odnceden de yapmis oldugumuz
calismalarda elde edilen verilerin sonucuna paralellik gostermesinden de
variimistir.

4.3. Birbirinden Farkli Captaki Kapiller Borularda Eritrosit
Suspansiyonlarinin Kapasitans Kayitlari

Eritrosit agregasyon derecelerinin birbirinden farkl oldugu bilinen PBS ile
%50 oraninda dilie edilmis plazmayla hazirlanan 1/2 dilusyon grubu
(azalan), %1 Dextran 500 ile hazirlanmig plazmayla resuspanse edilen
Dextran grubu (artan) ve otolog plazmayla hazirlanan tam kan grubuna ait
birbirinden farkli ¢aptaki cam kapillerde kaydi yapilan seri kapasitans (C)
egrileri Sekil 4.3.’de verilmigtir. TUm ¢aplarda pompanin durdurulmasindan
hemen sonra ani bir azalma ve hemen arkasindan bir artis gozlenmektedir.
Bu degisim 800 ve 640 um gapa sahip kapillerde daha belirgin olarak
gbzlenmektedir. 480 ve 320 ym caplarinda ise bu degisim yeteri kadar
izlenmemektedir. 160 ve 80 um’de ise degisim gdzlenmekte fakat pompanin
durdurulmasindan sonra 800 ve 640 um’lik ¢caplarda gézlenen hizli degisimin
yerine daha yavas bir azalma ve artis periyodu gézlenmektedir.

800 ve 640 ym caplarda Olgimu yapilan eritrosit suspansiyonlarina ait
kapasitans egrilerinde, orneklerin agregasyon davraniglari net bir sekilde
gOzlenmektedir. Her iki capta da (640-800) agregasyon parametreleri
arasindaki fark, 6zelliklede zaman sabitlerindeki degisim net bir sekilde
izlenmektedir. Tam kan ile karsilastirildidinda dextran grubunda zaman
sabitlerinde bir hizlanma, dilisyon grubunda ise azalma gbzlenmektedir.
Fakat diger caplarda gruplar arasindaki bu degisim ortadan kalkmakta ve
egdrilerin davraniglari birbirine benzerlik gostermektedir.

4.4. Birbirinden Farkh Gaptaki Kapiller Borularda Olgiimii Yapilan Tam
Kan Orneklerine Ait Kapasitans Egrilerinden Hesaplanan
Agregasyon Parametreleri

Tam kan grubuna ait kapasitans egrilerinin daha iyi anlagilabilmesi igin
eritrosit agregasyonu parametrelerinin analizi yapilmigtir. Bu analizler
sonucunda hesaplanan eritrosit agregasyonu indeksi (Al) Sekil 4.4.’de
gosterilmigtir. Sekildeki grafik incelendigi zaman 160 ym disindaki diger
batin c¢aplar karsilastirildigi  zaman agregasyon indekslerinde fark
bulunmamistir. Ama butun caplarin agregasyon indeksleri 160 ym'’ye ait
degerden istatistiksel olarak 6nemli bulunmustur. Butiin ¢aplar arasinda dedgil
de sadece bir kapillerde bu farkin ortaya cikmasi, yeterli sayida ornekte

Olcim vyapilmasina ragmen, agregasyon indeksinin c¢apa bagh olarak

degismedigini akillara getirmektedir.

Eritrosit agregasyonu zaman sabitlerine ait grafiklerde ise ¢apa bagli
degisimler daha net bir sekilde gbézlenmektedir. Sekil 4.5.°de kapasitans
egrilerinden hesaplanan Tr.s; dederlerine ait grafikte 320 um’den daha buylk
captaki kapillere gidildikge zaman sabitlerinin azaldigi gozlenmektedir
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(320>480>640>800). 160 um’lik kapillerde en disuk T degeri (7,81 1,1)
hesaplanmigtir. 320 ym ise en buyuk deger hesaplanmistir (59,3+12,1) ve
diger bitin caplarla karsilastirildiinda 6nemli bulunmustur (p<0.001).
Sekilde 800 pm’den 320 ym’ye dogru gap degisimiyle birlikte Tr.s; degerinde
artis gozlenmektedir. Fakat 320 um’nin altina inildiginde zaman sabitinde
belirgin bir hizlanma go6zlenmektedir. Bu gbzlenen hizli degisim ornege ait
kapasitans egrilerinde de net bir sekilde gozlenmektedir.
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0.0 T T T T 1
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0.0

L] L]
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Farkli capa sahip cam kapillerde Tam Kan (P), 1/2 Diliisyon (H) ve Dekstran
(D) gruplarinda kullanilan eritrosit stispansiyonlarina ait seri Kapasitans (C)

kayitlari.  Kapasitans

Olgiimleri
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Sekil 4.4. Farkli caplara sahip cam kapillerde Tam Kan grubuna ait Kapasitans (C)
kayitlarindan hesaplanan eritrosit agregasyon indeksi (Al). (Sonuglar *
standart hata olarak verilmistir. n=10, 160 um grubundan fark, *:p<0.05;
**p<0,01).

Diger bir zaman sabiti olan Tgo, degerlerine ait veriler Sekil 4.6’de
verilmigtir. Tt  grafiginde  gorulen benzer davranig burada da
gozlenmektedir. 320 ym’den itibaren artan capa bagll olarak azalan Tgow
degerleri bar grafiginde agik¢a gorulmektedir. 320, 480 ve 640 uym c¢aplara ait
Tsiow degerleri 160 pm ile karsilastirildiginda, ayrica 800 ve 80 pym degerleri
320 um ile karsilastirildiginda istatistiksel olarak énemli farklar bulunmustur
(p<0.05). Caplarin birbirleriyle olan diger karsilastiriimasinda énemli farklar
bulunmamistir. Benzer bir sekilde Ttasi'te gozlenen 160 pm’deki ani hizlanma
Tsiow grafiginde de gézlenmektedir.

Sekil 4.7de gosterilen eritrosit agregasyonu yari zaman sabiti tip
grafiginde de diger zaman sabitlerine benzeyen bir grafik elde edilmistir. En
buylk zaman sabiti degeri digerlerinde oldugu gibi 320 ym capta elde
edilmistir. Yine ayni sekilde 320 um’den itibaren artan capa bagli olarak
azalan ty, degeri hesaplanmistir. 80, 320, 480, 640 ve 800 um c¢aplara ait t1,
degerleri 160 um ile karsilastirdigi zaman istatistiksel olarak 6nemli
bulunmustur.
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Sekil 4.5. Farkli caplara sahip cam kapillerde Tam Kan grubuna ait Kapasitans (C)
kayitlarindan hesaplanan eritrosit agregasyonu zaman sabitlerinden T
degerleri.  (Sonuglar + standart hata olarak verilmistir. n=10, 320 pm
grubundan fark, ***:p<0,001).

Tam kan igin hesaplanan tim eritrosit agregasyonu zaman sabitlerine ait
grafiklere bakildiginda 320 ym’den itibaren dlgum sisteminde kullanilan cam
kapillerin ¢apindaki artis, zaman sabitlerinin azalmasina neden olmustur.
Ama tum zaman sabitleri i¢cin bakildiginda160 ym’de énemli bir hizlanmanin
oldugu go6ze carpmaktadir. Sekil 4.1.3'deki 160 um’ye ait kapasitans
egrilerine bakildiginda sinyalde de bir hizlanmanin oldugu gézlenmektedir.
Bu da boru ¢apinin kritik bir degerin altina inmesi halinde zaman sabitlerinin
azaldigini gostermektedir.

4.5. Birbirinden Farkli Captaki Kapiller Borularda Olgiimii Yapilan
Eritrosit Suspansiyonlarina Ait Kapasitans Egrilerinden
Hesaplanan Agregasyon Parametreleri

Cizelge 4.2.’de 800, 640, 480, 320, 160 ve 80 pm’lik cam kapillerde
akimin durdulmasindan hemen sonra 1/3 Dilusyon, 1/2 Dilisyon, Dekstran,

Glutaraldehit ve Neuraminidase gruplarina ait seri kapasitans (C) egrilerinden

hesaplanan agregasyon parametreleri gosteriimektedir. TUm gruplardaki

agregasyon indeksi de@erlerine bakildigi zaman Dekstran grubu hari¢ 320

pm’de en kiuguk, 160 ym’de ise en buylk agregasyon indeksi hesaplanmistir.
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Farkh c¢aplara sahip cam kapillerde Tam Kan grubuna ait Kapasitans (C)
kayitlarindan hesaplanan eritrosit agregasyonu zaman sabitlerinden Tgqw
degerleri.  (Sonuglar + standart hata olarak verilmistir. n=10, 160 um
grubundan fark, *:p<0.05; ***:p<0,001, 320 um grubundan fark, #:p<0.05).
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Farkli caplara sahip cam kapillerde Tam Kan grubuna ait Kapasitans (C)
kayitlarindan hesaplanan eritrosit agregasyonu zaman sabitlerinden ty,
degerleri.  (Sonuglar + standart hata olarak verilmistir. n=10, 160 um
grubundan fark, *:p<0.05; **:p<0,01; ***:p<0.001).
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Cizelge 4.2. Farkl captaki kapiller borularda 6lgiimi yapilan eritrosit slispansiyonlarina ait
kapasitans egrilerinden hesaplanan agregasyon parametreleri. (Sonuglar +
standart hata olarak verilmistir, n=10. *:p<0.05; **:p<0.01; ***:p<0,001 160

pm’den fark, T:p<0.05; TT:p<O.01; TTT:p<0,OOl 320 ym’den fark)

1/3 diliisyon Al tie (S) Tiast (S) Tsiow (S)
800 um 56.6 * 3.5** 26.4+4.1 11.2+£1.3™ 38.1+8.0
640 uym 66.4 227 296+ 2.2 13.3 £2.4™ 428+ 45
480 ym 56.2 * 3.0** 28.1+4.7 380+75 32.6+5.9
320 ym 49.9 + 1.9** 41.7 £ 4.5** 52.4 + 13.9** 478 +8.4
160 pm 78.3+4.1 14.8+ 4.5 9.4+23 247 +8.1

80 um 66.1+6.1 29.3+6.4 35.6+7.3 42.8+9.9

1/2 diliisyon Al tip (S) Trast (S) Tsiow (S)
800 pum 43.7 £ 3.2*** 46.6 + 3.4*** 23.9%1.3™M 456 +5.8
640 pym 51.7 £ 2.1*** 45.5 + 3.0*** 56.3 + 7.5 61.9 +5.3
480 pm 62.5 * 3.3*+111 32.5% 3.7 46.6 £ 5.27 91.9 * 15.8***
320 ym 40.4 = 1.6*** 41.4 % 1.9 94.4 * 22,5*** 90.9 * 18.2**
160 pm 83.8 +2.6 10.3+1.6 142 +4.1 22.7+6.1

80 um 66.0 + 6.3*11 23.5 % 3,1%™1 25.0 £ 5.4 43.8+8.4

1%Dextran500 Al tie (S) Trast (S) Tsiow (S)
800 um 79.7+1.8 16.3+ 1.8 8.2%1.2™ 21.3+1.7
640 um 73.5%27" 17.9+2.9 10.5 + 1.3 44.4 & 5 A+
480 ym 63.4 £ 4.3** 25.9+ 5.6 26.9 + 4.9** 36.9 + 7.4*
320 ym 77.6+1.1 30.8 £5.1* 40.3 £ 4.7** 38.8%4.1*
160 pm 80.1+2.2 11.9+1.9 57+1.1 135+ 3.4

80 um 67.6 + 3.5* 23.7+3.3 25.6 + 5.5 38.0 £ 6.4*

Glutaraldehit Al tie (S) Trast (S) Tsiow (S)
800 um 64.4 £ 1,3* 25.3+1.8" 13.8+ 3.4 34.8+8.7
640 pm 67.6 2.6 27.7%4.27 8.6% 1.7 39.3+10.0
480 ym 60.6 + 3.2** 30.5 4.6 222+8.7" 448 +9.3
320 pm 51.6 + 2.4*** 45.9 * 3.0*** 51.2 £ 9.7 48.3 £ 8.2
160 pm 79.8 +5.2 11.8+4.4 8.3+0.6 145+ 35

80 um 74.7 £ 3.8™" 20.1 +5.8™" 14.8 £ 1.8™" 224+ 4.6

Neuraminidase Al T (S) Ttast (S) Tsiow (S)
800 pm 70.2£ 0.7 17.8+ 3.5 5.1+0.8" 36.1+7.9
640 um 69.8+0.7"" 20.9 + 3.2 7.3%£0.6" 36.1 +8.6
480 pm 66.5+1.3™ 19.4+2.7 11.9 2.3 327+75
320 ym 48.1 £ 2.1** 29.7 £ 4.5 35.5+7.2* 32.5+3.9
160 pm 79.1 3.7 11.9+1.9 125+ 3.6 26.7 +8.1

80 um 66.2 £ 5.9*17 269+ 6.3 25.2+8.4 39.8+10.2

Tam kan 6rneginde oldugu gibi buradaki eritrosit sispnsiyonlarinda da

160 pm'

ve 320 pum deki

agregasyon

indeksleri

caplarla

kargilastirildinda istatistiksel olarak 6nemli farklar bulunmustur. Eritrosit
agregasyonu zaman sabiti T degerlerinde 1/3 Dilisyon ve Neuraminidase
gruplarinda c¢aplar arasinda énemli farklar bulunmamisken, diger gruplarda
160 pym’de onemli bir azalma saptanmistir. Diger zaman sabitleri Tras; Ve
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ty2'ye bakildigi zaman 320 ym’den daha buylk ¢aplara gidildikge hesaplanan
zaman sabitlerinin azaldigi saptanmigtir. Bu zaman sabitleri igin 320 ym’den
daha kuglk olan 160 uym’ye gegcildiginde ise zaman sabitlerinde énemli bir
hizlanmanin oldugu gozlenmektedir. Tam kan orneklerinde godzlenen bu
degisim, ortamin suspansiyon oOzelliklerinin veya eritrositlerin hucresel
Ozelliklerinin dedgistiriimesiyle hazirlanan, agregasyon derecesi birbirinden
farkh 6rneklerde de gdézlenmektedir. Boylelikle tam kan iginde saptanan
geometrinin etkisi bu 6rneklerde de dogrulanmistir.

4.6. LORCA ile Farkhi Captaki Kapiller Borulardaki Agregasyon
Parametreleri Arasindaki iliski
Sekil 4.8."de dort tip eritrosit siUspansiyonuna (Tam kan, 1/3 Dilusyon, 1/2
Dilisyon ve %1 Dekstran 500 ) ait LORCA’da dlgulen agregasyon indeksi
degerleriyle 800, 640 ve 320 pm’ye ait kapasitans egrilerinden hesaplanan
agregasyon indekslerinin korelasyonu gosterilmektedir.

Al Al
100n
100+ Pearson r=0.72 p<0.0001
Pearson r=0.75 p<0.0001 ..
L]
75+
75
E 5
> Q 50
8 50 3
[ee]
L]
25+ * 25+
O L] L] L] 1 0 L] L] L 1
0 25 50 75 100 0 25 50 75 100
LORCA LORCA
Al
1 -
00 Pearson r=0.89 p<0.0001
75+
IS
3
504
™
25+
O L] L] L] 1
0 25 50 75 100

LORCA

Sekil 4.8. Farkh ¢aptaki kapiller borularda kaydedilen kapasitans egrilerinden hesaplanan
agregasyon indeksi ile LORCA agregasyon indeksi arasindaki lineer regresyon
analizi.
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Her U¢ cap igin hesaplanan agregasyon indeksleriyle, LORCA’ya ait
indeks arasinda guglu ve pozitif bir korelasyon bulunmaktadir (800: r=0.75;
640: r=0.72; 320: r=0.89). Diger caplarda ise (480, 160 ve 80 um) istatistiksel
olarak 6nemli bir korelasyon saptanmamistir. Bu c¢aplara ait korelasyon
katsayisi degerleri Cizelge 4.3'de gosterilmektedir.
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640 pm

tip

Pearson r=0.78 p<0.0001

LORCA

Farkli captaki kapiller borularda kaydedilen kapasitans egrilerinden hesaplanan

agregasyon zaman sabitleri ile LORCA agregasyon zaman sabitleri arasindaki

lineer regresyon analizi.

Sekil 4.9.de dort tip eritrosit sispansiyonuna (Tam kan, 1/3 Dilisyon, 1/2
Dilisyon ve %1 Dekstran 500 ) ait LORCA’'da dlgllen agregasyon zaman
sabitleri Tt Ve t12 degerleriyle 800 ve 640 uym’ye ait kapasitans egrilerinden
hesaplanan agregasyon zaman sabitlerinin korelasyonu gosterilmektedir. Her
iki ¢ap icin hesaplanan agregasyon zaman sabitleri ile, LORCA'ya ait
deg@erler arasinda pozitif bir korelasyon bulunmaktadir (Tis= 800: r=0.77
p<0.0001; 640: r=0.59 p<0.0001; ti»,= 800: r=0.49 p<0.01; 640: r=0.78
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p<0.0001). Diger caplarda ise (480, 320, 160 ve 80 um) istatistiksel olarak
onemli bir korelasyon saptanmamigtir. Bu c¢aplara ait korelasyon katsayisi
degerleri Cizelge 4.3.’de gosterilmektedir. Diger bir zaman sabiti olan Tg,/da
ise batun gaplar igin dnemli bir korelasyon saptanmamistir (Cizelge 4.3.)

Cizelge 4.3. LORCA ve farkli captaki kapiller borularda o6lgimi yapilan eritrosit
suspansiyonlarina ait kapasitans egrilerinden hesaplanan agregasyon
parametrelerine ait Pearson korelasyon katsayilari. (**:p<0.01; ***:p<0,001)

Kapasitans (C)
800 ym 640 ym 480 ym 320 ym 160 pm 80 um

Al 0.75%** 0.72%** -0.08 0.89*** -0.30 0.03
5 Ttast 0.77*+* 0.59%** 0.35 0.34 0.19 -0.07
04
@]
= | Tsiow -0.28 -0.05 -0.06 0.04 -0.20 -0.05

T 0.49** 0.78*** -0.04 0.24 -0.10 0.02
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TARTISMA

Bu calismanin sonuglari gostermistir ki, ¢aplari birbirinden farkli cam
kapillerde yapilan seri kapasitans olgimlerine ait egrilerden hasaplanan
eritrosit aregasyonu zaman sabitlerinde (Tsiow, Trast V€ t12) kapiller capina
badli olarak degisim meydana gelmektedir. Kapiller borulardaki eritrosit
agregasyonu sirasinda izlenen seri kapasitans degerlerinin agregasyonun
zaman seyrini yansittigr saptanmistir. Ayrica empedans verilerinin
hesaplanmasiyla elde edilen agregasyon parametrelerinin kapiller ¢apina
badli olarak degismedigi gosterilmistir (Sekil 4.2.) Kendi laboratuarlarimizda
daha oOnceden vyaptigimiz c¢alismalarda 1000 pum c¢apa sahip kapiller
borulardaki eritrosit sispansiyonun agregasyon olgimu hem fotometrik hem
de suspansiyonun elektriksel Ozelliklerinin olgulmesiyle karsilastinimistir.
Suspansiyonun 1slk gegirgenli ve kapasitans olgUmlerinin agregasyon
formasyonunu tam anlamiyla yansittigi bulunmustur. Elektriksel empedans
degerleri ise bu 6zellikte bulunmamigtir (19).

Eritrosit agregasyonu gerek plazmanin, gerekse eritrositlerin hucresel
Ozelliklerindeki degisimlerden etkilenir. Plazma bilesenlerinden 06zellikle
fibrinojen konsantrasyonu eritrosit agregasyonunu etkileyen en 6nemli
faktorlerden biridir (74). Fibrinojen yaninda diger akut faz reaktanlari, plazma
globulin fraksiyonlarindaki degisimler, osmolarite ve pH degisiklikleri,
hematokrit dederindeki artis eritrosit agregasyonunu etkiler (74, 103). Bu
calismada, eritrosit suspansiyonlarinin agregasyon Ozelliklerine farkli
yaklasimlarla (suspansiyon ortaminin  degistiriimesi, eritrosit ylzey
Ozelliklerinin degistiriimesi gibi) midahale edilmesiyle hazirlanan 6rneklerin
agregometrede o6lguimesiyle birbirlerinden farkli olan agregasyon o6zellikleri
ortaya konmustur (Cizelge 4.1).

Zhao ve Jacobson, elektriksel empedans ve kapasitans degerlerinin
suspansiyondaki fibrinojen konsantrasyonuyla arttigi gostermiglerdir. (123).
Yine bu cgalismada eritrosit sedimentasyon hizinin kapasitans ile korele
oldugu, kapasitansin eritrosit sedimantasyon hizina ¢ok duyarl oldugu
bildirilmigtir (123). Pribush ve arkadaslari eritrosit suspansiyonlarinin
elektriksel 6zelliklerinin agregasyon sirasinda degistigini gostermislerdir (89-
91). Bu suspansiyonlarin elektriksel 6zelliklerinin izlenmesinin agregasyon
sureci hakkinda bilgi verecegi 6ne surulmustar (88, 89). Tam kan ve eritrosit
suspansiyonlariyla yapilan c¢alismada, sistemdeki kan akiminin aniden
durdurulmasindan sonra Olglulen kapasitans degerlerinin degistigi ve bu
degisime de eritrosit agregasyonun neden oldugu bildirilmistir (19, 21, 90).

Fotometrik 6lgim sistemlerine ait geometriler genellikle birka¢ yuz
mikrometre genisliginde bir akim alanina sahip yapilardan olusmaktadir. Bu
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Olcum sistemlerinden ¢ok daha kuguk geometriye sahip sistemlerde
fotometrik olarak Olcimin mumkin olmadigr kosullarda, eritrosit
suspansiyonunun elektriksel ozelliklerinin, ozellikle de kapasitansin olgumu
agregasyonun degerlendirilmesi igin kullanilabilir. Eritrosit sUspansiyonlarinin
elektriksel oOzelliklerinin  fotometrik dlgimlere benzer sekilde bir seyir
goOsterdigi ve agregasyonla ilgili parametrelerin bu kayitlar kullanilarak
hesaplanabilecegi bildirilmistir (19, 21, 88, 91).

Bu calismada, birbirinden farkli g¢apa sahip cam kapiller borularda
eritrosit suspansiyonlarinin empedans (Z) ve seri kapasitans (C) ozellikleri
Olculmustur. Bu suspansiyonlara ait elektriksel ozelliklerin Olgilmesiyle elde
edilen kayitlardan eritrosit agregasyonuna ait parametreler (Al, Tsiow, Ttast, t1/2)
hesaplanmigtir. Birbirinden farki cam kapillerde (80, 160, 320, 480, 640 ve
800 um) yapilan seri kapasitans olcimlerine ait egrilerde, kapiller gapindaki
azalma ile beraber 320 ym’lik kapillere kadar kaydedilen sinyalin giderek
yavagladigl goézlenmektedir. Kapiller ¢apinin 160 pm’ye inmesiyle birlikte
sinyalde bir hizlanmanin oldugu goérilmektedir. Kaydedilen sinyal 160 ym’nin
altinda ve Ustundeki caplarda farkli davraniglar sergilemektedir (Sekil 4.3).
Yani olgim sistemine ait geometrinin degismesiyle seri kapasitans
Olcumlerinden elde edilen egrilerin degistigi gosterilmistir. Bu kayitlardan
hesaplanan eritrosit agregasyonu zaman sabitlerinin (Tsjow, Ttast V€ t172) cam
kapillerin c¢apindaki azaliga paralel olarak, kademeli bir sekilde arttig
bulunmustur (Sekil 4.4-7). Fakat bu artis 320 pm’den sonra
g6zlenmemektedir. Aksine 160 um’de her G¢ zaman sabitinde hizli bir
azalmanin yani hizlanmanin oldugu gorulmektedir.

Eritrosit suspansiyonlarinin LORCA kullanilarak o6lg¢lilen agregasyon
indeksi ile kapasitans Olgumlerine ait egrilerden hesaplanan ayni
parametrenin korelasyonu yapildigi zaman, LORCA ve kapasitans (800, 640
ve 320 ym’deki) agregasyon indeksi de@erleri arasinda pozitif ve istatistiksel
olarak 6nemli bir korelasyonun (p<0.0001) bulundugu gosterilmistir (Sekil
4.8). Ayrica eritrosit suspansiyonlarinin LORCA kullanilarak élgilen zaman
sabitleri Trst Ve tyy2 ile kapasitans dlcumlerine ait egrilerden hesaplanan ayni
parametrelerin korelasyonu yapildigi zaman, LORCA ve kapasitans (800 ve
640 uym’deki) zaman sabitleri de@erleri arasinda pozitif ve istatistiksel olarak
onemli bir korelasyonun (p<0.0001) bulundugu gosterilmistir (Sekil 4.9).
Kapasitans Tgow degeri ve diger caplar igin o6nemli bir korelasyon
bulunmamaktadir (Cizelge 4.3).

Eritrosit agregasyonunun vicut digsinda incelenmesiyle elde edilen
bilgilerin, bu fenomenin in vivo kan akimi Uzerindeki etkisiyle ilgili
degerlendirmelere dogrudan uygulanmasi mumkudn degildir. CUnku eritrosit
agregasyonunun in vivo Kkosullardaki etkisi kanin Dbelirli bir damar
segmentindeki gegis suresi ve segmentin uzunlugu, agregasyonun zaman
seyri, damarin oryantasyonu ve mikrodolagim duzeyinde kanin akim hizi gibi
gesitli in vivo faktérlere baghdir (6). in vivo olarak kapiller sonrasi venlillerdeki
eritrosit agregat olusumunun incelendigi galismada damarlarin ortalama gap!
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12-15 pum iken, in vitro sistemlerde, fotometrik 6lgim sistemlerine ait
geometriler genellikle birka¢ yuz mikrometre genigliginde bir akim alanina
sahip vyapilardan olusmaktadir. In vitro &lgiimlerde eritrosit rulo
formasyonunun zaman sabiti birka¢ saniyedir (24). Kim ve arkadaslarinin
yapmis olduklari in vivo g¢alismalarda ise eritrosit agregasyonunun yaklasik
100 milisaniye iginde tamamlandigi gosterilmigtir. (69, 70). Bu zaman
seyirlerindeki farkhliklarin agregasyonun gercgeklestigi akim sisteminin (in
vivo kosullarda damarlar, ex vivo kosullarda olgum sistemi) geometrik
Ozelliklerinden kaynaklandigi dustunulmektedir.

Bu c¢alismada, birbirinden farkh Ozellikteki eritrosit suspansiyonlarinin
birbirinden farkli agregasyon o6zelliklerinden faydalanilarak, olgim sistemi
geometrisi ile agregasyon kinetigi iligkisinin nasil degisecegdi arastiriimaya
calisiimistir. Bu amacla alti farkli capa sahip cam kapillerde (80, 160, 320,
480, 640 ve 800 um) agregasyon Ozellikleri farkli olan suspansiyonlarla,
agregasyon surecini yansittigini onceden bildigimiz kapasitans olgumu
yapiimistir. Ozellikle kigilik ¢apa sahip cam kapiller borulardaki eritrosit
suspansiyonlarinin  elektriksel ozelliklerinin  Olgulmesiyle, bu kapillerde
eritrosit agregasyon kinetigininin belirlenmesine yardimci olabilecegimizi, in
Vvivo ve in vitro eritrosit agregasyonu zaman seyirleri arasindaki farklliga bir
aclklik getirilebilecegi dusunulmustir. Tum bu bilgilerden yola g¢ikarak bu
calismamizda 6l¢gim sistemi geometrisinin, yani kullanilan cam Kkapiller
capinin degismesiyle ozellikle eritrosit agregasyon kinetigine iliskin zaman
sabitlerinin  degisebilecegi dusunulmustar. Bu yaptigimiz ¢alismanin
sonuglarina gore eritrosit agregasyon kinetigine iliskin zaman sabitleri dlgim
yaptigimiz sistemin geometrisinden etkilenmektedir. Olglim sistemine ait
geometrinin degismesiyle seri kapasitans Olgumlerinden hesaplanan
parametrelerinin degistigi gosterilmistir. Bu kayitlardan hesaplanan eritrosit
agregasyonu zaman sabitlerinin (Tsjow, Trast V€ t12) cam kapillerin gapindaki
azaligla birlikte bu parametrelerin arttigi bulunmustur (Sekil 4.4-7). Fakat bu
degisim 320 ym’den sonra yani 160 pm’ye inildiginde zaman sabitlerinde
hizli bir azalmanin yani hizlanmanin oldugu gorulmektedir.

Ticari amagclarla Uretilen eritrosit agregometreleri 6zellikle agregatlarin
dagitiimasi (disagregasyon) surecinde onem tasiyan, gesitli akim geometrileri
(ic ice gecmis silindirler, koni-plak, paralel ylzeyler, dikdértgen akim kanali
gibi) kullanirlar. Bu agregometreler genellikle eritrosit suspansiyonundan
yansiyan ya da gecen isik miktarinin dlgiimesi prensibine dayanir. Her iki
Olcim ydntemi de agregasyon surecini yansitmasina ragmen, birbirleriyle
karsilastirildiginda 6nemli farkliklari da bulunmaktadir (18, 20, 54, 105).
Bunun yani sira bu 6lgum sistemlerine ait geometriler genellikle birka¢ yuz
mikrometre genisliginde bir akim alanina sahip yapilardan olugsmaktadir.
Dobbe ve arkadasglari tarafindan yapilan bir galismada da 6l¢im sistemine ait
geometrinin degismesinin eritrosit agregasyon parametrelerinde degisiklige
neden oldugu gosterilmistir (46). Bu calismada kullandiklari agregometre
agregasyon oOzelliklerini lazer i1sik-geri sacilimi yontemi ile analiz yapan bir
cihazdir. Aragtiricilar hazirlanan numunenin tamamen doldurdugu o6lgim
sisteminin ¢apini, hazirladiklart doért farkh silindirle (0.37, 0.60, 1.05, 2.00
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mm) degistirerek dlgim yapmiglardir. Yaptiklari élgimlerin sonuglarina gore
captaki artigla beraber eritrosit agregasyonu yari zaman sabitinin (t1/2)
arttigini, bunun yani sira agregasyon indeksinin azaldigini bulmuslardir (46).
Bizim calismamizda ise 320 ym’den 800 ym’ye gidildikge yani g¢ap artigiyla
beraber t;, degerinde azalma gdézlenmektedir. Bizim bu bulgularimiz Dobbe
ve arkadaglarinin yapmis oldugu c¢alismanin sonuglariyla ters dismektedir.
Fakat calismamizdaki tam kan ornegine ait t;», zaman sabitine bakildiginda
(Sekil.4.7) 160 pym’ye ait degerin diger butun c¢aplardan kuguk oldugu goze
carpmaktadir. 800, 640, 480 ve 320 ym’ye ait ty», degerleri sirasiyla 22.3+4.6;
31.412.1; 34.6+5.8 ve 38.116.4 seklindedir. Oysaki 160 pym’deki t1» degeri
ise 7.0£0.9dur. Her bir c¢apt ayrt ayri 160 pum’deki degerle
kargilastirdigimizda c¢ap artisiyla birlikte zaman sabitininde artigini
gormekteyiz. Yapilan analizlerin sonucunda da bu artigin istatistiksel olarak
onemli oldugu bulunmustur (640 ve 800 um; p<0.01, 320 ve 480 um;
p<0.001 160 pm’den fark). Calismanin  sonuglarint  bu sekilde
degerlendirince Dobbe ve arkadaslarinin buldugu gibi ¢aptaki artigla beraber
eritrosit agregasyonu yari zaman sabitinin (t12) arttigini sdyleyebiliriz.

Yapilan bagka bir calismanin sonuclarina gore de, agregasyon Olgum
sisteminin c¢apindaki artigla birlikle M indeks degerinin (1sik gecirgenligi
egrisinin altinda kalan alan) ve amplitidinin azaldigi, agregasyon indeksi
ve ti, degerinin degismedigi gosterilmistir [75]. Olglim sistemine ait ¢apin
artmasiyla kan orneginden gegen 1si1gin suspansiyon iginde kat ettigi
mesafenin, gecgen Is1gin yogunlugunun etkilenecegi ve bununda agregasyon
parametrelerini etkileyecegi sdylenmektedir. Bu ¢alisma gibi yapilan in vitro
Olcumlerde eritrosit rulo formasyonunun zaman sabiti birka¢ saniyedir (24).
Oysaki Kim ve arkadaslarinin yaptigi ¢alismada ise dlgum yapilan damarlarin
ortalama c¢api 12-15 um’dir ve eritrosit agregasyonunun yaklasik 100
milisaniye icinde tamamlandidi gosterilmistir. (69, 70). Yapilmig olan bu
calismalara goére eritrosit agregasyonu ve agregasyon zaman sabitinin
geometriye bagh olarak degisebilecegi dusunulmektedir. Fakat kigluk ¢captaki
kapillerdeki agregasyon kinetigi hakkinda vyeterli bilgi bulunmamaktadir.
Birbirinden farkli g¢apa sahip cam kapillerde eritrosit agregasyonun
kinetiginde, capa bagli olarak meydana gelen degisiklikler bu calismayla
gOsterilmeye caligiimigtir.

Tam kan drnegine ait t;» zaman sabiti i¢in gegerli olan 160 ve 320 um
arasindaki iligki diger zaman sabitleri icinde gecerlidir. 160 pm’den 320 um’ye
gegince, yani c¢ap artigiyla birlikte Tgow Ve Trast zaman sabitlerinde de
istatistiksel olarak énemli artiglar saptanmistir. Cizelge 4.2'de ise tam kan
disindaki, agregasyon dereceleri birbirinden farkh olan bes eritrosit
suspansiyonuna ait (1/3 dilusyon, 1/2 dilisyon, %1 Dextran 500,
Gutaraldehid ve Neuraminidase) kapasitans egrilerinden hesaplanan zaman
sabitleri gosterilmektedir. Tum eritrosit suspansiyonlari igin hesaplanan
Ozellikle ti, ve Tist dederlerinin, diger ornekte (tam kan) oldugu gibi 160
pm’den 320 um’ye gegince, yani ¢cap artigiyla birlikte bu zaman sabitlerinde
de istatistiksel olarak dnemli artiglar saptanmistir (p<0.05). Yukarida anlatilan
calismalarda ayrica ¢aptaki artigla beraber agregasyon indeksinin azaldigi da
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sdylenmekteydi. Tam kan dérneginde yine benzer sekilde 160 ym’den 320
gm’ye gegince, yani ¢ap artisiyla birlikte agregasyon indeksinde istatistiksel
olarak énemli bir azalma saptanmistir (Sekil.4.4) (p<0.05). Sekil 5.1°de ise
cizelge 4.2.’deki 160 ve 320 ym captaki agregasyon indeklerinin hepsinin
birden goOsterimesi amaclanmistir.  Sekilde  verilen  tim  eritrosit
suspansiyonlari i¢in ¢ap buyudugunde eritrosit agregasyon indekslerinde (Al)
istatistiksel olarak 6nemli azalma gdézlenmektedir (p<0.001). Dextran
grubunda ise istatistiksel olarak 6nemli degisim bulunmamistir.

Al

100+

754

Al

50 Kk

160 320 160 32

0 160 320 160 320
1/2 Diliisyon | | 1/3 Dillisyon | | Glutaraldehid | |Neuraminidase

Kapiller Gap1 (um)

Sekil 5.1. 160 ve 320 pm captaki kapiller borularda o6lcimi yapilan eritrosit
suspansiyonlarina ait kapasitans egrilerinden hesaplanan agregasyon indeksi
(Al). (***:p<0,001, 160 pm’den fark )

Birkac yuz mikrometre genigligindeki olcim sistemlerinden ¢ok daha
kligUk geometriye sahip sistemlerde fotometrik olarak 6lgimin mumkin
olmadidi kosullarda, eritrosit sUspansiyonunun elektriksel 6zelliklerinin,
Ozellikle de kapasitansin Olgimu agregasyonun degerlendiriimesi igin
kullanilabilir. Eritrosit agregasyonu ve agregasyon zaman sabitlerinin dlgim
sistemine ait geometriye baglh olarak degisebilecedi dusinilmekte, fakat
kigcuk captaki kapillerdeki agregasyon kinetigi hakkinda yeterli bilgi
bulunmamaktadir. Bu g¢alismanin sonuglarina gore; birbirinden farkli ¢apa
sahip cam kapillerde yapilan dlgimlerin sonucuna gore, eritrosit agregasyon
kinetigi akimin  gergeklestigi  sistemin geometrisine bagli  olarak
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degismektedir. Ozellikle 320 um’nin altinda ve Ustlindeki caplarda eritrosit
agregasyon kinetigine ait zaman sabitlerinin davranigi degismektedir. Bu
nedenle 320 um’nin kritik bir esik oldugu sdylenebilir. Boylelikle bu
calismayla, farkh geometriye sahip cam kapillerde eritrosit agregasyon
kinetiginde meydana gelebilecek degisikliklerin anlagiimasina katkida
bulunulacagi dusunulmektedir.
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SONUGLAR

. Agregasyon derecelerinin birbirinden farkli oldugu daha énceden bilinen
Tam Kan, 1/3 Dilusyon, 1/2 Dilisyon, %1 Dekstran 500, Glutaraldehit ve
Neuraminidase gruplarina ait hazirlanan eritrosit suspansiyonlarinin
LORCA ile dlgumu sonrasi elde edilen agregasyon paremetreleriyle,
orneklerin agregasyon derecelerinin birbirinden farkh oldugu teyit
edilmigtir (Cizelge 4.1).

. Birbirinden farkli cam kapillerde (80, 160, 320, 480, 640 ve 800 um)
yapilan empedans olcumlerine ait egrilerde, birbirinden farkli agregasyon
derecesine sahip suspansiyonlarin kullaniimasina ragmen benzer egriler
elde edilmigtir (Sekil 4.1). Bu egrilerden hesaplanan agregasyon
parametreleri arasinda da higbir fark bulunmamasiyla egrilerin benzer
Ozellikte olduklari ve empedans verilerinin hesaplanmasiyla elde edilen
agregasyon parametrelerinin kapiller ¢apina bagh olarak degismedigi
gosterilmigtir (Sekil 4.2).

. Birbirinden farkli cam kapillerde (80, 160, 320, 480, 640 ve 800 um)
yapilan seri kapasitans OlgUmlerine ait egrilerde, kapiller c¢apindaki
azalma ile beraber 320 um’lik kapillere kadar kaydedilen sinyalin giderek
yavasladigi gézlenmektedir. Kapiller gapinin 160 ym’ye inmesiyle birlikte
sinyalde bir hizlanmanin oldugu gorulmektedir. Kaydedilen sinyal 160
Mm’nin altinda ve Ustlndeki caplarda farkli davranislar sergilemektedir
(Sekil 4.3).

. Caplari birbirinden farkli cam kapillerde Tam Kan 6rnegi icin yapilan seri
kapasitans olgumlerine ait egrilerden hasaplanan eritrosit aregasyonu
zaman sabitlerinde (Tsow, Trast V€ ti2) kapiller capina badli olarak
degisimler saptanmistir. Olgiim sistemine ait geometrinin degismesiyle
seri kapasitans olgcumlerinden hesaplanan parametrelerinin degistigi
gosterilmigtir. Bu kayitlardan hesaplanan eritrosit agregasyonu zaman
sabitlerinin (Tsiow, Trast V€ t12) cam kapillerin ¢capindaki azaliga paralel
olarak, kademeli bir sekilde arttigi bulunmustur (Sekil 4.4-7). Fakat bu
artis 320 ym’den sonra gozlenmemektedir. Aksine 160 pm’de her Ug
zaman sabitinde hizli bir azalmanin yani hizlanmanin oldugu
gorulmektedir.

. 1/3 Dilisyon, 1/2 Dilusyon, %1 Dekstran 500, Glutaraldehit ve
Neuraminidase gruplarina ait hazirlanan eritrosit suspansiyonlariyla
yapilan kapasitans egdrilerden hasaplanan eritrosit aregasyonu zaman
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sabitlerinde ve agregasyon indekslerinde de Tam Kan 6rneginde oldugu
gibi capa bagmhlik gorulmektedir. Yine benzer sekilde zaman
sabitlerinde 160 um’de hesaplanan degerlerde bir azalmanin oldugu yani
sinyalde bir hizlanmanin oldugu saptanmistir (Cizelge 4.2).

. Eritrosit suspansiyonlarinin  LORCA kullanilarak olgulen agregasyon
indeksi ile kapasitans oOlgumlerine ait egrilerden hesaplanan ayni
parametrenin korelasyonu yapildigi zaman, LORCA ve kapasitans (800,
640 ve 320 um’deki) agregasyon indeksi degerleri arasinda pozitif ve
istatistiksel olarak &6nemli bir korelasyonun (p<0.0001) bulundugu
gOsterilmistir (Sekil 4.8).

. Eritrosit stspansiyonlarinin LORCA kullanilarak oélgilen zaman sabitleri
Tast Ve ti2 ile kapasitans olgumlerine ait egrilerden hesaplanan ayni
parametrelerin korelasyonu yapildigi zaman, LORCA ve kapasitans (800
ve 640 pm’deki) zaman sabitleri de@erleri arasinda pozitif ve istatistiksel
olarak 6nemli bir korelasyonun (p<0.0001) bulundugu gosterilmistir (Sekil
4.9). Kapasitans Tgow degeri ve diger caplar icin dnemli bir korelasyon
bulunmamaktadir (Cizelge 4.3).
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Abstract. The reversible aggregation of red blood cells (RBC) is of current basic science and clinical interest. Using
a flow channel and light transmittance (LT) through RBC suspensions, we have examined the effects of wavelength
(500 to 900 nm) on the static and dynamic aspects of RBC aggregation for normal blood and suspensions with
reduced or enhanced aggregation; the effects of oxygenation were also explored. Salient observations include:
1. significant effects of wavelength on aggregation parameters reflecting the extent of aggregation (i.e., number
of RBC per aggregate); 2. no significant effects of wavelength on parameters reflecting the time course of RBC
aggregation; 3. a prominent influence of hemoglobin oxygen saturation on both extent and time-course related
aggregation parameters measured at wavelengths less than 700 nm, but only on the time-course at 800 nm;
and 4. the power of parameters in detecting a given alteration of RBC aggregation is affected by wavelength,
in general being greater at higher wavelengths. It is recommended that light sources with wavelengths around
800 nm be used in instruments for measuring RBC aggregation via LT. ©2011 Society of Photo-Optical Instrumentation Engineers
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1 Introduction

Aggregation is a characteristic behavior of red blood cells (RBC)
which occurs under specific conditions such as the presence of
large macromolecules and low shear forces.""> RBC aggrega-
tion is a reversible process: an increase of shear forces, such as
an increased flow rate in a cylindrical tube, results in disaggre-
gation of aggregates into individual RBC, while aggregates are
formed again at lower shear forces or at stasis. The extent (i.e.,
average number of RBC per aggregate) and the time course
(i.e., rate of aggregate growth) of aggregation under defined
conditions are determined by both suspending phase and cel-
lular properties.’ The concentration of certain macromolecules
in the suspending medium (e.g., plasma) is an important de-
terminant of RBC aggregation, with fibrinogen being the most
important pro-aggregant in plasma.* An increased concentra-
tion of fibrinogen occurs in clinical states that cause acute phase
reactions, resulting in enhanced RBC aggregation; RBC aggre-
gation is thus a good indicator of acute phase reactions and has
been successfully used to monitor the inflammatory response
during a variety of disease processes.>™

RBC aggregation is a measurable property of blood and has
been found to be significantly altered during disease processes. !
In addition to conventional clinical laboratory procedures such
as the measurement of erythrocyte sedimentation rate, specially
developed RBC aggregometers can be used to quantitate vari-
ous aspects of the aggregation process.’ As reviewed elsewhere,
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most instruments built for this purpose monitor light transmit-
tance (LT) or light reflectance (LR) during the course of ag-
gregation. The LT or LR time courses during RBC aggregation
are known as “syllectograms” (Ref. 10) and are widely used to
derive aggregation parameters by mathematical analysis."!" An
important element of such instruments is the shearing apparatus
used for complete disaggregation of RBC in suspension in or-
der to provide a defined starting time point for monitoring light
intensity; the geometry of the shearing apparatus and the ag-
gregation chamber are important determinants of the calculated
aggregation parameters.'>~!3 Instruments using LT and LR mon-
itoring have been compared in terms of calculated aggregation
parameters and their power in detecting various experimental
alterations of RBC aggregation, with different sensitivities re-
ported for various types of instruments.'®

It has been suggested that the properties of light projected
onto RBC suspensions to monitor LT or LR should influence
the results of the aggregation measurements.! It is well known
that hemoglobin, which is the main constituent of RBC cyto-
plasm, has a characteristic absorbance spectrum that depends
on its oxygenation status.!” It can thus be predicted that mea-
sured aggregation parameters may also depend on the degree of
hemoglobin oxygenation. In fact, it has been previously shown
that the oxygenation level of a RBC suspension significantly
affected measured aggregation parameters, including those sen-
sitive to the extent of aggregation as well as its time course.'8
However, this influence of oxygenation status was only observed
if the parameters were measured using a specific instrument (i.e.,
LORCA, Mechatronics, The Netherlands) but not if another
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aggregometer (i.e., Myrenne Aggregometer, Myrenne, Roet-
gen, Germany) was used. These two instruments have techni-
cal differences: 1. in order to calculate aggregation parameters,
the LORCA monitors backscattered light intensity while the
Myrenne aggregometer uses LT data and 2. the LORCA uses a
laser beam of 670 nm wavelength while the Myrenne employs
an infrared light-emitting diode. Therefore, the different effects
of oxygenation level on the sensitivity of parameters provided
by these instruments may be due to both measuring method and
wavelength.

Although methods based on the analysis of LR and LT data
recorded during RBC aggregation have been previously com-
pared and discussed in detail,!>!*1® very little information is
available on the effects of light wavelength. This study was
thus designed to investigate the influence of wavelength (500 to
900 nm) by monitoring LT during RBC aggregation in a rect-
angular flow chamber for both normal human blood and RBC
suspensions with different levels of aggregation tendency. Of
particular interest were possible effects of wavelength on static
and dynamic aggregation parameters derived from LT-time data
and on the effects of hemoglobin oxygen saturation.

2 Materials and Methods

2.1 Blood Sampling and Preparation
of Test Samples

Thirty ml of venous blood samples were obtained from 10
healthy, human male volunteers, aged between 25 to 52 years,
following oral informed consent. A tourniquet was applied to lo-
cate the antecubital vein prior to venipuncture and kept in place
during the blood sampling that was completed within 90 s after
the application of the tourniquet.'® The samples were anticoag-
ulated with ethylenediamine-tetraaceticacid (1.5 mg/ml).

Blood samples were centrifuged at 1400 x g for 6 min,
plasma was aspirated and saved, and the RBC pellet was washed
twice with isotonic phosphate-buffered saline (PBS, pH = 7.4,
290 mOsm/kg). An aliquot of plasma was diluted with PBS
at a 1/3 ratio so that it contained only 66% of plasma com-
ponents compared to the original plasma. Washed RBC from
each donor were resuspended in either their autologous plasma,
in diluted plasma, or in 0.5% dextran 500 (500 kDa, D-5251,
Sigma Chemical Company, St. Louis, Missouri) dissolved in
PBS; the hematocrit of these suspensions was adjusted to 0.4 1/1
by adding or removing suspending media and confirmed by
the microhematocrit method. Note that compared to RBC in
undiluted plasma, RBC in 1/3 diluted plasma have reduced ag-
gregation while RBC in 0.5% dextran 500 are characterized by
enhanced aggregation.’

RBC suspensions were either oxygenated or deoxygenated
by equilibration with air or 100% nitrogen prior to being used by
rolling 3 ml of suspension in a 15-ml polypropylene tube for 15
min at room temperature. Nitrogen was moisturized by bubbling
through distilled water prior to being introduced into the tube
containing the blood. The oxygen partial pressure of RBC sus-
pensions was measured using a blood gas analyzer (Stat Profile
Critical Care Xpress, Nova Biomedical, Waltham, MA, USA).

2.2 Measurement System

LT through the RBC suspensions described above was measured
in a plastic rectangular flow chamber (0.25 mm high x 4 mm
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wide x 40 mm long). The transparent flow chamber was po-
sitioned between two optical fiber probes, one attached to the
light source and the other to a spectrometer.

A syringe pump was used to maintain blood flow through the
flow channel for 10 s at the start of each measurement procedure
at a volumetric rate to generate a wall shear rate of ~500 s~ !.
This high shear rate was sufficient for complete disaggregation
in all blood samples, either in plasma or in the dextran solution.

LT spectra were recorded over the wavelength range of 500
to 900 nm using a miniature spectrometer (HR4000CGYV, Ocean
Optics, Florida); data were obtained at 1 s intervals for 100 s
following flow stoppage. Note that the maximum recording time
of 100 s was selected based upon our previous work showing
that aggregation is essentially complete within this time period
and that sedimentation of RBC starts to affect measurements
for times >100 s.2° A tungsten halogen lamp (HL-2000, Ocean
Optics, Florida) was used as the light source and a 400-pum
diameter optical fiber cable was used to deliver light to the flow
chamber. A collimating lens (74-VIS collimating lens, Ocean
Optics, Florida) was connected to the end of the fiber to focus
the light on the flow chamber. Transmitted light through the flow
chamber was focused by another collimating lens located at the
opposite side of the chamber onto an optical fiber connected
to the spectrometer. LT spectra during flow and aggregation
were recorded for each RBC suspension (i.e., in native plasma,
diluted plasma, or 0.5% dextran 500) prepared using blood from
a given donor. Prior to using RBC suspensions, the chamber was
filled with deionized water and the spectrum recorded in order
to standardize the transmittance data; LT at each wavelength is
expressed as a percentage of transmittance through water at the
same wavelength.

2.3 Data Analysis

The minimum LT level observed within seconds after the sud-
den stop of flow represented the start of the aggregation process.
The following aggregation parameters were calculated using
LT time courses during aggregation at 500-, 600-, 700-, and
800-nm wavelengths as described elsewhere: !> 162122 [ ampli-
tude (AMP), the total change in intensity of transmitted light
during the 100 s period; 2. aggregation half time (T',), the time
required to reach an LT level corresponding to 50% of AMP; 3.
surface area (SA), the area below the time course curve during
the first 10 s; and 4. aggregation index (Al), the ratio of the area
below the time course curve to the sum of the areas above and
below the curve during the first 10 s. Additionally, time con-
stants for the fast (Tt) and slow (Tgjw) components of RBC
aggregation were calculated by fitting the 100 s LT versus time
data to a double-exponential equation

1, =a+b.e*’/Tf’a.\-z _}_C.g*f/T.\-/ow’ (1)

where Ty, reflects the time course of two-dimensional rouleaux
formation while Ty, represents the formation of three-
dimensional structures resulting from secondary aggregation.'

2.4 Measurement of Red Blood Cell Aggregation
in the Samples

Aggregation parameters were measured in the three suspen-
sions prepared from each blood sample using a photometric
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rheoscope with a Couette shearing apparatus (LORCA, Mecha-
tronics, Hoorn, The Netherlands). The instrument reports aggre-
gation parameters calculated in a manner similar to that previ-
ously described in Sec. 2.3.

2.5 Calculations and Statistics

The results of the measurements in RBC suspensions with nor-
mal and modified aggregation are expressed as mean =+ stan-
dard error (SE) with statistical comparisons done using one-way
ANOVA followed by appropriate post-tests. Additionally, stan-
dardized differences from control values were calculated for
the data obtained for suspensions with modified aggregation by
dividing the mean difference between control and these suspen-
sions by the pooled standard deviation (SD,) of the control plus
modified data

(Mc - Mm)

SLDiff. =
P

2

M. and M,, are the means of the selected parameter for control
and modified samples prepared using RBC from 10 donors. SD,,
was calculated as the square root of the average of the squared
standard deviations (SD. and SD,,) of the data from the control
and modified samples being compared??

2 2
5, = /62T 5D ®

The standardized difference has been accepted as a measure of
the power of each measurement condition to detect a difference
between two groups.24

3 Results and Discussion

3.1 Light Transmittance Spectrum of Oxygenated
Blood during Flow and at Stasis

Figure 1 presents typical results of LT through an oxygenated
blood sample during flow, 1 s after flow stoppage, and at 60 s
after flow stoppage when RBC aggregates have developed; data
were obtained at wavelengths between 500 to 900 nm. LT was
highest at wavelengths close to the upper end of the spectrum

Flow
60 s after stop

a D
o O
1 1

1 s after stop

N W
o o
A A

-
o
1

Light transmittance (% water)
D
e

o

L) L) L) L]
500 600 700 800 900
Wavelength (nm)

Fig. 1 Light transmittance at wavelengths between 500 to 900 nm
through a 250-um thick oxygenated blood film during flow, 1 and
60 s after the flow stoppage (i.e., with RBC aggregates developed).
Transmitted light intensity was normalized to that for deionized water
in the same flow channel.
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Fig. 2 A typical example of light transmittance time course through
an oxygenated blood sample at selected wavelengths during the
100 s period starting immediately after stopping high shear flow (i.e.,
~500 s~ ). The values are normalized to the transmittance of deion-
ized water.

(i.e., 900 nm), gradually decreased with decreasing wavelength,
and exhibited a sharp decrease at wavelengths below 600 nm. LT
spectra were characterized by a similar pattern during all phases
of the measurement (i.e., during flow, 1 and 60 s after flow
stoppage), although LT levels, especially in the range between
600 and 900 nm, were markedly different from each other. LT
at all wavelengths in this range were highest during flow and
lowest immediately after flow stoppage, then increased at 60 s
and approached levels observed during flow.

Time courses of LT (i.e., syllectograms) at four wavelengths
(i.e., 500, 600, 700, and 800 nm) for the same experiment de-
scribed for Fig. 1 are presented in Fig. 2. Stoppage of flow was
followed by a sharp decrease in LT levels, which reached a mini-
mum within seconds. This minimum was followed by increased
LT with an initial rapid phase and a following slower phase.
The time courses of transmittance at these four wavelengths all
followed a similar pattern although the normalized transmitted
light intensity depended on the wavelength: ~50 to 60% for 700
and 800 nm, ~30% for 600 nm, and ~3% for 500 nm.

LT through suspensions is determined by the optical proper-
ties of the suspending phase, particle concentration, particle ge-
ometry, and the optical properties of particles.!”?* This general
case can be directly applied to RBC suspensions, with hema-
tocrit (i.e., particle concentration) being an important determi-
nant of LT.?® Light absorbance by RBC importantly contributes
to the behavior of light passing through a suspension of these
cells, with higher absorbance resulting in reduced LT;?” RBC
hemoglobin content is also an important determinant of ab-
sorbance and, hence, the level of LT.

The absorption spectrum of hemoglobin is clearly a critical
factor determining LT through RBC suspensions. Hemoglobin
is an effective light absorbant, especially at wavelengths below
600 nm.!727-28 Thus, absorbance of hemoglobin has a well-
known dependence on the wavelength of light and this depen-
dency perfectly explains the relationship between the level of
transmittance and wavelength observed in this study: about 10
times higher absorbance at wavelengths below 600 nm,?’” which
is consistent with the differences in the LT shown in Fig. 2.

The time course of LT following the sudden stop of flow of
RBC suspensions (i.e., during RBC aggregation) mainly reflects
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Fig. 3 Light transmittance spectrum of oxygenated and hypoxic blood samples. (a) During flow. (b) Immediately after flow stoppage. (c) Following
the development of RBC aggregates at 60 s after flow stoppage. Curves in the three panels represent the mean light transmittance spectrum of 10
experiments with different blood samples (thick solid line for oxygenated and thick broken line for deoxygenated samples) and SE (thin solid line
for oxygenated and thin broken line for deoxygenated samples). Light transmittance was normalized to light transmitted through deionized water at

wavelengths between 500 to 900 nm.

the change in the number of effective particles: aggregation of
RBC results in larger particles and, thus, the number of scatters
decrease as does the effective total optical path through the
chamber, thus giving rise to increased LT during the course of
aggregation.! Additionally, LT might also be affected by other
processes altering the particle concentration in the area under
observation, such as sedimentation of RBC. However, the course
of RBC sedimentation in suspensions used in this study is very
slow than the course of the aggregation process, and starts to
be effective after the first 100 s following an abrupt stoppage
of flow in a similar flow system.?’ Therefore the sedimentation
effect has been accepted to not significantly interfere with the
recorded LT in the current study. Obviously, the magnitude of
changes in LT due to alterations of the number of effective
particles is also strongly affected by the light absorbance of these
particles.

3.2 Influence of Oxygenation Level on Light
Transmittance Patterns

An important factor affecting the LT characteristics of RBC
suspensions is the degree of hemoglobin oxygen saturation.
Hemoglobin has isobestic points for oxygenated and deoxy-
genated forms (e.g., 582 and 808 nm), with the largest difference
in light absorbance between these forms at about 650 nm.?%2°
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LT spectra were recorded during flow, immediately after flow
stoppage, and 60 s after flow stoppage using oxygenated and
hypoxic aliquots of the blood samples (Fig. 3). Oxygen partial
pressures were 110 &= 10 mmHg and 44 £ 4.5 mmHg for the
oxygenated and hypoxic RBC suspensions, respectively. LT at
all wavelengths over 500 nm was lower in hypoxic suspensions
during flow and immediately after flow stoppage and, hence,
prior to the development of RBC aggregation [Fig. 3(a)]. Fol-
lowing the development of RBC aggregates, the difference of LT
through oxygenated and hypoxic suspensions became smaller
with increasing wavelength and the two curves approached each
other at 900 nm [Fig. 3(b)].

The time courses of LT of oxygenated and hypoxic blood
samples at wavelengths of 500, 600, 700, and 800 nm are pre-
sented in Fig. 4(a), while Fig. 4(b) presents the data for 500 nm
using an expanded scale to provide better visibility. Inspection
of these curves confirms the dependence of LT characteristics
of oxygenated and hypoxic blood on wavelength, with this dif-
ference being greatest at 600 nm and becoming smaller as the
wavelength approached 500 and 800 nm. While the change of
LT with time during RBC aggregation exhibited similar patterns
at all wavelengths, there are visually detectable differences in
the rate of change between oxygenated and hypoxic samples at
all wavelengths (Fig. 4). These differences were also reflected
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Fig. 4 (a)—(d) Show light transmittance time course at 500-, 600-, 700-, and 800-nm wavelengths during the 100 s period starting immediately after
stopping high shear flow for oxygenated and hypoxic blood. Curves in the four panels represent the mean of 10 experiments with different blood
samples (thick solid line for oxygenated and thick broken line for deoxygenated samples) and SE (thin solid line for oxygenated and thin broken line
for deoxygenated samples). Note that the data for 500 nm are presented with an expanded transmittance scale (d).

in the time constants (T, ) calculated by fitting these curves to
a double-exponential equation (see Sec. 3.3 and Table 1 below).

3.3 Red Blood Cell Aggregation Parameters

Aggregation parameters calculated using LT time courses (i.e.,
syllectograms) at wavelengths of 500, 600, 700, and 800 nm for
oxygenated and hypoxic whole blood samples are presented in
Table 1. For both oxygenated and hypoxic samples, statistically
significant differences between the parameters calculated using
the data at various wavelengths were detected only for those that
are sensitive to light intensity [i.e., AMP and area under curve
(AUCQ)]. In contrast, parameters that are independent of transmit-
ted light intensity (i.e., AL, T/, and Tt,) did not differ regard-
less of the wavelength (Table 1). Therefore, time course related
parameters Al, T)p, and Ty, calculated using syllectograms
recorded at different wavelengths should be comparable with
each other, while the magnitude-related parameters AMP and
AUC are not. This sensitivity to light intensity should be consid-
ered when comparing RBC aggregation results measured with
devices using light sources of different wavelengths. However,
it should also be noted that even time-course related parameters
may be influenced by other factors such as the geometry of the
chamber used for RBC aggregation measurements.'>!313
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Table 1 also presents comparisons between oxygenated and
hypoxic samples for the parameters calculated using syllec-
tograms at different wavelengths. Parameters calculated using
data obtained at 500 nm did not differ between oxygenated and
hypoxic samples, obviously due to higher variation of the data
but not to smaller mean differences (see Fig. 5). Parameters that
are sensitive to the level of LT (i.e., AMP and AUC) were signif-
icantly lower in hypoxic samples at 600 nm but not at 800 nm.
At wavelengths away from the isobestic points between 600 and
800 nm, deoxyhemoglobin has a higher absorbance, yielding a
~10-fold difference compared to oxyhemoglobin at ~650 nm,?’
with this difference reflected by parameters sensitive to trans-
mitted light intensity (Table 1). Differences between oxygenated
and hypoxic samples decreased with wavelength and were neg-
ligible for measurements at 800 nm (i.e., close to the isosbestic
point),?#2? indicating that using a light source of ~800 nm
wavelength may eliminate the influence of oxygenation on these
parameters.

Interestingly, parameters reflecting the time course of RBC
aggregation (i.e., T/, and Tty ) as determined between 600 and
800 nm were affected by the level of oxygenation (Table 1).
A detailed analysis of the effect of oxygen partial pressure and,
thus, hemoglobin oxygen saturation previously reported, indi-
cates a significant dependence of aggregation time course and
related parameters on the oxygenation status of the samples. '8
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Table 1 RBC aggregation parameters in oxygenated and hypoxic WB, calculated using light transmittance time courses at 500,
600, 700, and 800 nm (see Sec. 2.3 for a description of parameters.) (Data are mean =+ standard error. Difference from
500 nm; *: p < 0.01, **: p < 0.001. Difference from 600 nm; {: p < 0.05. Statistical significance was tested by one-way ANOVA

followed by Newman-Keuls post test. §: Difference from oxygenated; p < 0.05.)

500 nm 600 nm 700 nm 800 nm
Oxygenated ~ AMP (au) 3.56 + 0.64 11.59 + 1.58" 18.17 + 2.38""f 19.37 + 2.56""1
AUC (au) 244.12 + 44.56 823.83 + 109.68" 1287.71 +168.55™"1 1378.26 + 180.84"""
Al (%) 7652 + 1.34 77.51 £ 1.22 77.27 £ 3.70 7721 £1.17
T2 (s) 10.44 + 0.93 12.89 + 1.15 13.33 = 1.20 13.33 = 1.19
Tiast (9) 8.42 £ 1.01 11.04 + 1.62 14.27 + 2.20 1422 + 2.14
Tiow (s) 91.04 + 30.81 72.70 £ 12.89 109.22 4+ 19.98 99.60 £ 45.58
Hypoxic AMP (au) 4.81 £ 0.87 9.22 + 1.18% 16.82 + 1.88™"i% 19.07 + 2.06™"t
AUC (au) 357.60 + 76.92 659.87 + 78.57" 1218.32 +140.14™" 1354.60 + 155.94""t
Al (%) 80.50 + 1.83 78.31 £ 1.38 78.21 £ 1.23 77.86 £ 1.38
T2 (s) 8.11 £ 1.11 10.88 + 1.46 11.33 £ 1.278 10.66 + 1.288
Tiast (9) 4.87 £ 1.62 6.50 + 0.948 6.54 + 0.76% 6.40 + 0.748
Tiow (s) 108.74 + 49.06 50.49 + 5.90 49.06 + 4.86% 48.22 + 5.02
a. Al b. AUC
0= 25+
= -2- B
5 5
2 4 £ 0
g -64 g
o (o8
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Fig. 5 Difference of calculated aggregation parameters for oxygenated and hypoxic samples expressed as a percentage of oxygenated values: (a)
aggregation index (Al); (b) area under curve (AUC); (c) aggregation half time (T/2); (d) aggregation time constant (Tg,g). Data are mean =+ standard

error; n = 10.
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Table 2 Aggregation parameters (SA and Ty/2) measured using a
LORCA erythrocyte aggregometer for WB and for RBC suspended in
1/3 diluted plasma and in 0.5% dextran 500 solution. Measurements
were conducted using oxygenated samples. (Data are presented as
mean = standard error; n = 10. Difference from whole blood; *:
p < 0.05, **: p < 0.01.)

RBCin 1/3
diluted plasma

RBC in 0.5%

Whole blood dextran 500

SA (au) 179.30 + 17.45 48.58 + 8.49** 232.80 + 9.90*

575 + 056 14.30 + 2.81* 4.87 + 0.50*

T2 (s)

The results of the current study also confirm the dependence
of time-course related parameters on oxygenation, with signif-
icantly smaller T, values for hypoxic samples regardless of
wavelengths above 500 nm used for recording syllectograms
(Table 1). This pattern is also obvious in Fig. 5, where the dif-
ference between oxygenated and hypoxic samples are shown
as a percentage of the oxygenated value. The difference de-
creased with increasing wavelength for the AUC parame-
ter [Fig. 5(b)] but not for time-course dependent parameters
[Figs. 5(c) and 5(d)].

Alterations in the time-course related aggregation parameters
require further attention. Priezzhev et al. reported differential al-
terations in T, and Tyey in samples from patients with various
diseases, with this observation having diagnostic value.’® Mech-
anisms responsible for the influence of oxygenation on RBC ag-
gregation kinetics are not clear and require further investigation.
Nevertheless, our observations indicate that RBC aggregation
measurements should include standardization of oxygenation
level in the samples (e.g., equilibration of the samples with
ambient air to achieve ~100% hemoglobin oxygen saturation)
even if the syllectogram recordings are done using a light source
with a wavelength near an isosbestic point (i.e., ~800 nm).?%%°
Hemoglobin oxygen saturation may significantly differ between
samples used for assessing RBC aggregation unless a specific
procedure is used for standardization of oxygenation; lack of
standardization is expected to contribute to enhanced variance
of measured data within a group, thereby influencing the statis-
tical power of a parameter. Note that the dependence of aggre-
gation parameters on oxygenation status has been reported for

instruments using light sources in the 600- to 700-nm range, but
not for instruments using light sources in the infrared range.'8

3.4 Power in Detection of Alterations in Red Blood
Cell Aggregation

The power of RBC aggregation parameters calculated using syl-
lectograms recorded at different wavelengths was compared by
analyzing data obtained using samples with normal, decreased
(i.e., 1/3 diluted plasma), and enhanced (i.e., 0.5% dextran 500)
aggregation. Aggregation parameters for these samples, as mea-
sured by a widely used commercial erythrocyte aggregometer
(i.e., LORCA), indicated the expected differences (Table 2).
The SA parameter, which corresponds to AUC, was signifi-
cantly decreased for RBC suspended in 1/3 diluted plasma and
was increased for RBC suspended in the 0.5% dextran 500 solu-
tion. Significant alterations were also found in T, for the same
RBC suspensions being increased for the 1/3 diluted plasma and
decreased for the 0.5% dextran 500 solution.

Parameters calculated using the data obtained using the rect-
angular flow channel for 800 nm wavelength revealed similar
differences; parameters sensitive to the extent of aggregation
(AMP and AUC) and the time course (Al and T'j;) were signif-
icantly modified by 1/3 plasma dilution and, with the exception
of AMP, were significantly modified for RBC suspended in
0.5% dextran 500 (Table 3). This pattern was similar for other
wavelengths.

The standardized difference for a given parameter is deter-
mined by both the mean difference between two groups (i.e.,
normal and modified aggregation) and the common standard
deviation reflecting the variation in both groups, and indicates
the statistical power to detect a given experimental alteration
using that parameter.’! Standardized differences between whole
blood (WB) and RBC suspended in 1/3 diluted plasma were
similar for Al and AUC parameters at wavelengths of 600 to
800 nm, but lower for 500 nm for both hypoxic and oxygenated
samples [Figs. 6(a) and 6(b)]. The T}, parameter had lower
standardized differences compared to the other two parameters
[Fig. 6(a)].

The power of the aggregation parameters to detect a given
alteration of RBC aggregation was also more dependent on the
wavelength for the 0.5% dextran 500 suspensions with enhanced
aggregation [Fig. 6(c)]. However, standardized differences for
T1» and AUC between whole blood and RBC in 0.5% dextran

Table 3 Aggregation parameters calculated using syllectograms at 800 nm for WB, RBC in 1/3 diluted
plasma or in the 0.5% dextran 500 solution. Measurements were conducted using oxygenated samples.
(Data are presented as mean =+ standard error; n = 10. Difference from whole blood; *: p < 0.05, **:

p < 0.01, ***: p < 0.001.)

RBC in 1/3 RBC in 0.5%
Whole blood diluted plasma dextran 500
AMP (au) 19.37 £ 2.56 10.98 + 1.81*** 22.31 £ 2.00
AUC (au) 1378.26 + 180.84 702.02 + 134.40*** 1681.29 + 139.82*
Al (%) 77.21 £ 1.7 68.38 + 3.15** 80.83 + 0.41*
Ti/2 (s) 13.33 £ 1.19 18.11 + 2.25* 8.66 + 0.52**
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Fig. 6 Standardized differences from whole blood (WB) for RBC suspended in [(a) and (b)] 1/3 diluted plasma or in [(c) and (d)] 0.5% dextran 500
for oxygenated [(a) and (c)] and hypoxic [panels (b) and (d)] samples. The data are for the three parameters (1,2, Al, and AUC) calculated using data

at 500-, 600-, 700-, and 800-nm wavelengths. See Sec. 3.4 for discussion.

500 differed in their dependence on wavelength for oxygenated
samples [Fig. 6(c)]: standardized differences decreased with in-
creasing wavelength for AUC while increasing with wavelength
for Ty, [Fig. 6(c)]. This pattern was not obvious with the hy-
poxic samples [Fig. 6(d)], although a slight decrease in stan-
dardized difference with increasing wavelength was detected.
The decreased power of AUC at higher wavelengths is related to
increased within-group variance paralleling the higher level of
LT. Standardized differences for time-course dependent param-
eters under hypoxic conditions were significantly smaller than
corresponding values for oxygenated samples, apparently re-
lated to the reduction of the time constants for hypoxic samples
(Table 1).

4 Conclusion

Based on the data presented above, use of a light source having
a wavelength of ~800 nm is recommended when recording syl-
lectograms for assessment of RBC aggregation. Further, even if
a light source near this wavelength is being used, it is recom-
mended that the oxygenation status should be standardized for
blood samples and RBC suspensions since kinetic parameters
are influenced by the level of oxygenation.
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Time Course of Electrical Impedance During Red
Blood Cell Aggregation in a Glass Tube:
Comparison With Light Transmittance

Oguz K. Baskurt®, Mehmet Uyuklu, and Herbert J. Meiselman

Abstract—Red blood cells (RBC) in normal human blood un-
dergo reversible aggregation at low flow or stasis. The extent and
kinetics of this phenomenon have been studied using various opti-
cal and electrical methods, yet results using such methods are not
always in concordance. This study employed a horizontal glass tube
in which blood flow could be established, then abruptly stopped.
Normal blood and RBC suspensions with enhanced or decreased
aggregation were studied. Light transmittance (LT) and electri-
cal impedance at 100 kHz were recorded during high-shear flow
and for 120 s after flow was abruptly stopped during which RBC
aggregation occurs. Capacitance values were also obtained based
on the imaginary part of impedance data and recorded. Various
aggregation parameters were calculated, using the time course of
LT, impedance, and capacitance, then compared with each other
and with results from laboratory aggregometers. RBC aggregation
parameters were calculated, using the time course of impedance
data often failed to correlate with known changes of aggregation,
even reporting aggregation for cells in nonaggregating media (i.e.,
RBC in buffered saline). Alternatively, RBC aggregation parame-
ters based upon the time course of capacitance data are in general
agreement with those derived from LT data and with RBC aggre-
gation indexes, measured using commercial instruments.

Index Terms—Capacitance, impedance measurement, light
transmittance (LT), red blood cell (RBC) aggregation.

I. INTRODUCTION

HE ELECTRICAL properties of red blood cell (RBC)
T suspensions have been the subject of numerous investiga-
tions, most of which were aimed at developing rapid diagnostic
methods [1]-[4]. The studies using electrical impedance and
dielectric spectroscopy methods indicated that both the resis-
tive and capacitive properties of blood are determined by the
electrical characteristics of plasma (i.e., the suspending phase
of blood) and of RBC [5], [6]. Detailed theoretical analyses of
the electrical properties of RBC suspensions exist in the litera-
ture [7]-[10].

Plasma and the fluid within RBC (i.e., concentrated
hemoglobin solution) have different conductivities [5], and these
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two fluid compartments are separated from each other by the
RBC membrane, which has a very low electrical conductivity
but introduces capacitance into the system [5]. These factors can
be lumped into a three-element model of blood impedance [11]
that includes plasma resistance (R,), internal resistance of the
RBC (R;), and RBC membrane capacitance (C),) (see Fig. 1).
The volume fraction of RBC in blood (hematocrit) and the shape
of RBC have been identified as important determinants of their
relative contribution to the equivalent impedance, and hence, the
measured electrical parameters of blood samples [5], [9], [12].
The resistivity of blood (p;) can be estimated, using plasma
resistivity and hematocrit by various approaches [13], [14], in-
cluding the well-known Maxwell-Fricke equation

1+ kH
b= (1)

where p,, is plasma resistivity, H is hematocrit, and k is a factor
depending on the geometry and orientation of RBC.

The electrical properties of RBC suspensions depend on
whether they are flowing or at stasis [8], [9], and Hoetink
et al. [9] have theoretically analyzed the flow dependence of
blood’s electrical conductance in a cylindrical tube in detail.
Their theoretical work is based on the Maxwell-Fricke theory
(1), and therefore, strongly depends on factors related to RBC
geometry and orientation. These factors are determined by the
applied shear forces during flow and by cellular mechanical
properties (i.e., RBC deformability) [15]. Since the theoretical
results of Hoetink et al. agreed well with experimental data, they
thus concluded that the flow dependence of conductance can be
explained by RBC orientation and deformation [9]. However,
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these theoretical models ignore cellular aggregation, another
important aspect of RBC rheological behavior, which signifi-
cantly affects the effective particle geometry during shear flow
or at stasis [16].

RBC form multicellular aggregates at stasis or when sub-
jected to low shear forces [17]. This reversible aggregation is
characterized by a special structure, with RBC-RBC contact
forming parallel surfaces like a stack of coins, a process that
is frequently termed rouleaux formation. Certain plasma pro-
teins (e.g., fibrinogen) are necessary for RBC aggregation, and
therefore, rouleaux formation does not take place in suspensions
without these proteins (e.g., isotonic saline). RBC aggregation
can also be induced by polymers (e.g., dextrans) of appropriate
molecular weight [16], [17]. The degree of RBC aggregation is
also determined by the shear forces affecting these cells; there-
fore RBC aggregates dominate under low shear forces or at
stasis. RBC aggregation is an important determinant of the flow
properties of blood, especially under low flow conditions [17],
has a significant potential to adversely affect in vivo blood
flow and tissue perfusion [16], [18], and is enhanced during
certain pathophysiological processes (e.g., inflammatory pro-
cesses). RBC aggregation is accepted as a clinically important
parameter [19].

Various approaches have been utilized to assess RBC aggre-
gation, ranging from simply observing the erythrocyte sedimen-
tation rate (ESR) over an hour period [20] to more detailed anal-
ysis by monitoring light reflectance (LR) or transmittance (LT)
from or through RBC suspensions [21]-[26]. Previous stud-
ies have simultaneously monitored LT and microscopically ob-
served RBC aggregation and report a strong correlation during
the time course of aggregation [27], thus making LT methods
accepted by workers in the field [20]. The time course of LR fol-
lowing a sudden stop of blood flow is known as a syllectogram
and reflects the time course of aggregation [26]. LT-time data are
also termed syllectograms. Both LR and LT syllectograms can
be mathematically analyzed to determine various indexes and/or
time constants to quantitate RBC aggregation [21], [23], [28],
and there are commercially available instruments based on mon-
itoring LT or LR [29].

It has been recognized that RBC aggregation affects the
electrical properties of native blood and RBC suspensions [5],
[6], [30]-[34]. While some observations reflect changes due
to aggregation prior to the start of a measurement (i.e., RBC
aggregation occurring before collecting data) [5], [6], [31],
others have investigated the potential of electrical impedance
derived parameters to quantitate the process of RBC aggrega-
tion [30], [32]-[34]. The time course of electrical impedance
or conductance has been reported to be similar to LT or LR;
therefore suggesting that electrical changes provide the same
information regarding aggregation kinetics [30], [34]. How-
ever, previous studies have not directly examined this sugges-
tion via a direct comparison of the time course of electrical
properties with LT or LR data that are widely accepted to re-
flect the time course of aggregation [21]-[23], [26]. In addi-
tion, previous observations have revealed an unexpected find-
ing: electrical impedance has a syllectogram-like time course
for nonaggregating RBC suspensions that is similar to that ob-

served for aggregating RBC suspensions (e.g., RBC in plasma)
[35].

This study was designed to compare the time course of elec-
trical impedance and derived capacitance with that for LT during
RBC aggregation in a horizontal glass tube. RBC suspended in
nonaggregating and aggregating media were investigated; com-
parisons between measured modalities were based on calculated
aggregation indexes that are accepted to reflect RBC aggrega-
tion [20], [36] and are used by commercial instruments [23].

II. MATERIALS AND METHODS
A. Blood Samples and RBC Suspensions

Venous blood samples were obtained from healthy human
male volunteers, aged from 25 to 52 years, and anticoagulated
with sodium heparin (15 IU/ml). The blood was centrifuged at
1400 g for 5 min, and the plasma carefully aspirated and saved.
For some experiments, plasma was diluted with phosphate
buffered saline (PBS; pH = 7.4, osmolality 290 4+ 5 mOsm/kg)
at a ratio of 1/2 and 1/3, corresponding to 50% and 66% of
original plasma components. RBC from each donor were resus-
pended either in unmodified or diluted plasma at a hematocrit
of 0.4 1/1. RBC were also resuspended in PBS containing 1%
bovine serum albumin at 0.4 1/1; albumin does not cause aggre-
gation and maintains the normal resting RBC shape. For some
experiments, dextran 500 (MW = 500 kDa, D-5251, Sigma
Chemical Company, St. Louis, MO) was dissolved in undiluted
plasma at a concentration of 1% and RBC from each donor were
resuspended in the plasma + dextran media at 0.4 1/l hemat-
ocrit. Compared to cells in undiluted plasma, RBC suspended
in diluted plasma exhibit reduced aggregation due to lower con-
centrations of plasma proteins (e.g., fibrinogen), which induce
aggregation [37], while RBC in plasma containing 1% dextran
500 (a strong RBC aggregator) are characterized by enhanced
aggregation [38]. Note that while most experiments were done
at a hematocrit of 0.40 1/1, some experiments employed 0.30
and 0.50 1/1 hematocrits, with all hematocrits determined, using
the microcapillary method (i.e., 12000 g for 5 min); hematocrits
were adjusted by adding or removing the appropriate suspend-
ing medium. All experiments were completed within 4 h after
blood sampling [36].

B. Characterization of RBC Aggregation

RBC aggregation indexes for the final RBC suspensions were
determined, using two commercially available instruments: 1) a
cone-plate photometric aggregometer (Myrenne Aggregometer,
Myrenne Gmbh, Roetgen, Germany) [24] employing LT was
used to measure a dimensionless aggregation index (M) ob-
tained at stasis after abrupt stoppage of shear; and 2) a Couette
aggregometer using a system based on laser light-backscattering
(LORCA, RR Mechatronics, Hoorn, The Netherlands) [23]. All
aggregation measurements were conducted at 37 °C.

C. Experimental System

The experimental system used for the LT and electrical mea-
surements is shown schematically in Fig. 2. The electrical
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Electrode

Glass capillary

id: 1mm To computer

Syringe pump

Photoamplifier

Fig. 2. Schematic representation of the measurement system. The glass tube
was horizontal with the axis of the LED-photometer horizontal and perpendic-
ular to the axis of the tube.

and LT properties of RBC suspensions were simultaneously
recorded in a horizontal glass tube (1 mm ID and 75 mm length)
during and after the stoppage of flow induced by a syringe pump
(Model NE1000, New Era Pump Systems, Inc., Wantagh, NY).
Two stainless-steel tubes (OD: 1.65 mm, ID: 1.19 mm, and
length: 20 mm) were attached to each end of the tube to serve
as electrodes for electrical measurements and were also used
as hydraulic connections to the flow system. These electrodes
were connected to a LCR (inductance, capacitance, and resis-
tance) meter (Hioki, 3532-50LCR HiTester, Nagano, Japan) for
measurement of electrical impedance and derived parameters.
A two-electrode approach was used for the measurements [31]
with the instrument controlled by a digital computer via an RS-
232 connection. The instrument was run in a series equivalent
circuit mode. The LCR meter applies a test signal across the
electrodes at a selected frequency and a constant voltage (V),
measures the resulting current (/), and phase angle (¢) between
V and I. Impedance (Z2) is calculated as V/I, while reactance (X)
is calculated as |Z|-sinfl. Series capacitance (C) is then calcu-
lated as 1/wX, where w is the angular velocity corresponding to
the test frequency [39]. The signal voltage was held constant at
1 V, resulting in currents in the order of 10~° amp through the
tube filled with the RBC suspensions. The results of 16 mea-
surements were averaged by the instrument and reported as a
single data point.

The frequency of the test signal was selected based on prelim-
inary studies. Fig. 3 presents the impedance spectrum of RBC
suspended in plasma and PBS during flow and at 120 s following
flow stoppage (i.e., after full development of RBC aggregates).
These results indicated that the difference between flowing and
stagnant (i.e., aggregated) RBC suspensions in plasma was not
frequency dependent for low frequencies, including the begin-
ning of the §-dispersion range (i.e., ~100 kHz) [40]. C values
under similar testing conditions were found to be strongly de-
pendent on frequency, decreasing by about 10% as the frequency
changed from the lowest (42 Hz) to about 100 kHz (data not
shown).

It should be noted that the difference between Z values during
flow and stasis of RBC suspension in PBS was negligible except

125000+

100000+

75000+

Z(a)

50000+

25000+ S

0
10°

L L} L} v L}
103 104 105 10° 107

Frequency (Hz)

LJ
102

Fig.3. Zof the glass tube filled with RBC suspended in undiluted plasma dur-
ing flow ([J) and after 120 s after flow stoppage () as measured at frequencies
between 42 Hz and 2.7 MHz. Z values of the glass tube filled with RBC sus-
pended in PBS measured during flow (A) and at stasis (A) are also shown. The
hematocrit was 0.4 1/1 for all suspensions. Also shown are impedance data for
cell-free PBS (0) and undiluted plasma (@) at stasis. Data as mean + standard
deviation, n = 8.

at highest range of measurement frequencies (see Fig. 3). RBC
aggregation requires the presence of certain plasma proteins
(e.g., fibrinogen) or high-molecular weight polymers (e.g., dex-
trans), and hence, RBC suspensions in PBS exhibit no detectable
aggregation. As the RBC suspensions in PBS and plasma were
otherwise the same, the difference of Z between flowing and
stagnant RBC suspensions in plasma reflects the influence of
fully developed aggregation at 120 s.

The two levels of Z values for RBC suspensions in plasma
mentioned earlier (during flow or at stasis; Fig. 3) reflect two
specific conditions: no RBC aggregation (i.e., during flow) or
complete aggregation (i.e., at stasis, 120 s after flow stoppage).
However, previous experiments indicated that electrical values
during the aggregation process (i.e., during the 120 s period af-
ter flow stoppage) may exceed the values corresponding to flow
and to complete aggregation, owing to the initial phase after
flow stoppage [35]. The amplitude of Z and C changes during
the transition from flow to the stasis (i.e., full development of
aggregation process) was maximum at 100 kHz. C values were
most stable at this frequency, but exhibited large temporal fluc-
tuations if measured at lower frequencies, possibly reflecting
shear rate dependent electrode effects, which may be influenced
by shear forces during flow and the transition phase to stasis.
Therefore, based on these preliminary experiments, 100 kHz
was selected as the frequency of the test signal. This frequency
yields the largest [-dispersion effect primarily reflecting the
capacitive effects of cell membranes [40] and has been previ-
ously recommended for measuring the electrical parameters of
blood [32]. The stray capacitance and inductance of the system
were tested according to Pribush et al. [32] and were found to
be negligible.

To monitor LT through the glass tube a phototransistor and
an infrared LED (850 nM) were placed opposite to each other
at the middle of the glass tube with their axis horizontal and
perpendicular to the axis of the tube (see Fig. 2). The signal
from the phototransistor was transferred to an amplifier, then
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Fig. 4. Calculation procedure for aggregation parameters, using LT-time data.
“A” and “B” are the areas of the surfaces above and below the curve, respectively.
Al is equal to B/(A + B) and SA is equal to B.

digitized and stored on a computer simultaneously with electri-
cal parameters.

D. Experimental Protocol

For recordings during flow, the syringe pump was run at
a volumetric flow rate of 42 ml/min, resulting in a nominal
average shear rate of about 500 s7!, this shear rate has been
shown to exceed that needed for complete dispersion of all
RBC aggregates [20], [41]. After assuring stable conditions the
pump was turned off, thereby abruptly stopping flow. Z, C, and
LT were recorded simultaneously at 1 Hz sampling frequency
for 5 s during flow and for 120 s following the sudden stoppage
of flow. The flow system, including the glass tube, electrodes
and LT detector unit were placed in a temperature-controlled
box and maintained at 37 °C.

E. Calculations and Statistics

LT, Z, and C data recorded during the aggregation process
after abruptly stopping flow were used to calculate aggrega-
tion parameters; surface area (SA), aggregation index (Al), and
aggregation half-time (7' 3), which are equivalent to those re-
ported by commercially available LT or LR RBC aggregome-
ters [23], [28], [42]. The first 75 s period following stoppage of
flow was analyzed, using software written in LabView 8.6 (Na-
tional Instruments, Austin, TX), as the alterations in the last 45 s
of the recorded data had no significant effect on the calculated
parameters, using Z and C time courses, while sedimentation of
RBC may start to affect the time course of LT during this late
phase. Fig. 4 indicates how the SA, Al, and T} /2 parameters are
obtained when using LT data. The calculation starts with the de-
termination of a minimum, which corresponds to the completion
of RBC shape recovery after the sudden stoppage of flow [23].
This is followed by a characteristic increase of LT reflecting the
time course of aggregation. The SA parameter is the area below
the curve (B in Fig. 4), while Al corresponds to the ratio of the
area under the curve B to the sum of areas below and above
the curve (A + B). T}, is the time required to reach one-half
of the total change in LT during 75 s. Since the directions of
Z and C changes due to RBC shape recovery and aggregation

®e
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Fig.5. M for RBC suspended in 1/3 and 1/2 diluted plasma, undiluted plasma
and plasma containing 1% dextran 500 kDa dextran (D500). The horizontal line
for each group represents mean value.

were opposite to those for LT (see Fig. 6), the positive peak was
taken as the start of calculations for electrical recordings. The
calculations were otherwise similar to those for LT except that
SA corresponds to the area above the curve, and Al was calcu-
lated as the ratio of the area above the curve to the sum of areas
under and above the curve. Note that the Myrenne aggregometer
yields an “M” parameter, using the same approach as the SA
parameter described earlier [24].

Data are presented as mean =+ standard error (SE). Pear-
son correlation coefficients and linear regression models were
employed to evaluate relationships between parameters calcu-
lated using different modalities (i.e., LT, C, or Z) reflecting the
same aggregation processes, as well as those between these
parameters and aggregation indexes measured using the RBC
aggregometers.

III. RESULTS
A. Aggregation Characteristics of RBC Suspensions

The four types of RBC suspensions used herein exhibited dif-
ferent aggregation characteristics as indicated by the Myrenne
aggregometer “M” index (see Fig. 5). Mean values of M were
25+ 10,72 £ 1.1, 199 £ 1.1, and 33.2 £ 1.6 for 1/2 di-
luted, 1/3 diluted, undiluted, and dextran-containing plasma
suspensions, respectively. In addition to the M index mea-
sured by Myrenne aggregometer, parameters provided by the
laser-assisted optical rotational cell analyzer (LORCA) laser
backscattering aggregometer, which employs a mathematical
approach consistent with that used in this study (see Fig. 4),
also revealed significant differences between the RBC suspen-
sions (see Table I). Note the marked increases of SA and Al,
and the progressive decrease of T' /, with increased RBC aggre-
gation (i.e., 1/2 diluted plasma to 1/3 diluted plasma to plasma
to plasma +1% dextran 500 kDa). In particular, the kinetics of
aggregation as indexed by T}/, are greatly affected, a ten-fold
change of T' /5 versus a 3- to 4-fold change for SA and Al for
the range of aggregation shown in Table I.

B. Electrical Characteristic of RBC-plasma Suspensions

The Z and C of RBC suspensions in undiluted plasma mea-
sured during flow sufficient for complete dispersion of RBC
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TABLE I
AGGREGATION PARAMETERS REFLECTING EXTENT AND DYNAMICS OF
RBC AGGREGATION MEASURED USING LORCA AGGREGOMETER.
(PLEASE SEE SECTION II-E FOR DEFINITION OF PARAMETERS)

SA Al Tin
1/2 diluted plasma  (n=4) 168445  202+1.6  17.8+18
173 diluted plasma (n=4) 344464  346+44 84+1.9
Plasma M=10) 513147  639+23 22£02
Plasma+1% D500 (n=8) 5851453  69.4+03 1.7£0.1
Data are mean + SE.
TABLE II

Z AND C AT 100 kHz ACROSS GLASS TUBE DURING FLow OF RBC
SUSPENDED IN UNDILUTED PLASMA AT HEMATOCRITS
OF 0.3,0.4,0R 0.51/1

z C
0.3 1/ 95.78 + 4.19 kQ 0.39 +0.01 nF
0.4 11 105.86 + 2.24 kQ 1.99 +0.03 nF
0.5 /1 121.63 + 4.48 kQ 6.06 =0.14 nF
Values are mean + SE of five separate experiments.
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Fig. 6. Time courses of Z and C of RBC suspended in undiluted plasma at
hematocrits of 0.3, 0.4, and 0.5 1/1 following flow stoppage in the glass tube.
Test signal frequency was 100 kHz.

aggregates were found to increase with increasing hematocrit
(see Table II), as predicted by the Maxwell-Fricke equation.
The changes of Z and C between flow and after 120 s of stasis
were also affected by hematocrit, but exhibited differences (see
Fig. 6). If the values during flow and at the last part of the time
course (i.e., 100—120 s after flow stoppage) are compared, Z was

higher in fully aggregated RBC suspensions compared to the dis-
aggregated state for suspensions with 0.4 and 0.5 1/1 hematocrit.
The difference was more prominent (~15%) for the suspensions
with 0.5 1/1 hematocrit, compared to the suspension with 0.4 1/1
hematocrit (~4%). In contrast, the Z was lower in fully aggre-
gated RBC suspensions with 0.3 1/1 hematocrit compared to the
disaggregated state. It should be noted that the level of Z and
C values in aggregated RBC suspensions is determined by both
the increase due to shape recovery that defines the starting point
for aggregation-related changes and by the magnitude of the de-
crease following this peak due to aggregation. Obviously, both
effects are sensitive to the number of particles in the suspension
(i.e., hematocrit), as also predicted by Maxwell-Fricke equa-
tion, since hematocrit is the determinant of the influence of “k”
factor that reflects the geometry and orientation of RBC (accord-
ing to 1). This hematocrit dependence is especially prominent
for 0.3 I/1 hematocrit suspensions in which there are very small
initial increases due to shape recovery, thus resulting in Z and
C levels at the start of aggregation that are close to the high-
flow disaggregated state (see Fig. 6). C measurements indicated
a different pattern of hematocrit dependence. For suspensions
with 0.4 and 0.5 1/1 hematocrit, the values for aggregated sam-
ples were lower than those measured during flow, with again the
difference for 0.5 1/l hematocrit suspensions being significantly
greater than for 0.4 1/1. As mentioned earlier, C values of ag-
gregated and disaggregated samples were almost identical for
0.3 I/1 suspensions.

C. Time Course of LT, Z, and C During RBC Aggregation

Fig. 7 presents typical examples of LT, Z, and C versus time
relations for RBC suspended at 0.4 1/1 hematocrit in PBS, in
1/2 and 1/3 diluted plasma, and in undiluted plasma. The LT-
time curve for RBC in undiluted plasma [see Fig. 7(a)] ex-
hibited a well-known pattern [21], [22], [25], which reflects
the process of RBC aggregation and is qualitatively similar to
LT or LR signals obtained via the aggregometers described in
Section II-B). There is a sharp decrease in LT following stoppage
of flow, which reaches a minimum in a few seconds, followed by
increased LT with a characteristic time course [21], [24], [42].
LT-time data for RBC suspended in 1/2 and 1/3 diluted plasma
exhibited similar patterns, although the time course was sig-
nificantly slower in 1/3 diluted plasma and even slower in 1/2
diluted plasma. LT results for RBC suspended in PBS did not
exhibit a time course comparable with these recordings and only
exhibited progressive decreases with time [see Fig. 7(a)].

Both Z and C values tended to increase immediately after
stoppage of flow, reached a peak, and then, decreased gradually
[see Figs. 7(b) and (c)]. Interestingly, the time course for Z
following the peak value was similar for all RBC suspensions
(i.e., plasma, diluted plasma, and PBS), and thus, unlike that
observed for LT, the time course of Z after the peak was slower
compared to LT, even for RBC in undiluted plasma. The time
course of C after the sudden stop exhibited a different pattern
than Z: 1) compared to nondiluted plasma, there were smaller
peak values and slower decreases of C after the peak for RBC
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Fig. 7. Time courses of LT, Z, and C across the glass tube after a sudden
stop of flow for RBC suspended in PBS, 1/2 and 1/3 diluted plasma and undi-
luted plasma. Impedance and capacitance were measured at 100 kHz. (a) Light
transmittance. (b) Impedance (Z). (c) Capacitance (C).

in diluted plasma [see Fig. 7(c)]; and 2) there was no detectable
change of C for the nonaggregating RBC suspension in PBS.

D. RBC Aggregation Indexes Calculated Using LT, Z, and C
Time Courses

Table III presents aggregation parameters calculated as de-
scribed in Section II-E, using the time courses of LT, Z, and C
after sudden stoppage of flow. It should be noted that the pa-
rameter SA is dependent on the numerical value of the recorded
modality (LT, Z, or C), and therefore, the calculated values of
SA for different modalities are not comparable. However, it is
obvious that SA and Al were calculated, using LT and C data
exhibited a similar trend for the diluted plasmas and plasma
with 1% dextran 500, with a rank order of plasma + D500 >
undiluted plasma > 1/3 diluted plasma > 1/2 diluted plasma.
This trend was not seen when using Z data (see Table III).

TABLE III
AGGREGATION PARAMETERS REFLECTING EXTENT AND DYNAMICS OF RBC
AGGREGATION CALCULATED USING LT, Z, AND C TIME COURSES AFTER
SUDDEN STOP OF FLOW FOR RBC IN UNDILUTED PLASMA, DILUTED
PLASMAS, AND PLASMA CONTAINING 1% 500 kDa DEXTRAN (D500)

LT SA Al Ti(s)
1/2 diluted plasma 12.8+3.5 63.2+33 21.5+22
1/3 diluted plasma 31.5+3.7 74.1+28 16.5+0.6
Plasma 100.6 £ 12.7 784+ 1.5 11.7+1.1
Plasma + 1% D500 153.0+9.9 80.1 +1.5 10.8+0.8
V4 SA Al Tin
1/2 diluted plasma 253.0+23.3 59.6+1.5 240+ 1.8
1/3 diluted plasma 398.7+18.1 68.7+£23 16.0+1.9
Plasma 204.3 +28.6 73.8+2.5 10.1+0.8
Plasma + 1% D500 207.6 +34.2 69.8+5.3 122+1.7
C SA Al Tz
1/2 diluted plasma 27.1+1.5 60.6 5.1 21.5+1.0
1/3 diluted plasma 41.2+16.6 673+28 12.7+2.2
Plasma 81.1+10.6 79.0+ 1.7 88+1.3
Plasma + 1% D500 131.0+£17.6 844+1.8 109+1.2

Z and C were monitored at 100 kHz frequency. Data are mean + SE.

T, /2 values based upon LT, Z, and C data were consistent with
slower aggregation for diluted plasma. SA and Al parameters
provided by the LORCA aggregometer were in agreement with
this sequence. T’ /5 results via LORCA also indicated slower
aggregation for diluted plasma (see Table I).

E. Associations Between Aggregation Indexes

Fig. 8 presents cross-plots of the SA parameter versus the
Myrenne aggregometer “M” index for the pooled data obtained,
using four types of RBC suspensions (in 1/3 and 1/2 diluted
plasma, undiluted plasma, and dextran 500 containing plasma).
There were highly significant (p < 0.001) correlations for SA
values calculated, using LT and C data [see Fig. 8(a) and (c)],
but not for SA values calculated, using Z data [see Fig. 8(b)].
There was also a significant positive correlation between the SA
values calculated, using LT and C data (r = 0.68, p < 0.0001),
while the correlation between SA values calculated, using LT
and Z data, was much weaker and negative (r = —0.40, p < 0.05)
(see Table IV). Other correlation coefficients, including those
for Al and T /5, are also presented in Table IV. The relations
between Al calculated using C or LT data and the M index
were also highly significant, whereas Al calculated using Z data
did not correlate with either the M index or AI based on LT
data. Interestingly, 77/, calculated, using Z data significantly
correlated with both M and T} /5 calculated, using LT data, and
thus, showed associations similar to that for 7}, based on C
data. The correlation coefficients of 7T’ based on C and Z
versus the M index were negative with r larger when using C
data (see Table IV).

IV. DIScUsSION

Blood is a suspension of cellular elements in plasma, a solu-
tion of electrolytes, proteins, and other biomolecules. Although
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Fig.8. Linear regression analysis of the relations between the M index and the
SA parameter was calculated, using LT, Z, and C time courses. Data are pooled
results for undiluted and diluted plasma and plasma containing 1% 500 kDa
dextran (D500). (a) Light transmittance. (b) Impedance (Z). (c) Capacitance (C).

TABLE IV
PEARSON CORRELATION COEFFICIENTS FOR RELATIONS BETWEEN SA, Al,
AND T /5 VALUES CALCULATED USING IMPEDANCE AND CAPACITANCE DATA
AND M INDEX. ALSO SHOWN ARE COEFFICIENTS FOR RELATIONS BETWEEN
SA, ATAND T /5 VIA LT DATA AND M INDEX

Impedance Capacitance
SA M index -0.37 0.84%%*
SAby LT -0.40* 0.68%%*
Al M index 0.29 0.81%%*
Alby LT 0.23 0.69%**
T M index -0.67%* -0.81%**
12
Tipby LT 0.68%** 0.69%*+
Statistical significance of correlation coefficients.
*p <0.05.
*4p <0.01.
*¥p < 0.001.

its structure seems relatively simple compared to other biologi-
cal tissues, its physical properties, including flow behavior [43]
and electrical properties [S], [6], [8], [9], are complex. RBC
constitute over 99% by volume of the cellular elements and
are primarily responsible for these complexities. The electrical
properties of blood (i.e., Z and C) are functions of hematocrit
and the “effective” geometry of RBC [5], [9], [12], [44], with
this geometric term determined by the biological properties of a
single cell (e.g., geometry and deformability), by external fac-
tors (e.g., shear forces) and by intercellular interactions (e.g.,
aggregate formation resulting in increased particle size and al-
tered particle geometry). This study confirmed the dependence
of Z and C on hematocrit and shape change/orientation due to
flow as suggested by earlier theoretical and experimental stud-
ies [8], [9], [32], [45]. Alterations of both Zand C were observed
during the transition from flow to stasis in which two important
changes occur in “effective” geometry: 1) the initial phase of
increased Z and C reflects the recovery of RBC morphology for
cells initially deformed by shear forces during high-shear flow
(corresponding to ~500 s~ ! shear rate), with the shape chang-
ing from an elongated form to the normal biconcave-discoid
shape [46]-[48]; and 2) the later phase of gradual decreases
of Z and C reflects RBC aggregate formation, which follows a
characteristic time course [17].

It should be noted that this study differs from previous reports
owing to its focus on the analysis of the time course of elec-
trical properties of RBC suspensions during the transition from
flow to stasis, rather than focusing on measurement of electri-
cal properties at stasis or at various constant flow rates. The
transition phase is known to carry important information related
to RBC aggregation behavior [20]. It also differs by using a
cylindrical test chamber to measure Z and C in the direction of
flow across a glass tube filled with a RBC suspension. One mil-
limeter diameter glass tube was selected in order to avoid wall
effects [49], and stainless steel tube electrodes were placed at
the two ends of the 75 mm long glass tube. At frequencies below
500 kHz, the Z across the tube was ~40 k{2 when filled with
PBS, ~50 kf2 when filled with plasma, and above 100 k{2 when
filled with RBC suspension at 0.4 1/1 hematocrit (see Fig. 3).
Most previous studies have employed rectangular or cylindrical
flow chambers and electrodes with various orientations (e.g.,
parallel), the measured Z for blood with such chambers was far
below the values obtained in this study [32], [33]. The higher Z
of the tube served to reduce the relative contribution of artifacts
due to technical issues, such as electrode polarization, the two-
electrode configuration used herein may also have contributed
to the high Z characterizing the measurement system.

The test signal used in this study (i.e., I V) and the high Z of
the tube resulted in currents on the order of 10 pA, when the
tube was filled with RBC suspensions, and thus, this current is
below the range where current density may interfere with Z and
C measurements [9]. Furthermore, the large surface area of the
electrodes used in this study also reduced the current density at
electrode—suspension interfaces, thus tending to minimize elec-
trode effects. The cylindrical flow chamber geometry allowed
measurement of electrical properties of RBC suspensions, us-
ing a two-electrode configuration rather than a four-electrode
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arrangement. While it has been shown that a four-electrode sys-
tem is superior to a two-electrode system at frequencies below
20 kHz, both arrangements are equally effective for the fre-
quency range used in this study [31].

Since the C of the RBC suspensions were derived from the
Z measured at 100 kHz, using an LCR meter as previously
used by other investigators [5], [32], the resulting C values did
not exactly reflect RBC membrane capacitance (i.e., C,, in the
three-element model of blood bioimpedance, Fig. 1), but are
expected to be strongly influenced by this membrane property.
Zhao et al. have reported a method to calculate C,, based on
impedance measurements at three signal frequencies within the
[-dispersion range [10]. However, this approach was not ap-
plicable for our dynamic measurements during the transition
from flow to stasis, since simultaneous measurements at dif-
ferent frequencies were not possible with the present system.
Further, preliminary studies using different frequencies for sep-
arate measurements of the time course of Z with the same sample
indicated slight differences in aggregation response or measure-
ment conditions (e.g., electrode characteristics), calculation of
C,, using such multifrequency data was thus also not possible.

The difference of Z and C values measured during flow (i.e.,
fully disaggregated state) and at stasis (i.e., after the full develop-
ment of RBC aggregation) was strongly hematocrit dependent
(see Fig. 6). In addition, the pattern and magnitude of alter-
ations during the transition period were also markedly affected
by hematocrit (see Fig. 6). Both Z and C exhibited a sudden in-
crement immediately after flow stoppage, reached a maximum
within a few seconds, and then, began to decline. In addition
to the obvious differences in the magnitude of the changes, the
time course of these changes also appeared to be hematocrit
dependent. This influence of hematocrit can, at least in part, be
explained by the well-known influence of hematocrit on RBC
aggregation kinetics [21], [23], [42], [50]. It thus seems logical
to assume that the time course of C and Z during the transi-
tion from flow to stasis should reflect the time course of RBC
aggregation. LT through RBC suspensions is well-known to re-
flect RBC aggregation [21], [22], [27], and includes an abrupt
change due to RBC shape recovery followed by increased LT
due to the decreased number of individual particles accompa-
nying increased effective particle size (see Fig. 4). Although the
changes of Z and C corresponding to shape recovery and aggre-
gation are opposite in sign, their overall behavior are consistent
with LT results (see Figs. 6 and 7).

An unexpected finding of this study was the time course of
Z changes for nonaggregating suspensions of RBC in PBS [see
Fig. 7(b)]. Z changes had the same pattern as those for aggre-
gating suspensions, while such similarity between aggregating
and nonaggregating suspensions was not observed for LT and C.
Note that the lack of detectable aggregation in RBC-PBS sus-
pensions was confirmed by the contrasting time courses of LT
and C measured simultaneously with Z (see Fig. 7). The initial
phase of increased Z of RBC suspensions in PBS following flow
stoppage can be explained by the shape recovery-disorientation
process. However, the time constant of this process is within
several hundred milliseconds [46] and cannot be expected to
have an influence after this initial phase of a few seconds. This

finding is in conflict with the reports of Pribush ef al. [33] and
Antonova et al. [30], and Antonova and Rhia [51], who sug-
gest the aggregation process is reflected by the time course of
electrical conductance after the cessation of flow. However, ex-
perimental conditions differed between these prior reports and
tis study: 1) the measurement chamber geometry in both prior
studies was not a cylindrical glass tube. Pribush et al. measured
Z, using two parallel electrodes separated by 2 mm, with the
electrode axis perpendicular to the flow axis [33]. Antonova
et al. used a Couette-type viscometer with platinum electrodes
attached to the surfaces of the cup [51]; 2) Pribush et al. mea-
sured conductances at 200 kHz [33], while Antonova et al. used
2 kHz [30], [51]; and 3) no prior study reported results for
suspensions of normal RBC in a nonaggregating suspending
media. The Z change of nonaggregating RBC suspensions can-
not be explained by current experimental evidence and available
literature data, and it is not yet clear if this behavior is limited
to the particular flow-measurement chamber geometry used in
this study.

In addition to the unexpected Z findings for nonaggregating
RBC suspensions, Z measurements also failed to correctly re-
flect altered aggregation induced by plasma dilution or 500 kDa
dextran, whereas these alterations were detected by LT and C
(see Fig. 7 and Table III). Visual inspection of LT and C curves
for RBC suspensions with 1/3 or 1/2 diluted plasma indicate
that both overall changes and the rate of change were signif-
icantly decreased by plasma dilution. Analysis of LT and C
curves indicated, decreased SA and Al aggregation parameters
and increased aggregation half time (see Table IIT). These alter-
ations of RBC aggregation in diluted plasma or plasma + 1%
dextran D500 were confirmed by measurements, using com-
mercial instruments designed to quantitate RBC aggregation
(see Fig. 5 and Table I). Linear regression analysis and Pearson
correlation coefficients also support the merit of LT and C mea-
surements, with significant positive correlations between SA
computed from LT and C data and the M index of the Myrenne
aggregometer [24]. SA was calculated using Z data did not cor-
relate with the M index. These observations suggest that the time
course of Z following stoppage of flow in the cylindrical glass
tube is affected by flow-related phenomena that may include,
but are not limited to, shear-induced changes in adsorption of
macromolecules on electrodes, partial blockage of the interface
by adhesion of the dispersed particles [33].

Based upon the discussion aforementioned, our results
strongly suggest that capacitance is the preferred electrical pa-
rameter to monitor aggregation properties of RBC suspensions.
It should be noted that capacitance values obtained in this study
are expected to reflect the membrane capacitance of RBC. While
merely speculative, it is interesting to consider the observed
decrement of C with RBC aggregation in light of the morphol-
ogy of RBC aggregates: RBC—RBC form face-to-face structures
with parallel membrane surfaces (i.e, rouleaux formation). As
a result, the membrane capacitance of each cell is in series in
aggregates, resulting in a lower equivalent capacitance as RBC
aggregation progresses.

The correlations between LT- and C-based parameters versus
the M index were comparable (see Table I'V), thereby suggesting
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Fig.9. Simultaneousrecordings of LT (. . .) and series capacitance (—) follow-
ing sudden stoppage of flow for a normal blood sample with 0.4 1/1 hematocrit.
The increment of LT during later part of the record (~90 s after the flow stop)
reflects RBC sedimentation which does not affect capacitance.

equal usefulness of these two modalities for evaluating RBC
aggregation. However, in our system (i.e., horizontal glass tube
with LT monitored in a horizontal direction), the LT parameter
was sensitive to RBC sedimentation, which started to be evident
after ~75 s (see Fig. 9). In contrast, C recorded simultaneously
was not affected by sedimentation, yet was similarly sensitive to
the aggregation process (see Fig. 9), and thus, this insensitivity
to sedimentation should be regarded as an advantage for the C
measurements.

In overview, our results indicate that RBC aggregation pa-
rameters based upon C data obtained during the transition from
flow to stasis are in general agreement with those derived from
LT data and with RBC aggregation indexes measured, using
commercial instruments. Parameters based on C data were more
robust and had much stronger correlations with the generally ac-
cepted indexes. Aggregation parameters were calculated, using
Z time course data often failed to correlate with known changes
of aggregation, even incorrectly indicating aggregation for cells
in nonaggregating media (i.e., RBC in PBS). Differences be-
tween our results using a horizontal tube and other studies using
different chamber geometries, as well as the bases for the fail-
ure of Z time course reflecting RBC aggregation, clearly warrant
further studies.
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Abstract. Red blood cell (RBC) aggregation is the reversible and regu-
lar clumping in the presence of certain macromolecules. This is a
clinically important phenomenon, being significantly enhanced in the
presence of acute phase reactants (e.g., fibrinogen). Both light reflec-
tion (LR) and light transmission (LT) from or through thin layers of
RBC suspensions during the process of aggregation are accepted to
reflect the time course of aggregation. It has been recognized that the
time courses of LR and LT might be different from each other. We aim
to compare the RBC aggregation measurements based on simulta-
neous recordings of LR and LT. The results indicate that LR during RBC
aggregation is characterized by a faster time course compared to si-
multaneously recorded LT. This difference in time course of LR and LT
is reflected in the calculated parameters reflecting the overall extent
and kinetics of RBC aggregation. Additionally, the power of param-
eters calculated using LR and LT time courses in detecting a given
difference in aggregation are significantly different from each other.
These differences should be taken into account in selecting the appro-
priate calculated parameters for analyzing LR or LT time courses for

the assessment of RBC aggregation. © 2009 Society of Photo-Optical Instrumen-
tation Engineers. [DOI: 10.1117/1.3251050]
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1 Introduction

The reversible aggregation of red blood cells (RBCs) is a
physiological phenomena influenced by both plasma and cel-
lular properties.l"3 This process is significantly affected in
various pathophysiological processes (e.g., acute phase
reactions),4’5 it influences in vivo blood ﬂow,c’"8 and thus has
clinical significance. Most methods used to quantitate aggre-
gation are based on monitoring the optical properties of RBC
suspensions. The level of light transmission (LT) through or
light reflectance (LR) from RBC suspensions during aggrega-
tion reflects the time course of this process. The time course
of LT or LR recorded following the dispersion of existing
aggregates in RBC suspensions can be analyzed and various
indices reflecting both the kinetics and the overall intensity of
aggregation can be calculated.” Such measurements of RBC
aggregation using LR data from RBC suspensions have been
termed “syllectrometry”lo and have been developed into a
commercial instrument.'" LT data have also been successfully
used in various instruments developed to quantitate RBC
aggregation,]2’14 Both LT and LR methods utilize similar ap-
proaches to calculate parameters reflecting the time course
and the intensity of aggregation.”"2’14

In general, both LT and LR of RBC suspensions during
aggregation are expected to be influenced by the same physi-
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cal alterations of the suspension properties. The average par-
ticle size grows while the number of particle, including both
individual cells and aggregates, become smaller during the
course of aggregation, resulting in decreased LR and in-
creased LT. Although these two properties of RBC suspen-
sions (LR and LT) reflect the same process, it has been
demonstrated'>'° that their time courses are not identical (i.e.,
they are not mirror images of each other). Therefore, it might
be expected that at least the parameters reflecting the kinetics
of aggregation may differ when measured using LR or LT
data. However, it is not clear if differences of such parameters
can influence the power of the methods or instruments to de-
tect alterations in aggregation. This study was designed to
compare (1) the parameters calculated using LR and LT data
recorded during the aggregation process following an abrupt
cessation of shear and (2) the power of these parameters to
detect the experimental alterations in the aggregation behavior
of RBC suspensions.

2 Materials and Methods
2.1 Preparation of RBC Suspensions

Venous blood samples (~25 ml) were obtained from 10
healthy male volunteers, aged between 25 to 52 yr, following
the guidelines for hemorheological laboratory methods.'” A
tourniquet was applied to locate the antecubital vein prior to
venipuncture and kept in place during the blood sampling.
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Blood samples were obtained using vacuum tubes (Vacu-
tainer; Becton-Dickinson, New Jersey) containing dipotas-
sium ethylenediamine-tetraacetic acid (K,EDTA, 1.8 mg/ml)
as the anticoagulant. All blood sampling was completed
within 2 min after the application of the tourniquet.

A 5-ml aliquot of each sample was saved for control mea-
surements and the remaining 20 ml of each sample was cen-
trifuged at 1400 X g for 6 min, the buffy coat removed, and
the plasma aspirated and saved. RBCs were washed twice
with isotonic phosphate-buffered saline (PBS, pH=7.4), then
resuspended as described in the following.

Native plasma was diluted with PBS at ratios of 1/3 and
1/2 to yield altered plasma containing 66 and 50% of the
components in undiluted plasma. Washed RBCs from each
donor were resuspended in the diluted plasmas at 0.4 1/1 he-
matocrit. Diluting plasma with PBS results in reduced RBC
aggregation due to lower concentrations of proaggregating
plasma proteins,'® Additionally, washed RBCs from each do-
nor were suspended in PBS containing 1% dextran 500
(500 kDa, Sigma Chemical Company, St. Louis, Missouri) at
0.4 1/1 hematocrit, resulting in increased RBC aggregation
compared to suspensions in undiluted native plasma.'’

The hematocrit of all samples was adjusted to 0.4 1/1 by
adding or removing calculated amounts of suspending me-
dium after determining hematocrit by the microcapillary
method.'” Since the degree of hemoglobin oxygenation has
been demonstrated to influence RBC aggregation parameters,
especially those calculated® based on the time course of LR,
all samples were carefully oxygenated prior to measurement
by rolling 3 ml of suspension in a horizontal 15-ml polypro-
pylene tube for 5 min at 37°C. All measurements of LT and
LR were performed at 37°C.

2.2 Recordings of LT and LR during RBC Aggregation

LT and LR were recorded simultaneously during RBC aggre-
gation using the laser-assisted optical rotational cell analyzer
(LORCA; RR Mechatronics, Hoorn, The Netherlands) which
was modified to record LT in addition to the usual LR. The
system has been previously described elsewhere.'' In brief, it
consists of a Couette shearing system consisting of a glass cup
and a precisely fitting bob with a 0.3-mm gap between the
cylinders; the RBC suspension is contained in the gap. The
outer cylinder is rotated by a stepper motor controlled by a
digital computer. The beam from a laser diode (670 nm,
4 mW) mounted in the bob is directed onto the sheared
sample, and the reflected light is recorded by two photodiodes
in the bob. The LR signal from these two photodiodes was
obtained from the LORCA and fed to an analog-to-digital
converter (USB-6009; National Instruments, Texas) via a sig-
nal conditioning circuit to adjust signal amplitude and offset.
Additionally, a phototransistor (BP101, Siemens, Germany)
was positioned immediately adjacent to the outside of the cup
in the pathway of the laser light to monitor the transmitted
light through the blood sample, and connected to a second
channel of the analog-to-digital converter. LR and LT signals
were digitized at a sampling rate of 10 Hz and recorded on a
separate digital computer using LabView 8.2 (National Instru-
ments, Texas).

LT and LR were recorded during the usual aggregation
protocol of the LORCA. Briefly, the sample is first sheared at
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Fig. 1 Time course of (a) LT through and (b) LR from blood between
the bob and cup of the LORCA during RBC aggregation.

a shear rate of 500 s™! to disperse preexisting RBC aggre-
gates, following which the shear is abruptly stopped. LT and
LR data are recorded for 120 s using software developed us-
ing LabView 8.2, and the resulting LR or LT versus time
profiles analyzed to determine several indices reflecting both
the magnitude and time course of aggregation. The following
parameters were calculated: (1) amplitude (AMP), the total
change in intensity of transmitted or reflected light during the
120-s period; (2) aggregation half time (7)), the time re-
quired to reach a LT or LR level corresponding to 50% of
AMP; (3) surface area (SA), the area below (for LT) or above
(for LR) the time course curve during the first 10 s; and (4)
aggregation index (Al), the ratio of the area below (for LT) or
above (for LR) the time course curve to the sum of the areas
above and below the curve during the first 10 s. Additionally,
time constants for the fast (T¢,) and slow (T,,,) components
of RBC aggregation were calculated by fitting LR or LT ver-
sus time data to a double-exponential equation:

I,=a+Dbexp(—t/Tp) + ¢ exp(— t/Tgow) - (1)

In this equation 7%, reflects the time course of 2-D rouleaux
formation, while Ty, represents the formation of 3-D struc-
tures resulting from secondary aggregation. Accordingly, the
terms b and ¢ correspond to the changes of reflected or trans-
mitted light intensity due to these processes, whereas the a
term is the light intensity at the end of the measurement
period.9
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Table 1 Aggregation parameters calculated using LT and LR data for whole blood, RBC suspensions in 1/3 and 1/2 diluted plasma, and 1%

dextran 500.

LT

RBCs in 1/3 Diluted

RBCs in 1/2 Diluted

Whole Blood Plasma Plasma 1% dextran 500
AMP (au) 4.09£0.32 1.69+:0.28+ 0.74:0.13* 3.75+0.27
SA (auv) 179.30+17.45 48.58+8.49* 19.96+2.95* 182.80+9.90
Al 43.11+£1.95 31.70+6.42 33.26+8.19 45.97£1.73
Ty /2 (s) 5.75+£0.56 14.30+2.81 20.22+:4.63* 4.87+0.50
Tow (5) 3.3240.35 7.35+2.12 10.25+5.32 3.07+0.47
Tiow (5) 48.38+7.39 102.4+37.9 68.25+22.01 61.61£19.29

R
Whole Blood RBCs in 1/3 Diluted RBCs in 1/2 Diluted 1% dextran 500
Plasma Plasma

AMP (au) 4.58+0.26 5.38:0.20" 4.77+£0.24 8.55+0.45-
SA (auv) 305.41+17.751 207.40+21.13 136.33:21.59+ 621.60:57.47+
Al 66.29+2 31111 38.29:3.96** 27.54+:3.71+ 76.81:0.47-
Ty /2 (s) 2.27+0.22111 7.89:1.09- 13.66+2.50* 1.16+0.03
Tow (5) 235:0.21t 5.89+0.73 12.46+3.17- 1.26:0.03
Tiow (5) 19.47£1.921 38.62:4.6* 38.34:7.27- 26.04+5.87

All hematocrits adjusted to 0.4 | /1. Data are mean=SE; n=10 for each type of suspension. Difference from whole blood: *, p<0.05; **, p<0.01. Difference of LR
results from LT results are shown only for the whole blood samples: T, p<0.05; T, p<0.01; 1T, p<0.001.

2.3 Calculations and Statistics

The results of the measurements on RBC suspensions with
normal and modified aggregation are expressed as
mean * standard error (SE). Statistical comparisons were
done using one-way analysis of variance (ANOVA) followed
by appropriate posttests. Additionally, standardized differ-
ences from control values were calculated by dividing the
mean difference between control and modified RBC suspen-
sions by the “pooled standard deviation” of the control plus
modified data. That is,

. Mc - Mm
St.Diff. = ——*, ()

sD,

where M. and M,, are the means of the selected parameter for
control and modified samples prepared using RBC from 10
donors. SD,, was calculated as the square root of the average
of the squared standard deviations (SD, and SD,,) of the data
from the control and modified samples being cornpared:21
SD? +SD;, \ '
(B

The standardized difference has been accepted as a measure
of the power of a specific measurement condition to detect a
difference between two groups.22
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3 Results

Typical time courses of LT and LR signals for normal blood at
0.4 1/1 hematocrit are presented in Fig. 1. LT exhibits a very
sudden decrement following the abrupt cessation of shear,
reaching a minimum in about 0.1 s. This minimum level of
LT is followed by an increase that is initially rapid during the
first several seconds and then occurs at a slower rate. Al-
though this time course was clearly visible, there were rapid,
random fluctuations of LT with amplitudes sometimes about
one-third of the initial decline [Fig. 1(a)]. The LR time course
[Fig. 1(b)] is characterized by an initial peak after the shear-
ing is stopped and then an initial fast decrement of LR. The
change in LR then slows over several seconds and continues
to change slowly throughout the recording up to 120 s. There
were no random fluctuations in LR similar to those seen for
LT.

A comparison of LT and LR curves for whole blood during
aggregation indicates a faster time course for LR and the time
constants 7T, Tr, and Ty, With all three constants being
significantly smaller then those calculated using LT data
(Table 1). Additionally, the SA and Al parameters were higher
if calculated using LR data while AMP values calculated by
LR and LT for whole blood were not significantly different
(Table 1).
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Parameters calculated using LT and LR curves of RBC
suspensions in diluted plasma and in 1% dextran 500 are also
shown in Table 1. AMP and SA values calculated using LT
were very significantly reduced by plasma dilution and 7'/,
was significantly increased, whereas Al, T¥,, and Ty, were
not sensitive to dilution. In contrast, the time course param-
eters calculated using LR were more sensitive to plasma dilu-
tions while AMP and SA were not; there was even an increase
of AMP above whole blood for the 1/3 diluted plasma.

RBC suspended in 1% dextran 500 were characterized by
very significantly higher AMP and SA when calculated using
LR (p<0.01) data, while time course parameters were less
affected (Table 1). Interestingly, none of the parameters cal-
culated using LT were sensitive to the enhanced RBC aggre-
gation in these dextran 500 suspensions.

Standardized differences from normal blood values for
RBC suspensions with modified aggregation were calculated
using the data presented in Table 1. The calculated values
indicate an interesting contrast between results using LT or
LR [Figs 2(a)-2(c)]: (1) parameters reflecting the overall ex-
tent of aggregation (i.e., SA) and thus those less affected by
the kinetics of aggregation had a higher power to detect al-
tered aggregation if calculated using LT curves; and (2) ki-
netic parameters reflecting the time course of aggregation
generally had higher power if calculated using LR curves.
Note that the low standardized differences for RBC in 1%
dextran 500 [Fig. 2(c)] confirm the insensitivity of LT-based
parameters for alterations in these highly aggregating suspen-
sions (Table 1).

Since the differences between the calculated values of
AMP using LT or LR data were most obvious for this param-
eter [Fig. 2(b)], the AMP term was further evaluated to deter-
mine its dependence on the duration of time after the start of
aggregation process (Table 2). AMP values calculated using
LT data for whole blood exhibited a significant dependence on
the duration (e.g., at 10 s it was 62% of the value reached at
120 s), while this dependence was less pronounced for LR
data (e.g., at 10 s, 86% of the value at 120 s). This depen-
dence of AMP on the duration after stopping shear became
more pronounced for RBC suspended in diluted plasma: (1)
for 1/3 diluted plasma, AMP calculated at 10 s was 43% of
the 120 s value for LT and 56% for LR and (2) for 1/2
diluted plasma, AMP calculated at 10 s using LT data was
38% of the 120 s value and 42% for LR. Thus, both LT and
LR curves had slower time courses for RBCs suspended in
diluted plasma. Standardized differences for AMP calculated
using LT or LR at various time points after the start of aggre-
gation offer additional insight into the two measurement
methods: in 1/2 diluted plasma suspensions, standardized dif-
ferences for AMP using LR decreased with increasing time
period after the start of aggregation whereas AMP using LT
data was insensitive to the elapsed time (Fig. 3).

4 Discussion

Our results indicate that the time course of LT and LR re-
corded simultaneously during RBC aggregation are signifi-
cantly different: (1) LR changes faster during aggregation and
(2) LT data are characterized by random fluctuations of the
signal superimposed on the characteristic time course, reflect-
ing the aggregation process. These fluctuations are similar to
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Fig. 2 Standardized differences from whole blood of RBC aggregation
parameters for RBC suspended in (a) 1/3 and (b) 1/2 diluted plasma
and in (c) 1%dextran 500. The parameters were calculated using LT or
LR data in Table 1.

those reported by Singh and Kumavarel who suggest that they
represent the instantaneous changes in aggregate size and
number of cells per aggregate.

The difference in the time course of LT and LR signals was
also reflected by the calculated parameters that are widely
utilized by instruments developed to quantitate RBC
aggregationl1’14 (Table 1). These findings confirm the previ-
ous report by Gaspar-Rosas and Thurston,"> who also reported
faster time courses for reflected light during RBC aggregation
when using a chamber consisting of two parallel glass plates.
Their calculations of time constants yielded values consistent
with those obtained via LT and LR in this study. It is notable
that the time constants calculated via LT data reported by
Gaspar-Rosas and Thurston were strongly influenced by the
thickness of the blood layer, with data reported for 0.125- and
0.508-mm layers. However, since the thickness of the blood
layer between the bob and cup in the LORCA is 0.3 mm, their
time constants are not directly comparable with our values."
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Table 2 AMP parameters calculated at various time points after the sudden stop of shearing for whole blood and RBCs suspended in 1/3 and 1/2

diluted plasma.

]
AMP 10s 20's 40 s 60s 120s
Whole blood 2.52+0.22 2.98+0.24 3.46+0.27 3.75+0.29 4.09+£0.32
RBCin1/3 0.72+0.10 0.96+0.12 1.24+0.17 1.42+0.22 1.69+0.28
diluted plasma
RBCin1/2 0.28+0.04 0.38+0.05 0.50+0.07 0.59+£0.09 0.74+0.13
diluted plasma

R
AMP 10s 20's 40 s 60's 120's
Whole blood 3.94+0.22 4.23+0.23 4.45+£025 4.55+0.25 4.58+026
RBC in 1/3 3.02:0.23 3.92+0.19 4.65+0.17 5.00£0.17 5.38+0.20
diluted plasma
RBCin1/2 2.00+0.20 2.88+023 3.70+0.22 4.12+0.22 4.77£024
diluted plasma
Data are mean=SE; n=10 for each sample.

The difference between the LT and the LR time relations between the results based on LT or LR data (Figs. 2 and 3):
during RBC aggregation can be explained based on the rela- (1) the AMP parameter reflecting the overall extent of aggre-
tive contribution of RBCs located at various depths of the gation was very sensitive to changes due to plasma dilution,
blood film under investigation. It can be assumed that RBCs but only if this parameter was calculated using LT data. AMP
close to the surface facing the incident light are mostly re- values calculated using LR data showed no change for 1/2
sponsible for the reflected light, while transmitted light inten- dilution and an unexpected increase of AMP even though the
sity is afljescted by the entire thickness of the RBC concentration of pro-aggregating proteins was reduced; (2)
suspension. > RBC aggregation kinetics might well be influ- parameters reflecting the time course of aggregation (T,
enced by geometrical constraints due to the presence of solid Ti and Ty,,) were more sensitive to alterations in RBC
surfaces (e.g., parallel plates or cylindrical bob used in this aggregation due to plasma dilutions if they were calculated
study), thgreby affectling the time course of aggregation. Sup- using LR data; and (3) all parameters reflecting both the ex-
porting this explanation, Gaspgr—Rosas and Thurston YGROH tent and time course of aggregation were sensitive to the en-
that the values of aggregation time constants calculated using hanced aggregation in 1% dextran 500 solution.** only if they
LR data are less affected by blood layer thickness than those were calculated using LR data. In particular, AMP and SA

. 15
using LT data. parameters using LR data were doubled in the dextran suspen-

The different time courses and time constants for LT and sions compared to whole blood, while there were no signifi-
LR 3159 influenced the sen.sitivity of the callculated. parameters cant changes of these parameters using LT data. Such striking
to modified RBC aggregation. There is an interesting contrast differences also suggest different dynamics of aggregate for-

mation at the locations within the suspension that are sensed
5 by LT and LR monitoring. Gaspar-Rosas and Thurston also
8 - T reported contrasting features for LT and LR such as different
c . .
S 4 LR dependences of aggregation time constants on blood layer
g thickness: aggregation time constants based on LT decreased
g 34 with increasing blood layer thickness, while they were
g slightly increased if based on LR data."
= 21 L .
-,% A major aim of this study was to compare the power of
T 1 various parameters to detect given alterations in RBC aggre-
g gation when calculated using LT or LR data. Standardized
0- 10 20 40 60 120 differences (see Sec. 2.3) between RBC suspensions with nor-
) mal and experimentally altered aggregation (i.e., plasma dilu-
Measurement time (s) tion or 1% dextran 500) were used as an indicator of the
2 .
Fig. 3 Standardized differences of AMP for RBC suspended in 1/2 power for a par?meter. . A CO}rlltraSt Sm.nlalj to that alrgady
diluted plasma compared to whole blood; values were calculated us- d?SCUSSCd was a ?O ObVIOPS when considering standardl;ed
ing LT and LR data at various time points after the start of aggregation difference data (Fig. 2), with the results for 1/2 plasma dilu-
(Table 2). tion being typical. First, the AMP parameter, which reflects
Journal of Biomedical Optics 054044-5 September/October 2009 + Vol. 14(5)
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the extent of RBC aggregation over the 120-s recording pe-
riod, was the most powerful parameter (i.e., parameter with
highest standardized difference) to reduced aggregation due to
plasma dilution when using LT data, while the same param-
eter based on LR had the least power and was almost equal to
zero [Fig. 2(b)]. Second, the SA parameter based on LT data
had a high standardized difference while the same parameter
calculated based on LR data has only a modest power. Note
that the SA parameter is affected by both the magnitude of the
signal change due to aggregation and its time course, and
therefore reflects a mixture of both properties. Third, Al, T',,
Tt and T, exhibited higher power if they were calculated
using LR data. Finally, standardized differences for RBC sus-
pended in PBS containing 1% dextran 500 confirmed the in-
sensitivity of parameters calculated using LT data.

The sensitivity of the AMP parameter calculated using LR
data was significantly affected by the length of the period
selected for analysis, with the power for RBC suspended in
diluted plasma being highest if the analyzed period following
the abrupt cessation of shear was shorter. This dependence on
analysis period can be interpreted as being related to the fast
time course of LR. It can be assumed that LR from the layers
of a RBC suspension changes between a maximum corre-
sponding to the totally disaggregated status and a minimum
level corresponding to extensive aggregation. Since LR has a
faster time course, the signal could approach the minimum
level for both normal and reduced RBC aggregation suspen-
sions if the analysis period is sufficiently long, thereby pre-
venting detection of the given alteration. Alternatively, if cal-
culations were limited to shorter time periods, differences in
aggregation tendency would more likely to be detected, and
thus reducing the analysis time to shorter periods is strongly
recommended for measurements based on LR. Note that due
to the slower time course of the LT signal, the duration of
analysis period did not affect the AMP parameter to the same
extent.

In overview, our results indicate that RBC aggregation pa-
rameters calculated using LR and LT versus time data may not
be directly comparable when using the same mathematical
approaches for the two modalities. Furthermore, the power of
the parameters calculated using LR and LT data for detecting
alterations of RBC aggregation also differ from each other.
These characteristics of the parameters therefore should be
considered when selecting appropriate indices to quantitate
RBC aggregation. In general, when using measurements
based on LR, either parameters sensitive to the time course of
RBC aggregation should be used or the analysis period should
be short. Alternatively, when using measurements based on
LT, parameters sensitive to the overall extent of RBC aggre-
gation (e.g., AMP, SA) are appropriate.
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Abstract. The electrical properties of red blood cell (RBC) suspensions are influenced by flow conditions, and prior studies
indicate that electrical properties may reflect the kinetics of RBC aggregation. Changes of conductance and capacitance were
monitored and had a time course resembling a “syllectogram” (i.e., temporal change of light reflectance from an RBC suspen-
sion after sudden cessation of flow). In the present study, both AC electrical conductance (EC) across and light transmission
(LT) through a 1 mm ID glass tube were recorded simultaneously after a sudden stoppage of flow for RBC at various hemat-
ocrits in plasma or in isotonic saline (PBS). Preliminary results indicate that EC and LT signals for RBC in plasma have similar
time courses, both increasing after an initial decrement of a few seconds duration. Aggregation indexes and aggregation half
times calculated using LT and EC showed a similar dependence on hematocrits between 30-50%. Interestingly, RBC in PBS
also exhibited a syllectogram time course for conductance, whereas LT continued to decrease after an initial decline reflecting
RBC shape recovery. These results suggest that electrical conductance in aggregating and non-aggregating suspensions may be
sensitive to phenomena other than RBC aggregation.

Keywords: Red blood cell aggregation, electrical conductance, light transmission, syllectrogram

1. Introduction

Red blood cell (RBC) aggregation is the reversible association of cells into linear face-to-face struc-
tures termed rouleaux; given sufficient space, these structures can form random three-dimensional arrays
[17,25]. RBC aggregation is determined by both plasmatic and cellular factors, with the effects of cellular
factors used to define RBC aggregability [16,25]. Aggregation can be altered during pathophysiological
processes due to modifications of both plasma composition (e.g., in acute phase reactions) and cellu-
lar factors (e.g., increased oxidant stress) [9,11,17,24,25]. RBC aggregation affects the flow properties
of blood, especially at low shear rates, and therefore has the potential to influence blood flow in the
circulatory system [7].
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Due to its potential pathophysiological significance, quantification of RBC aggregation is necessary
in order to understand its importance, and a variety of approaches have been used to monitor and quan-
titate this phenomenon. As it is a dynamic process that is strongly affected by local shear forces, both
the effects of shear and the time course of aggregation need to be considered. Low-shear viscometry
can be used to estimate the degree of aggregation in RBC suspensions [5,23,27]. However, photometric
measurements have been the most widely used methods to investigate aggregation in red cell suspen-
sions [8,14,28], and there are several commercially available instruments based on measurement of light
transmittance or light reflectance through or from red cell suspensions during the aggregation process.

It has been reported that the electrical properties of red cell suspensions also change during aggrega-
tion [2,3,20-22]. Several groups have suggested that monitoring the electrical properties of red cell sus-
pensions during aggregation can provide information about the time course of this process [2,3,19,21] in
a manner similar to that provided by photometric methods. It has been demonstrated that a syllectogram-
like curve [29] can be obtained if electrical conductance through aggregating blood is recorded [19,22];
such curves reflect the time course of RBC aggregation and can be used to calculate various related pa-
rameters, with these parameters correlated with blood properties known to influence RBC aggregation
[19]. However, these prior studies did not compare the time course of electrical conductance of RBC
suspensions with the time course of light transmittance/reflectance. The present study was thus designed
to compare the time course of electrical conductance and of light transmittance through a glass tube
during RBC aggregation, and hence to test the hypothesis that both parameters accurately describe the
time course of red blood cell aggregation.

2. Materials and methods
2.1. Blood samples and preparation of RBC suspensions

Venous blood samples were obtained from healthy, human male volunteers, aged between 25-52 years
and anticoagulated with sodium heparin (15 IU/ml). Blood samples were divided into two aliquots;
(1) the hematocrit in one aliquot was adjusted to values between 30-50% by adding or removing cal-
culated amounts of autologous plasma after measuring hematocrit by the microcapillary method. Blood
was centrifuged at 1400¢g for 5 min if plasma removal was necessary; (2) the second aliquot was cen-
trifuged at 1400g for 10 min, the plasma was removed, the RBC washed two times with phosphate
buffered saline (PBS; pH: 7.4) and then re-suspended in the same medium at 30-50% hematocrit. RBC
from each donor suspended in autologous plasma or isotonic PBS were available at several levels of
hematocrit; all experiments were completed within four hours after blood sampling.

2.2. Measurement system

The measurement system is shown schematically in Fig. 1. Electrical conductance (EC) and light
transmission (LT) of RBC suspensions were recorded for a glass tube (1 mm inside diameter, 75 mm
length) during and after the stoppage of flow induced by a syringe pump (Model NE1000, New Era
Pump Systems, Wantagh, NY, USA). Two stainless steel 16 gauge needles were fitted on both ends of
the capillary and served as electrodes for electrical measurements; these electrodes were connected to a
10 kHz AC conductometer circuit that was interfaced to a digital computer through an A/D converter.
Electrical conductance (EC) was calculated as the inverse of impedance values obtained by the conduc-
tometer. A phototransistor and an infrared light emitting diode (850 nM) were arranged at the center
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Photometer

Flow Phototransistor

Conductometer

Fig. 1. Measurement system.

line on opposite sides of the glass tube, and light transmission (LT) data were recorded simultaneously
using the same A/D converter and digital computer. The flow system (i.e. glass tube, electrodes and LT
detector unit) were placed in a temperature-controlled box and maintained at 37°C.

The experimental protocol involved operating the pump at a volumetric flow rate of 42 ml/min for
recordings during flow. This flow rate corresponded to a wall shear stress of about 28 Pa assuming a
40% hematocrit for the flowing blood [12], and thus a shear stress that clearly exceeds the threshold for
total disaggregation in the glass tube [26]. The measurement and recording of electrical properties and
light transmittance were conducted simultaneously during the 60 s period immediately following flow
stoppage. Selecting a 60 s period for data recording was based upon the period in which aggregation
occurred in the RBC—plasma suspensions. Longer recording periods were avoided in order to eliminate
RBC sedimentation artifacts that were noted for some RBC—plasma suspensions. Note that absolute val-
ues relevant to the kinetics of aggregation (e.g., half-time) may be specific to this 60 s period: recording
for only a few seconds after stoppage could indicate a faster process. LT and EC data obtained at and
after the peak (i.e., maximum initial change of signal, see Fig. 2) that follows the sudden stop were ana-
lyzed to obtain three parameters [8,10,14]: (1) amplitude or AMP, the difference between the peak level
of EC or LT signal and the level at the end of the 60 s period; (2) aggregation half time (7' /), time taken
for LT or EC to reach one-half of AMP; (3) aggregation index (Al), the area under the LT- or EC-time
curve from peak to 60 s. Figure 2 presents a schematic illustration of these parameters.

2.3. Measurement of red blood cell aggregation

RBC aggregation in the samples used in the experiments described above was also assessed separately
using a custom-built photometric aggregometer, interfaced to a digital computer, that allowed monitoring
light transmittance through the blood sample during aggregation [8]. This instrument was employed to
provide independent quantitative aggregation data, and has been shown to yield results which agree
with commercial devices (e.g., LORCA, Myrenne Aggregometer). The shearing portion of the system
consists of two parallel glass plates with a gap of 0.3 mm between them; a stepper motor, controlled by
the computer, rotates one of these plates. The blood sample under investigation is placed between the
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Fig. 2. Schematic representation of calculated aggregation parameters for LT, EC and plate—plate experimental data. T} ; is
time required for the signal to decrease by 50% of AMP; the aggregation index (AI) for LT and EC data and the index for the
plate—plate aggregometer correspond to the area under the curve (i.e., shaded area in figure).

glass plates, and is first sheared at 500 s—! for 10 s to disperse RBC aggregates. After a sudden stop of
the motor, the infrared light (850 nm) transmission through the blood sample at one fixed radial position
is monitored for 10 s and recorded by the computer. The computer then calculates the area under the
light transmission curve and reports a dimensionless aggregation index which increases with the extent
of RBC aggregation, as shown in Fig. 2. Measurements were done in triplicate for each sample and the
mean of the three measurements used as the result.

3. Results

With the glass tube filled with RBC in plasma, both EC and LT exhibited a similar time courseafter a
sudden stop of flow. Figure 3 shows a typical example for a blood sample with a hematocrit of 0.40 /1.
Although the two curves look similar, the time course of EC was faster and was characterized by a
shorter time constant compared to the LT time course. Both curves have an initial down-stroke phase
(i.e., decreased EC or LT) which is completed in a few seconds and followed by increases of each
parameter. This second phase of both curves could be fitted to a single-exponential equation of the form
of 2(t) = a - e~¥/7 + b: for the data in Fig. 3, 7 for the EC curve was 16.27 s while it was 25.39 s for
the LT curve. EC and LT approached the values measured prior to flow stoppage and slightly exceeded
these values during the 60 s period (Fig. 3).

The time required to reach the minimum levels of the EC and LT curves (i.e., “peak”-time) and the
amplitude of the down-stroke were both influenced by the hematocrit of the samples. Compared to the
value obtained at 30% hematocrit, the peak-time of the EC curve was about 80% greater at 40% and ap-
proximately 4-fold greater at 50% hematocrit (Fig. 4(A)). Peak times for the LT curve exhibited similar
behavior: compared to 30% hematocrit, the time was about 70% greater at 40% and 3.2-fold greater at
50% (Fig. 4(A)). The down-stroke amplitude for both EC and LT were also affected by hematocrit, but
the dependence was less prominent compared to the peak-time (Fig. 4(B)).

The time course behavior of EC and of LT for the 60 second period immediately following the max-
imum extent of the down stroke are presented in Fig. 5 for blood samples with hematocrits of 30-50%.
The AMP parameter was strongly influenced by hematocrit, being highest for the sample with lowest
hematocrit (Fig. 6(A)). Al and T}/, also demonstrated a strong dependence on hematocrit (Fig. 6(B
and C)).
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Fig. 3. Light transmittance (A) and electrical conductance at 10 kHz (B) through 40% hematocrit blood during the 60 second
period after sudden stoppage of flow. Both electrical conductance and light transmittance were recorded in arbitrary units (au)
and normalized by subtracting the value during flow; the initial value at zero time for each curve is thus zero. The white line in
each figure represents values fitted to the rising phase of the curve by the single-exponential equation shown.

Figure 7 presents the EC and LT curves for washed RBC suspended in PBS at hematocrits of 30, 40
and 50% and recorded under conditions identical to those for the RBC—plasma suspensions. It should be
noted that the EC curves for these PBS suspensions were similar to the curves for blood at correspond-
ing hematocrit values (Figs 5(B) and 7(B)). Further, although Al values calculated using the EC curves
were somewhat greater for the PBS versus the plasma suspensions, both were comparably affected by
hematocrit: for 30, 40 and 50% hematocrit levels, Al was 1.38 + 0.15, 1.04 + 0.39 and 0.75 £ 0.12 for
PBS suspensions and 1.00 £ 0.19, 0.62 4 0.19 and 0.24 £ 0.12 for the blood samples. However, in
marked contrast to the EC results, LT curves for PBS exhibited a completely different time course com-
pared to the LT curves for blood (Figs 5(A) and 7(A)), with LT continuing to decrease after the peak-time
(Fig. 7(A)). In addition, the effects of hematocrit on LT of PBS suspensions were significantly smaller
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Fig. 4. Down-stroke amplitude (A) and peak-time (B) values of electrical conductance and light transmittance of blood samples
with hematocrit values of 30, 40 and 50%. Figure 3(C) indicates how these values were obtained from recorded data. Data are
mean =+ standard error; n = 4. au: arbitrary units.

than those for blood samples; given the shapes of the LT curves, Al values were not calculated for PBS
suspensions.

RBC aggregation indexes measured in the blood samples by “plate-on-plate” aggregometer based on
light transmittance were also found to be significantly influenced by hematocrit. Aggregation indexes
were 15.75+1.16, 12.47 £ 1.68 and 8.90 £ 1.69 in blood of 30, 40 and 50% hematocrit, respectively. In
suspensions of RBC in PBS, there was no measurable aggregation with the instrument described above.

4. Discussion

RBC aggregation is known to be a dynamic process. If the shear forces are sufficiently high, RBC
under flow are dispersed, move individually, and are deformed to orient themselves with flow stream-
lines [6]. If the flow stops, RBC initially return to their normal, biconcave discoid shape with a shape
recovery time constant of a few hundred milliseconds [4]. Subsequently, RBC undergo aggregation
over a period of several minutes. Therefore, physical properties of RBC suspensions (e.g., electrical
conductance, light transmittance) recorded during the period after a sudden stoppage of flow are ex-
pected to reflect the time course of these two phases (i.e., shape recovery and aggregate formation).
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Fig. 5. Time course of light transmission (A) and electrical conductance (B) of RBC suspended in autologous plasma with
hematocrits between 30-50% during 60 seconds following the peak of the downstroke. The curves are normalized by subtracting
the EC or LT value at the peak of the downstroke. Data are mean =+ standard error; n = 4. au: arbitrary units.

LT through RBC suspensions has a well-known, typical time course (i.e., syllectogram) and its uti-
lization to quantitate RBC aggregation has been validated [8,10,13,14,18,29]. Furthermore, it has been
demonstrated that the very early part of LT time course can be used to calculate the shape recovery
time constant and this approach has also been validated by comparing recorded signals with optical
images obtained by analyzing simultaneous video-recordings of elongation indexes [4]. In the present
study, LT recordings after a sudden stop of flow exhibited the typical shape of a syllectogram: (a) de-
creased LT immediately after the stop of flow, reaching a minimum in ~2-6 s; (b) subsequent increase
of LT with a typical time-course which can be represented by an exponential equation. EC recordings
also followed a very similar pattern, with only slight differences in the magnitude of the time course
(Fig. 3). The increase of LT in an aggregating RBC suspension is due to the decreased number of effec-
tive particles interacting with and reflecting rays of light [15]. Increases of EC during the aggregation
process can also be explained by alterations of the current pathways which are affected by the distrib-
ution of particles (i.e., RBC) that have significantly different conductivity compared to the suspending
medium [22].

It is interesting to note that the hematocrit dependence of both LT and EC curves were similar (Fig. 5).
In addition to the expected dependence of absolute values of LT and EC during flow and the course of
aggregation (data not shown), the time course of these curves were strongly influenced by hematocrit
(Fig. 5). Further, the parameters calculated to quantitate RBC aggregation (i.e., AMP, AL T ;) [8,14]
using both LT and EC data exhibited a hematocrit dependence that paralleled the aggregation indexes
measured in aliquots of the same samples using the photometric aggregometer. This pattern of depen-
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dence on hematocrit has been demonstrated and published previously [1,8] and supports the hypothesis
that both LT and EC recordings following a sudden stop of flow reflect the time-course of RBC aggre-
gation.

In the current study, LT and EC recordings were also made using RBC suspended in isotonic PBS,
a suspending medium which did not contain proteins or macromolecules. RBC do not aggregate if they
are suspended in such media, and this lack of aggregation was confirmed by “zero” aggregation indexes
provided by the photometric aggregometer. Examination of LT curves (Fig. 7(A)) also confirms the
absence of aggregation, with no increment following the peak time and a slight decrease of LT during
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Fig. 7. Time course of light transmission (A) and electrical conductance (B) of RBC suspended in PBS with hematocrits
adjusted to 30, 40 and 50% (30-50%), for a 60 second period after the completion of downstroke. Data are mean =+ standard
error; n = 6. au: arbitrary units.

the 60 s period. This is the expected behavior if there is no RBC aggregation since there will be no
change in the number of effective particles; the very small decrease of LT most likely reflects a slight
further dispersion of RBC.

Surprisingly, EC recordings using RBC suspended in PBS exhibited a time-course which is very sim-
ilar to that for an aggregating RBC suspension (Figs 5 and 7). The PBS curve has the typical increment
in EC following the minimum, which for RBC in plasma was attributed to the aggregation process and
the related alterations in electrical current pathways. Obtaining a curve with such characteristics during
the time period when no detectable RBC aggregation occurs suggests that other phenomena common
in aggregating and non-aggregating RBC suspensions are responsible for EC following a sudden stop
of flow. Shear-induced changes in adsorption of macromolecules on electrodes, partial blockage of the
interface by adhesion of the dispersed particles, and an increase in the apparent diffusion coefficient by
rotation of particles in the shear field are possible mechanisms suggested for time-dependent alterations
in electrical conductance of RBC suspensions [22]. The physical properties of RBC suspensions are
also expected to be influenced by RBC sedimentation, especially under no-flow conditions. However,
in the current study, no significant effects of sedimentation in the glass tube could be detected during
the 60 second recording time of LT and EC. Monitoring LT and/or EC of RBC suspensions for longer
periods may provide insight into sedimentation-related alterations.

In conclusion, the preliminary results of this study indicate that the time course of EC changes for
RBC suspensions may not solely be reflecting the aggregation process. They also indicate that further
studies are necessary in order to understand the mechanisms affecting the electrical properties of RBC
suspensions, and thus the need to validate the usage of electrical properties to assess RBC aggregation.
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If the electrical properties of RBC suspensions can be proven to reflect aggregation properties, it is then
interesting to contemplate implementing this technique in the field of hemorheological instrumentation
and, possibly, for in vivo applications.
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