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ABSTRACT 

The effect of shear rate on the AOP-induced aggregat10n of human 

l1ldod platelets in flow through tubes was stud1ed over the full 

physiologically significant range. The extent of single platelet 

aggregation at 0.2 ~ AD? in citrated platelet-rich plasma. FR? was 

greatest at mean tube shear rate, G s 314 s-l; however. aggregate size 

steadily decreased from G ~ 39.3 ta 1800 -1 s • At 1. 0 ~ AIJ? the rate of 
,1 

aggregatlon Increased up to G ~ 1800 s-1 where vlrtually no unàggregated 

platelets remained after 43~s of flow. a\though. 8gSregate size was stIll 

limlted by shear rate. A shear-dependent delay 1n the ol\set of 

aggregation and an increase in collision efficiency with time suggest the 

existence of a time and shear-dependency in the expressIon of bonds 
1; • 

mediating aggregation. Greater aggregation of platelets from fem~le 
/ 

donors than male donors was due to differences in the lonized calcium 

concentration, [Ca 2+), in the plasma of donors of dlfferent hematocrit 

when the chelating agent citrate is used as anticoàgulant. At 

hphysiological [Ca 2+) aggregation was much greater ln heparinized and 

hirudinized plasma than in citrated plasma and no sex difference waà 

present. Aggregation in whole blood was much greater than in PRP due to a 

shear-dependent increase in the frequency of collision between activated 

platelets caused by the motion of red cells. 
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RESUMÉ 

. .-
L'éffet de la vitesse de cisaillement sur l'agrégation des 

~~t 

plaquettes hurqaines 'induites par l' AD~ fpt étudié dans un système 

circulant ~~, eq variant le débit à l'intérieur des limites 

physiologiques. V a~régat ~on de plaquettes seules dans le plasma citraté 

et riche en plaquet tee contenant 0.2 !lM ADP, atteignit son maximum quand 
• ,?' 

la vllesse de cisai.llement dans le tube était de G ... 314 s-l. Il est à 

noter que 18 grandeur des agrégats diminua d'une manière consistante entre 

ë· 39.3 et 1,800 s-l. Avec, une concentration d'ADP de 1.0 j.IM, le taux 

d'agrégation augmenta juaqu'à ê - 1,800 a-l, quand on ne pouvait presque 

plus.appercevoir des plaquettes non-agrégés après une durée du débit de 
. 

43 8, néanmoins; l~ "grandeur des agrégats demeurait toujours limitée par 

la vitesses de cisaillement. {Jn delai relié au cisaillement au début de , 

l'agrégation, ainsi- qu'une augmentation de l'efficacité de collision avec 

le, temps suggèrent que la forn'lation des liens entre les plaquettes dépend 

du temps de stimulation et de la vitesse de cisaillement. L'agrégatio~ 

des plaquettes provenants des femmes était plus matquée que celle 

provenant des hommes. Cecl est dG à la différence entre les deux 

concernant la concentration de calcium, [Ca 2+], dans le plasma citrate, • 

car 1 'hematocrite est différent entre les hommes and les femmes. Aveç un 

taux physiologique de (Ca2+], l'agrégation était beaucoup 'plus marquée 

" 

dans le plasma hépariné ou lraité à l 'hiturline que d,ÇJus l~ plasma citraté, 

1ndépendemment du sexe. L'agrégation des plaquettes était plus marq~ée 

dan,s le sang total que dans le plasma enrichi', au ca~se. de l'augmentation 

de la fréquence de collisi'on entre les plaquettes ..activ~es. Cette 

au~menlaÙon\ dépendait du hiveau 
" ç1 

mobillté de globules ~ôuges. 

" 
de contrainte et elle 'eSt 'c,aus~e par la 
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PREFACE 

The work presented in this tbes1s falla into four main sections 

comprising Chapters II to V, respectiv.e1y. The option provided to the 

'" candidate by Section 7 of the Guide1ines Concerning Thesia Preparation~as 

been utiUzed: 

" "The candidate has the option, subject to approval by the 

Department, of including as part of the thesis the teKt of 

an original paper, or papers suitable for submission to 

learned journals for publication. In this case, the thesis 

must still conform to aIl other requirements eKplained in 

Guide!ines Concernlng Thesis Preparation." 

Each of the above cited,chapters has been wrltten in a manner 
1 

suitable for publication in the scientific literature, and thue each is 

complete in itself with its own Abstract, Introduction, Methode, Results, 
1 

l . 

Discussion and BibliographY. The co-authors on the papers to be submitted', 
.' 

are my thesis director, Dr. H.L. Goldsmith and the technician, Ms. S. 

Spain whose help w~s required to accomplish the multiple tasks Involved in 

the experiments. 

As re_quired by the Guidel1nes, the chapters follow from each 

other, creating a coherent dissertation. Additiona! materlal, giving 

background for the experimenta1 method used to count ce1ls, and detal1s of 

the method of averaging log-volume hi~tograms. are given in Appendices 1 

" and Il, respectively.· Also, as required by the Guideline9, Chapter 1 i9 8 

General Introduction to the 8ubject matter o.f, this thes1s, includ lng 8 

1 

literature review and outline of research goals. Chapter VI summarizes 



,,' 

c the conclusions, daims t_o originality, and suggestions fQr further 

research. 

, 

A Nomenclature Is plaeed st the beglnnlng of Chapter II; It serves 

to define the symbols used there1n, and ln subsequent chspters of the " 

thes1s • 

,\ 
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INTRODUCT ION 

This thesla constitutes the second phase of an investigation ioto 

the ADP-indueed aggre,gation of hwnan platelets in flow through tU,hes. tn 
. 

the first phase, a microscopie double infusion technique was used to 

rapidly and uniformly introduce an aggregating agent lnto the bu lk 0 f a 

p1aleLet sUSpension undergoing Poiseuille flow (Bell, 1983.:....l\ .. U _et a_L., 
, "II ,..,.... 

19'84; 'Bell ;and Goldsmith, 1984). AQP was infused into th~. flowing , 
auspension'through a micropipette.tip located coneentrically wlthln the 

entranee of the flow tube, and the aggregation reaction W8B obscrved under 
fi 

a microscope at various distances downstream. At 1 IJ.M ADP, both the rate 

and finl!l extent of aggregation were found to increase over ::.ile range of 

mean tube shear rate from 2 - 54 a-1• Although ttip t.echnique permLtted 
1 

direct visualization ~f the aggregation reaction, the microscopie _ 

dimensions and constraints on th~ diffusion of ADP restrieted lts use to 

relative1y short reaetion- times and low sheai rates. The present 

techniqu7 elrcumvents the diffusion problem and extends the prevLous work 

to longer times, higher shear rates, and whole blood. ADP an'd-l'Tatelet 

suspension are simultaneouslY· infused into a common mixing chamber and t 

after a brief m1x~ng period, flow through varlouB lengtha of po~yethylene 

tubing into 0.5% glutaraldehyde. The effects of shear rate and transit 

time on platelet aggregatlon are'followed through an analys1s of the 
\ 

complete partlc1e volume distribution frOID l - 105 ~3. Thus, the present 
') 

J 
technique permits the application of fluid mechanical and coUold theory , 
to the kineties of platelet activation and aggregation, and as'such, 

. 
provides a· convenient marrlage of ceU biology and sua pension rheo1ogy. 

/ 
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1. Role of Platelets in Hemostasis and Thrombosls' 
( 

The development of a' circulatory' system whieh adequately preserves 
1 

the primordial unicellnlar environment essential for normal cellular 

metaboL1sm ls a sine ~ ~ of multicellularity. A con~equenct: of this 
\ 

v8scularlzation is ihe potential for ti~sue necrosis should vessel 

Integrlty he disrupted. Several mechanlsms have evolved by whlch 

orgalllsms repa~r vessel damage. In arthropods heniocytes are responsible 

for wounJ repair (Grégoire. 1970). The equivalent in amphibians 15 the 

spindle ce Il (Loeb, 1927), whereas in mammals the blood platelet ls the 

primary cellular .element of hemostasis (Haupin, 1967). lndeed 1 in man the 

most flrmly established function of pla~elets is the formation of a 
, 

hemostatic plug to prevent the rapid eKtrav~~ation of blood upon vessel 

trauma. 

The alteration of one 'or more of the steps in hemostatic plug , 

formation can result ln bleeding dlsorders, whereas certai~~athological 

mechanisms ,of platelet ~ctlvation and fibrin formation can lead to 

thrombosls~ Although deviation from the normal equilibrium in either 

direct 10n may be deleterious, most platelet stuâies are concerned with the 

etiology and prophylaxis of thromboembolic disorders.' Under the' 

appropriate intravascular conditions for thromDogenesis, an initial mural 

thrombus may grow to occlude the vessel, or it may break away or fragment , 

creating an embolus capabl~ of occluding smaller vessels downstream •• 

Reduced blood flow causing tissue Ischemia may be severely debilitating or 

fa'tal should the myocardium or the brain be affected. 

, 
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Thromboembollc disorders manifest thernselves in a varlet y of 

diseases such as cerebrovascular disease (Gunning ~~., 1964). cor'onary 

artery disease (Steele et a!., 1973; Weiss, 1978), peripheral_ 

arteriosc1erosis and arterial disease (Meade, 1979; Thomas, 1978), and 

venous and mic rovascular thrombosis (Weksler and Nachman, 1981). ln 

addition, hyperresponsive platelets may play an important role ln the 

deve10pment of atherosc~rosis (Colwell and Ha1ushka, 1980; Fuster ~!!!.., 

1981; Weks1er aM Nachman, 1981) ~hich ln turll ls considered the principal 

factor determining sU8ceptlbility to heart attack or stroke (Hustard et 

---a'1 •• 1978). 

Thromboembo1ism has a1so been shown to be a sedous complication 

of prosthetlc cardiac valves and circulatory devices (Sa1zman, 1971). 

-

Both the interaction of p1atelets with artificial surhc~s llnd lhe effect 

<J 

of extreme or unusual fLow conditions on cells contribute to plate let 

microaggregate formation (Vtoman, 1967; Leonard, 1972). This has been 

observed in association with hemodialyais (Biachel ~.!!!.., 1973), cHoica1 

perfusion (Rittenhouse ~~., 1972), and cardiopulmonary bypUS8 

i 
\.-. (Allardyce ~ aL, 1966: Solls ~!!.!.., 1975). 

J 
"', -/', . 

P1ateleta have been implicatèd, in many other physiologiea 1 

processes including the support of the normal vaséular endothe1lum .. 
(Johnson, 1971), 8timu1ati~n of arterial smooth muscle proliferatlon (Ross 

~!!!.., 1974) t participation in the inflammatory response and 

immunologiea1 reaeti~ns (Caen ~ a1-. t 1977), as well 8S ln canee r 

metastasis (Tobe1en ~ al., 1974: de Gaetano and Gar~_ttini, 1978). 
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2. An Historiea! Perspective 

The discovery of plate lets awaited the development of a microscope 
~ 

with sufficlent resolving power to reveal their undisputed presence. 

After the introduction to the sclentiflc communlty 'of a compound 

microscope capable of resolotion to about 1 ~ (Hodgkin and Lister, 1827), 

Donné (842) was able to describe l1ttle globules in the blood distinct 

from the previously established red and white 8,lobules. At around the 

same tlme, Gulliver (Gerber, 1842) and Addison (1842) independently 

provlded the first drawings of these new cells. Several years 1ater, 

William Osler's description (1874) of single plate lets within intact blood 

vesse1Q, and of their t~ndency to form granular masses in blood removed 

from the circulation, was instrumental in establishing the plate let as a 

normal constituent of blood. Before long, Bizzozero (1882) had con fi rmed 

'" and eKtended these concepts by observing plate lets flowing through the 

vessels of living animals and demonstrating their role in hemoqtasis and , 
thromhosls. He a1so described the change in shape preceding plate let 

aggregat lon, and even commented that platelets ~re capable of re-lea'ling 

substances. Eberth and Schimmelbusch (1886) labelled the p1atelet shdpe 

\ change as "v!scous metamorphosis" and worked out some of the early events 

of plate let deposition and fi brin formation. The next major ùeve10pment 

came wlth the h1st~logica1 studies of Wright (1906) in which he 

demonstrated the fragmentation of the megakaryocyte cytop1asm yle1ding 

single plateletso ~ 

The identification of ADP as the specifie agent in red ce Us that 
, . 

stimulates ~la~e1et sqape change and aggregation (Gaarùer, 1961), as well 

8S the development of convenient methods of test!ng other potentiaL 

.' ________ ...... _____________ ...;; __________ ~_.~6. __ 

, . ,~ 
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agonists, antagonists and cofactors (Born, 1962; O'Brien, 1962), Ret the 

stage for a new wave of platelet investigation that continues tod .. y. 

SHF.AR RATE ANO PLATE LET Al;t;REGAI' ION 

Shear rate ls the most important phys Leal IMraml'll'r p,llV"llIllIg 

platelet aggregation in fLowing suspensLons. 

collision [requency, the shear and normal slreqses whlch ,11"1 Lv.lt .. ';(11)\11' 

cells dnd break up aggregates, and the inte["Bction time of l'l'II-I"II ,Ir 

cell-su["face collisions. Since shear rate 19 proportiollili lo flllid 

velocity, these sequelae either promote or inhiblt hemoHlallc: or 

thrombotLc mechanisms, d~ending on Flow rdte and vesspL 'll/'I'. 

Time-averaged systemic arterial wall gl\ear rate, c , 
w 

ln 111110.111'1 

["anges [["om LOO - 1000 s-1 and may ex:ce('d lOOO s-1 in t11f' (',lpI11.lrl"'I, 

based on cl parabollc velocity profile for whule blood (Whflmorp, 191JH; 

Chien, 1975; Turitto 1982). A higher rate of wall shedr would Il/' l'xllI'l'll'd 

for a hlullted velocity profile (Goldsmith, 1972), but :lt LH 1I1111kl'Iy !ltlll 

shear rate, G, exceeds 20008- 1 in the normal humdn V,l'iC(IL.llurf' (J'lIrltt" 

and Baumgartne[", 198?). The cross-linking of flbrinogen m,,\(>( (JI,,,, bC'lwI'1'1I 

the membrane glycoprotéin complex, GPllb-llla, of f1ctlv,llpd pl.lll'\I'l'3 III 

the belleved mechanism underlying AIJP-induced pllltelel aggrt'g,l! Ion 

(Nurden, 1987). However, at a plasma viscosily 11 '" 1.1 mP.1 A al 31"e, 

platelet aggregates must withstand .!.!: vivo Bhear Iltre,>'wR, 

are an ()['der of magnitude greater than those sufficlent lo br('.i~ 

red celi rouleaux formed by nonspeciflc fibrinogen croBR-l1nkf ng 

Ct ~ 0.2 N -2. m , Chien ~ ~., 1967; Schmid-Schdnbeln 

( 
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the highly specifie antlgen-antlbody bonds between sphered red cells 

croaq-Ilnked by antlhody (~ ; 0.2 N m- 2 , Tha and Goldsmith, 1986). 

'lit., prt>dllpr:tlflrl of whlle plate let thrombi ta form in reglorls of 

Iil?,I, 1,1')1)11 flow velocitleR, 1.e., in the arterial as opposed ta the venr(ùs 

'lfd .. 'II 111f' ViI'1(ldllllrf', ('mph.lsize" the Tl<>eci ta focuq on the early "tages 

1)( 1'1 Il,,1,'1 .tggr'!g,llll)rl 111 well-defined f10w. Studies dt G > 2()()() s-1 are 
1 

fil ,'d 1 .. I"V.lllt t 0 f low tltrough eKt racorporeal dnd prosthet lc dev iee." and 

Illr,,,,)'.11 r('glollH of altered blood flow Bueh as stenotic atheroseleratic 

1"<'(',01': ,111<1 rltpumiltlc Ite<lrt valves. As will be discussed below, high 

A 

'11t.',lr 'lI r!'!-l'1(,~ ;wci al tered f low patterns under these cond lt ions 0 f f low 

l''ll'()llr.t)~f' t hrombo('mbo l le processes through shear-induced p lcite let 

,11'1 (v .. 1 1011 cln,) pliltel!"t-surface interactions, respectively. As il 

l'IlIl:"''1 I 'I''lCe of the overriding influ,ence of shear rate on platelf't 

,lggrt'g,IIIIlIl, a nl~mhcr of well-defined ~ vitro, and relatively more 

qll,!l(Ltllve ln vivo flow stuciies have emerged. 

1. I{pd Cl'll-Free Plate let Suspensions 

Studles uslng red cell-free plate let suspensions are of neeessity 

III vitro. 'l'hi" fciet nlone ls responsible for the major artifaet of sueh 

'11111111''1; IlOwever, red cell-(ree suspensions provide the best medium for an 
~ 

IlIll'llt')Dllhl'red <1I\atysls of the biochemical and physical aspects of the 

.\ggrt'g,\lloll react ion. Most of the studles to be discussed were done using 

c Itr,ltt'd l'RP, heparin1zed PRP or washed platelets. 

(a) Shear-lnduced Platelet AggregatioQ 

(i) Low shear rate: It would appear that shear rates less than 2000 s-l 
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do nat Induce aggregation. An initial report of spontaneoU8 agsreg 
'- ' 

uslng a cane and plate rotational vlscometer (Klose ~~ •• 1975 

been 9up[1orted by sim11ar qtud1es uslng cOlle and plate v{HcOInplt't-q (I\l'lvnl 

!!. al .. , 19H/I; Belval <llId lIt'llum'1, 19Hb), cylllldrll'Ill (Ch,lilg .lllti HIll 'llHon. 

1976) or pcl.rallel plate (Yung and FroJmoviC', 14B2) C1\1PUP", Ill" '\It'/Ilh' 

larnln,Jt· [low througlt lulH's (l;ear 1982; Hell /111<1 (;oltl',mllh, 1 liB:!). 

Sponl,ln"DIIS dggregflt 10n was also clh<;t'Ilt ln ()<;(' lllat,)( y II()IN III 'llhe",. 

although the plateletR were hypersensltlve tn pOAt-sllt'.lr, 1 hrollll> 1 1\ IlItllll .. .1 

rele.lse (Gol(lsmith ~ ~., 1976). Plate let s helVt', tnOr('llver, h"t'II 'lh"t'I vpd 

lo aggreg.1te ln Cl vortex downstream of a sudden tllblliar f'x.p,Ul'1lo11 (K,lt 1111) 

and Goldsmith, 1979a). The reported dLfferellccs ln 'l11l',lr-lncl\!( t'd p!.ll!'I!'1 

dggregatloll at low shear rates may deo<:>nd on tlte genm<.'lry ,\1\.1 m,lll'r\.lj'l of 

the device used, the time of exposure to the sheflr f[f'ld, .tnd ,h,' rnl·thot! 

nf platelet preparalion (Breddin~~., 1976). 111(' Llrgt· 'lIItLltt' dll',1 10 

volume r,ltlo of rotational viAcometerq fllcllit.lt('q th,~ Inlera, t Ion ,If 

platelets wlth the vlscorneter '.wrface, ,111<1 lile flubseqlll'Ill rt'Il'.t'." of 

pldtelet-derived platelet agonists, partlcularly hUP. 

(ii) High shear rate: The shear-induced aggrpgrltloll of pl.lll·11'1 H dl Irlgll 

shear rdtes followa progressive changes ln the dpgrpt' of pl,lll'lpl 

activation, lysis and fragmentation in proportion to tltt' 1,·'1"( 01 fl.rld 

shear stress. Such ef(ects, however, are highly dppelldt'nt ()n IIH' {lmt' 'II 

• exposure tl) the shear field and ~n the proxlmlly of pLlll'lt>l'l lo ",d Id 

surfacee;. Ag!lin, work ustng rotatlonal vtscometerH hM'! qhlJWII lh,tl 
Q 

aggregation ls induced wlthin 10 fi exposure to Il thr(!Hltold ';!I(',Jf Klr'''IH 'If 

at thls level of shear and started ta break up w.lthln 10 q. 
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the> -I.t,"" t lme interval, Irreversible aggregation was induced at 

[ • lU N m- L and coincided with the post-shear impairment of normal 

pl atpl(>t lierotonin uptake and aggregation in response ta exogenous ADP 

(lI('ll\lIn'l ;tnd lIardwick, 1981). The release of dense granule serotonin was 

Invokt'd ,Il 1: .. 15 N m-.! with pIate1et Iysis detectable at 1 > 60 N rn- 2 and 

ovPrl ylllp,le cel! fragmentation at 1> 80 N -:2 m • Thus significant 

5hl'.lr-llld\Jced platelet aggregation and impairment of normal functlon can 

()('clIr III the IlbRenCe of granule release and/or c~'). lysis. Platelets also 
1 

exlllhit lemporal changes after the initial response of shear-induced 

,wt Iv,1l Inn and aggregation. 

I.ower shear stresses are sufficient to produce slmllar results , 

fiJtt'r '1\l'1taln(ld exposure to the shear field. Aggregates present aEter 5 
~ 

min l'xpll'!\Jre tu 1 '" 5 N rn-.! coinclde with the shear-lnduced release of 

platf'lrt dense granule AOP and serotonin (Brown ~ al., 1375). Sorne lysis 

111"0 <lppl'<lrs tu be present under these conditions. Aggregation ls stiLL 

cllmplplply reversible after S min exposure to up ta 1 = 7.5 N m- 2 (Hellums 

!llld I\,lrdwlck, 1981), although a larger amount of platelet-derived platelet 

agolll 'lt1l ls released than after 30 s at 1: = lS N rn- 2• Post-shear 

serotolllll uptake and ADP-induced aggregation are impaired at "t > 10 N rn- 2 , 

.I~ t IH'Y wc re after 30 s, while single cell fragmentation and aggregate 

dl s llltegrat ion are observed after 5 min exposure to shear stresses as low 

as [ '" 1,0 N m- 2• Thus j sustained exposure to the threshold shear st ress , 
l'An l(lnd tn additional platelet aggregation through the shear-induced 

.tet Ivat lon of platelet release. Continued exposure to the shear field 

also towers the threshold for both ~latelet lysis and fragmentatlon. 

1 
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H1gh surface area to volume ratios ln rotational viRcolOl'll't'S 

enhance platelet lys1s at 1: > 16 N m- 2 (Hung ~~., 1976), although the 

use of ul1siliconized surfaces and the presence of secondary flG'" lcnd1ng 

• 

to increased platelet wall collisions may have contributed to this effect. 

Significant ultrastructural platelet damage in the absence of aggregat 10n 

or se rotonin releàse has been demonstrated after 15 min expo9ure ta 

't = 4.4 N m- 2 in a device designed to enhance platelet-waLl collisions 

(Bernstein !:!.~., 1977). These studies tend to support the pre!nl!H! thnt 

platelet damage caused by surface interactions la more important Hf ter 

long exposure tildes to low shear st resses where plate let B damage ln 

suspension is minimal ('t < 5 N m- 2 ; lIellums and Hardwick, 1981) 

At exlremely short exposure times « 5 ms) ta h1gh shear ItlreBRes 

in narrow bore capillary tubes, aggregation and/or fragmentation WilH Ilot 

induced helow 't .. 1500 N m- 2 , although serotonin release llnd plate1et 

lysis were inltiated at 1: = 700 and 1500 N m- 2, respectlvely (ColEllltuonl 

et aL, 1977). For exposure times as short dS 0.1 ms, ID.uch h1gher shelJr 

S, 1: > 4000 N m- 2, were required ta yield measurable relenAc and 

Shear stresses as high as 1: ... 105 N m- 2 have beell requl red lo 

induce release plus a smaii amount of aggregation after ~ O.Ol m'3 eltposure 

(Bernstein ~~., 1977). Despite the release of platelet-derived 

piatelet aganists, short platelet-platelet interaction times Ilnd hlgh 

shear stresses appear to severely inhiblt aggregation .. 

It ts interesting that 10 the absence of \\ysis, shear stress can 

. -J...oduce plat~let release at room temperature, yet ADP-induced release (la 
" 

inhibited at th1s temperatùre in the aggregameter (Valdorf-Hansen and 
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7.uckf:'r, 1971). The shear-induced release Is only partially Inhibited by 

aspirin, and aggregatlon is unaffected (Stevens ~~ •• 1980j Hardwick 

~ al:, 1980)". Thus, the induction of release by shear stress inv01ves an 

acldi t 101lil\ mechanlsm, Independent of the plate1et eyclo-oxygenase mediated 

arachldonate palhwa.y. Elevation of cytoplasmlc lonized calcium appears ta 

"'\ 
he esqenlial ta this process sinee agents that maintain hlgh levels of 

inl r;~ce 1\111 ar p1atelet cANP substantially reduce shear-induced p1ate1e t 

aggregallon (Hardwick!!.~., 1981). ather evidence indlcates that 

leaknge of cytoplasmic or granule nucleotides due to platelet damage 

contrLhules significantly to shear-induced platelet aggregation. After 5 

min expoRure to low shear stress, Ct .. 4 N m- 2), enough ADP (~ l ~M) has 

becn detected in PRF' ln the absence of serotonln release ta stimulate 

nggregat lon. suggesting the leakage of cytoplasmlc ATP/ADP from inJured 

,platelet6 (Hardwick ~al.. 1983). lndeed as mentloned previously, 

plateLet-wa11 collisions at this level of shear stress cao impart striking 

ultraHtrllctural changes in the platelet membrane, eytoplasm and gran~les 
, 

atypical of normal p1ate1et activation but suggestive of p1ate1et damage 
\ 

(Bernstein et !!!., 1977). The critical shear stress for serotonio release 

also eoincides with that for the release of lactate dehydrogenase 

(Hardwlck ~ al., 1983) whieh is an indicator of cell 1Y5is. Colchicine 

which interfew:es with normal p1atelet granulè release only partlally 

inhibLts shear-indueed serotonin release. lt seems likely that platelet 

Act ivat Lon through the action of fluid shear stress on the cel! surface 

can {nduce release, in addition to p1ate1et aggregation that i8, at least 

. 
Init ially, independent of the normal re1ease reaetion. 

• 
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(b) Agonist-Induced Platelet Aggregation in Flowillg 'SlIsp€'llsions 

The importance of the release of platelet-derived plate let 

agonists, partieularly ADP, in sustaining and enhancing shear-induced 

platelet aggregation has led to a number of studies on the effect of ctow 

on agonist-indueed platelet aggregation. Sinee high shear stresses 

aetlvate platelets and Induce release, the aggregation of platelet~ ln 

response to exogenous agonists is generally confined to shear rates and 

to agonist concentrations that are below the threshold for relellsÇ!. Room 

temperature facUitates such studies sinee platelet release 'ts completely 

inhibi ted at amblent temperat ures below 27 Oc (Valdor f-Hansen and Zucker, 

197,,1), although aggregatlon in reaponse to ADP Is enhsnced. Studies of 

agonis t-induced platelet aggregation in laminar f low, however. are 

'handieapped by the method of mlxing aganist and platelets. Rapl mlxlng 

ensures uniform exposure of a11 cells to the agonist . early 

observation of the aggregat Ion reaetian, but usually interruplion 

he condLtions of flow that are the subject of study. Whlle 'DORl 

les address this issue, the development of welL-defined lAmlnnr flow 

reglmes has tended to Bupersede considerations of agon1.st diffusLon And 

exposure time. ln addition, most techniques have reUed upon grusa 

indice!? of platelet aggregation, sueh as changes ln suspens Lon turbldlty 

or sing le pljitelet concentration, and have not focused on the kinet LC8 of 

aggregate growth and/or break-up. 

An initial effort to follow the early stages of aggreglltlon 

stemmed from the desire to interpret the opt lcal density changes of a 

stirred platelet suspension (Born and Hume, 1967). Although the flow 

o , -
reg1.me was oot well-defined, rapid mixing was ensured by a rotatlng sUr 
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bar. Microscopie enumeratlon of single ce,Us and aggregates after 

exposure to 1 j.J.M ADP at 37°C, revealed that a 7% increase in the amount of 

light transmltted through the suspension after 75 s coincided with an 87% 

decrease in the concentration of single platelets. Within 3 s, the number ,--

of aggregates containing 2 - 6 platelets had increasèd, but by_ 30 s their 

numbera had start~d 1:0 decrease. The optical density of the platelet 

suspension continued to decrease, indicating continued aggregation. 

lIowever, at the threshold ADP concentration for the plate let release 

reactlon, it was found using an electronic partic1e counter that 86% of 

single platelets had aggregated within 20 s (Gear and Lambrecht, 1981). 

Thefet of 

t raclog at ~ 

release as indicated by the inflection of the optical density 
• 

40 s did not result in the further recruitment of single 

cells. The cont inued decrease in ,...t..he optica~ density 9-f,~.~ suspension 

rnay instead reflect the formation of larger aggregates from smaller ones, 

and/or the consolidation of existing aggregates into tighter, more dense 

"tass~. Although the rate of aggregation was not quantitated in terms of 

suspension shear rate in either study" this work showed 'hat turbidimetric 

methods 0 f studying platelet aggregation are insensitive to significant 

changes in single ceU and small aggregate concentration. 

Dcspite variability in the ADP concentration and ~uspension 

temperature used, a number of studies have shown the aggregation of , 

ADP-stlmulated platelets to increase with increasing shear rate over the 
'-

range G - 0 - 2200 s-l. Unstable aggregates that formed at 1.S !JM ADP in 
1 

a parallel plate Couette at 37° were stable at 5 ~ ADP (Yung and 

l' 
Frojmovic, 1982); however, the release of endogenous ADP at this le 

.-
platelet stimulation would have increased the effective ADP conce 

- .. 
• 

t 
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A brief period of high shear used to mix the AUP and plate~ets prevented 

observation of the early stages of the aggregation renction. As well, 

aggregate size and the kinetics of aggregate growth CQutd not be extracted 
. ...../ 

from the changes in suspension turbidity that were used to monitor" 

aggregation. 

Chang and Robertson (1976) followed the kinetics of both Rrownlnn 

motion- and ~,ear-induced aggrega~ton in a cylindrical Coœtte 1I9lng Il~ 

elaboFate 1ight'scattering theory. Calculation of the concentrntlon of 

smalt order multiplets predicted that even after extensive 

single platelets could still account for as much as 35% of 

partlcle concentràtion. It was found that the light 

of such suspensions ~ere dominat~d by single cells. 

maKimum attainable concentrations of doublets, triplets and qU<ldrtlpLets 

(11%,4% and 2%, respectively) did oot permit accurate quantltllLLon of the 

kipetics of aggregate growth. Consequently, only overall changes ln 

suspension turbidity were used as indices of aggregation •. At 10 pN AOt>, 

the rate of aggregation was shown to increase over the~ range ~ 

la < G < 75 s-1 and level off beyond 75 a-l, àlthough shear rates greater 

than 100 9- 1 were not tested. The rate of aggregation !ncrellsed with 

( :' 
increasing ADP concentration, reaching a maK!mum at 100 ~ AUP. Aga!n, 

the early stages of ag'gregation were loat due to a 10 s pre .... shear mlK!ng 

period. 

"-The complete aggregation reaction has been observed directIy 

using a microscopie double infusion system w~eh allowed the rapld 

diffusion of AD~rOUghout the bulk.of • platelet ~u.p.n.lon undergulng 
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Po1seulUe flow (Bell ~ !!!.., 1984; Bell and Goldsmith, 1984). ln 

contrast lo conventional fixe~-volume rotational viscometers and 

aggregorneter cuvet tes, such a flow-through system more closely mimics in 
, ~ 

vivo conditions. Even though mixing is complete, collisions can occur 

betwecn plate1ets at different stages of activation due to the nonlinear 

~veloclty profile. At 1 ~M ADP the rate and final extent of aggregation 

reached after a tran~i~ time of 40 s inereased with inereasing mean tube 

she,!r rate, G, over the range 4 - 54 s-l. The conèentration of aggregates 

of Buccessive1y increasing size increased and then deereased in aceordanee 

with the kinetics of aggregate g~owth predicted by Smoluehowski for inert 

colloldal size partic1es (Smoluehowski, 1917). Aggregates formed most 

rapidly in the region of the hlghest shear near the tube wall and as they 

\ l . ~ grew ln size and rotated, collisions wlth the wa 1 culminated ln the 

formation of large (> 100 platelets) centra~ly-located aggregates. Higher 

shear rates and longer exposure times were impractical due to the 

microscopi.e dimensions of the flow system and constraints on the dist'ance 

for complete diffusion of ADP. 

An~independent study also using Poiseuille flow has shown that 

higher shea'r rates enhance AbP-induced aggregation (Gear, 1982). 

Platelets and ADP were pumped through narrow-bore teflon tubing into a 

'{-junction, and then through a c.ommon reaetion tube. Aggregation was 

eKpressed as a decrease ln the concentration of single platelets. At 10 

I!M ADP und at 37 oC. ft was found that ..... 50% of the-platelets had 

aggregated within 2 - 4 s of flow through the reaction tube at G = 1300 or 

2200 s-1, with the rate of aggregation higher at the higher shear rate. 

Again. the release of endogenous ADP at 37°C would considerably augment 



o 

.1 

t' 

o 

15 -
of • 

the degree of aggregation. This flow system WBS principally dcslgned to" 

follow the early stages of the aggregation reaction in terms of ~artou9 

agonist<J, antagonists and cofactot's. and not- the effecta of auap~~ion 

8hear rate.' In this regard, the absolute aggregation rate must be 

-interpreted carefully sinee this was determined by varying the flow rate 

through 'fixed lengths of tubing. Short reaction times required h1gh 

flow rates. Consequentl.y, as reaction time increased, G decreased., A 

cursory look 'st the effeet of shear rate was achieved by changlng the tube 

diameter; however, the re1ationship between flow rate, transit ti.me and 

shear rate i8 not clear. ln addition, no ~ta1l8 of thco flow patterns ln 

the Y- junction were provided although indirect evidence suggested lhat 

mixing was virtually instantaneous. In the absence of secondary f low and 
~ 

under conditions of laminar flow at the Reynol~sl"numbers in' the Junction, 

mix!ng would occur only ~by diffusion and .the distance requi red for the 

equlllbratio'h of ADP across the tube would be flow-dependent. • This may be. 

important considering aIs lag preceding aggregation at G - L300 s-1 wes 

eliminaUd at ë =- 2200 s-l • 

(2') Whole Blood 

Studies in whole blood (WB) have the advantag ln vivo 

- experimentation but the results have tended to be more due to a 

general 108s of precision in both the induction and of 

platelet aggregation, and to signlf1cant dlfferenccs be ween specles 

(Grabowski, 1978). Platelet aggregation ln WB 6y the 

presence ôf additional hUlDoral factors and cellular~ components, 

particularly red cells (rbc), white cells (wbc), and endotheUal cells ln 

vivo. Red cells contain large amounts of adenine nucleotldes (Gaarder ~ 

.( 
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.!!., 1961) that may be liberated durin8-hemolys,is. lnta~t" rbc actively 
" 

take up (Schrader ~ al. , ,1972; Gresele ~ al., 1983; Gresele ~ al.. 

1986) the,platélet inhibitor (Born and Cross, 1963; Skoza et a1.,....-1-967), 

adenoB!"., wh!eh 10 for .. ed on the external .. embrane of rbe~Y~~at!c 
dePhosptrY1ation of adenine nuc1eotides (Parker, 1970; DePierre·,pd 

,KarnoSkY\ 1974; Bartlett, 1977). Endotheli~l cells produce a potent 

inhibltor of pla~e1et aggregation, prostaglandin 12 (prostacyclin; 
- ~ 

(Mo'ncada ~ al., 1~75; Weiss and Turitto, 1979). White cells also produce 

-prostacycUn (Blackwell et al., 1978; Borgeat and Samuelsson, 1979), 
\ ----
dephosphorylate plasma ADP (Bolton and Emmons, 1967; Gilliam ~ al., 

1981), llnd produce p1atelet activatlng factor (Benveniste ~ ~., 1972 j .. 
Benveniste !!. al., 1981) 

(a~~ Platelet Aggregation in Suspension 

below G - 2000 s-1 do not induce platelet aggregation 

WU (Jen and Mclntire, 1984). Spontaneous aggregation 

inttiatl{ present in heparinized WB prior to shearing was promoted between 

G ~ 100 ~I 500 8-1, but the aggregates formed were disrupted at 

G > 1000 s-l. 

The response of platelets in WB to high shear stress is simUar to . -

that of platelets in plasma but, over the same range, the aggregates in WB 

are 1arger (Dewitz ~ a'l. 1978; Jen and Mclntire, 1984). Although the 

nllllber of aggregates in citrated WB increased with increasing shear stress 

after 'j min exposure to 1: between 7.5 and 45 N m- 2 in a cylindrical 

viscometer at 37°C, aggregate size decreased over the same range (Dewitz 

!!. .!J...., 1978r; Highe..( stresses up to 't • 60 N m- 2 produced a sudden drop 
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in the fraction of platelets within aggregates. After shearing, plateleta 
............ 

in WB exhibited impaired aggregation in response to ADP in a manner 

similar to that found with PRP. A reduction in the total platelet count 

in WB was observed within 5 min exposure to 1: <: 30 N m- 2, however there 
\ 

~ 

were no Buch changes in to~al platelet count in PRP below t • 40 N m- 2 

(Hellums and Hardwick, 1981). The count reduction in WB was attributed ta 

platelet ,destruçtion at high shear stresses but partiéles in the size ~ 

\ 
range of plate let fragments were not counted. Plate let:" adhesion to tlle 

viscometer surface may have contributed ta the count reduction in WB. 

Reversible aggregation could he induced.at t - 1 N m- 2 subsequent 

to a 30 s exposure of citrated WB ta 1: - 9 N m- 2 in a cone aod plate ' 
(b 

, viscometer at room temperature (Jen and Mclntire. 1984). At shorter 

'exposure times, higher shear stresses were required to promote the ' 

subsequent low shear aggregatlan. Platelets in hepBrinized WB showed 

greater aggregatian at high shear) stresses than those in eW8, and the 

aggregates were more stable after short exposure times. 

Shear-induced platelet agg~egation in PRP has been attributed to 

ADP released from the shea~-activated platelets. The threshold shear 

stress for seratonln release in both PRP and WB at 23°C ls 5 N m-2• The 

extent of release increases with further inereases in shear stress; 

although, <,the release in WB is slgnificant1y less than ln PRP (Hellums and 

Hardwiek, 1981). Sinee the threshold for aggregation in bath PRP and WB 

accurs at 1: > 5 N m-2 , and both respond simUarly to "C <: 60 N m- 2 , lt Is 

llkely that ln WB the shear-induced releade of platelet ADP also 

contributes slgnificantly to the induction of aggregatlon at hlgh shear . _. 
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st~e8ses. The ADP utilizing enzyme sytem, creatine phosphate/creatine 

phosphokinase has been shown to block spontaneous aggregation in 

heparinized WB and substantially reduce shear-induced platelet a~gregation 

(Jen and Mclntire, 1984). 

The role of ADP released from lytic or 8ublytie rbc injury in 

spontancous or shear-indueed platelet aggregation ls not clear. Red cells 

were observed to enhance plattelet adhesion/aggregation in glass bead 

columns in proportion to the hematocrit (Hellem, 1960). lt was then 
, 

proposed that the transient accumulation of ADP is a result of red cell 
\ ~ 

damagp. or lysis is responsible for both spontaneous aggregation ~ vitro 

1 and normal hemostasis in vivo. The extension of this mode of platelet 

activation to thrombosis has given impet.us to t~is- hypothesis. Red cells 
1 

are more sensitive than platelets at very short exposures times « 5 ms) 

to very high '8hea~ stresses ('t > 300 N m- 2) but the converse ls true for 

exposure times and shear stresses above and below,these values, 

respectlvely. Shear stresses greater than l5~_N ~-2 are required to 

induce measurable hemolysis after 2 min~ exposure in rotationa! vlscometers 

(Nevaril ~ al., 1968; Leverett .!E. al., 1972). Shear-induced plate let 

aggregat ion after, 5 min expo8ure of WB to 't a 5 N m- 2 at 37 "c increased in 

proportion to the concentration of rbc and to the concentration of 

radioactively labelled adenine nucleotides liberated from rbc (Reimers 

!!. al., 1984). At 't • 15 N m- 2 , a concentration of 0.6 pM ADP was 

• 
measured. However, glutaraldehyde-hardened rbc depleted of ADP could aIso 

significant 1y enhance the shear-induced aggregation of platelets over that 

in PPP. lIemolysis induced by interaction ot rbe with surfaces can occur 
• 0 

at mueh lower .ahear stresses but only after longer exposure times 

J 
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(Leverett ~al., i972; Hellums and Rardwick, 1981). 

The possibUty of sublyt ic adenine nucleotide leakage from damllged 

~bc at 10w shear stresses is still a subject, of debate. Spontaneous 

llggregatlon ln stirred WB (Burgess-Wilson ~..!!.., 1984) or rotating 

p1 astie -.,' sIs (Saniabadi et al., 1985) showed a positive correlation with 

hemetocrit ln the absence of detectable hemolysis. Severa1 studles have 

foeused on the steady leak.age of adenine nucleotides froID the wi th t ime 

'~<r 

but the overlapping kinetics of ADP formation from ATP and ADP degradation 

to AMP and adensosioe have made determination of t,he effective ADP 

concentration during .... aggregation difficult. A tota.! ATP plus AIlP 

concentratiC!ln of 0.2 !-lM has been report~d after passage of WB through a 

glass b~ad eolumn (McPherson ~ al., 1974). Stnee the ratio of ~'l'P:AJ)P 

was 1.6:1, and thaJ in rbc is"1q:l (Bishop, 1961), it ls possible that the 

ATP and ADP were released from platelets. 

(b) P\atelet Aggregation 00 Natural and Artificial Surfaces 

This thesls is eoncerned specifically with' ADP-indu'ced platelet 

aggregation in flowing suspensions; however, any consideration of platelet 

aggregatlon in vivo must also include interactions of platelet s wHh the -- . 
-

vessel walL From a pathologie al standpoint, the growth of mural tln;.ombi 

-
and their subsequent embolizatlon through disruption, of platelet-platelet 

bonds i8 at least as important as that of plate1et-surface bond d1srupt1on 

(Scarborough, 1971). Although the initial adhesive events of throlnbus -
formation are independent of the subsequent platelet-platelet cohcalve 

events mediating thrombus growth, the latter interactions are likely 

simUar to thoae of platelets aggregating in suspension. Analogous to 



C' -', 

- 20 -

phtelet aggregation in suspension, the" rate and extent of plate let . ~ 
aggregatlon on surfaces 18 dependent upon the rate of reaction of 

platelets with the surface and the conditions of flow. The react10n rate 

18 influenced by the nature of the surface and the locaUzed concentration 

of platelet agonists released from platelets, rbc, and wbc. Flow rate 

controls the concentration of reactants at the surface and determ1nes the 
~ 

arrivaI rate of platelets, a process that is greatly augmented by rhc. At 

suff1cientIy high flow rates, the magnitude of the shear stress controis 

the removal rate of platelets interact,ing with the surface. Finally, 

thrombus height is also limited by the flow' rate_ since small increases in 

height produce large 1ncreases in ahear stress at the thrombus surface. 

In the following discussion, the central role of blopd flow rate in 

determlning thrombus growth through' the arrivaI rate of new platelets and 

the t tme available lor surface interact,ion, as weIL as the force removing 

plate lets interacting with the thrombus and the convection of ADP 

downst ream, ia considered. Through this discussion it will be reveaied 

that the proce9S of thrombus formation i9 a dynamic continuum from initial 

platelet adhesion through to aggregation and embolization involving 

spatial and temporal interactions betwe'en surfaces, cells and humoral 

factors. 

(i) Artificial surfaces: The properties of artificial surfaces that 

control thrombus formation and blood coagulatio,n have received much 

attention (Mason, 1971). In vitro, the reactlvity of a surface to 

platelets ls prlmarUy controlled by lts abiUty to induce platelet 

agsregatlon rather than Just adhesion (SaI zman , 1963). E~~ 

describe a universal quaUty that predicts the degree of ttlrombogenicity 
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have focused on surface free ene~gy and crittcal surface tension by 

extension of Lampert's (1931) rule that wettability by water le inversely 

proportionsl ta the clotting time. NyUas et~. (1975) found that .. 

thrombogenicity increased in proportion ta the contribution of polar 

forces ta the composite surface free energy. However. no single parameter 

8eems ta dictate the compatabUity of a given material with blood. ln 

general, surfaces that are more hydrophiUc or have equa! m.unbers of 

"' .... - positive and negative charges are more compatible. 

EKp08ure of native (nonanticoagulated) blood ta artificial 

surfaces resul ts in platelet adhesion that is mediated by the pr ior 

adsorption and subsequent alteration of plasma proteine, particularly 

fibrinogen (Petschek ~ al., 1968; Dutton!:!.!!.., 1968; Baier and Outton, 

1969; Zucker and Vroman, 1969). In the absence of prior activation, 

plate!ets initial!y forro a monolayer on surfaces 8uch as glass, 

polyurethane, and nylon with the rate of adhesion proportional to shesr 

rate for Gw< 100 s-1 (Petschek ~ al.. 1968; NyHas ~.!!-.., 1975). The 

parallel adhesion of wbc during the initial platlelet adhesion ceases st a 

critical shear rate' (G ~O s-1), depending on the nature Qf the éurface 

involved. l~~ie. blood flowing from the .ever~d carotld artery 

U of a dog Impinged upon the test material and wae deflected radially scross 

the surface. The surfaçe shear rate increased wlth Increasing radial 

distance from a stagnation point located at the ceqter of the impinglng 

fluide Thus, as the flow rate increaaed the l!miting shear rate for 

adheslon moved closer to the stagnation point caudng the outer radius of 

the adherent wbc ring ta decre8se. 

.' 

'. 
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Although the initial events of plate let adhesion appear to be 

lndependent of the surface material (Friedman ~.!!..., 1970), the degree of 

subs(!CJlIent thrombus growth is not. When large thrombi form, they appear 

ln orlglnate from sites of surface inhomogeneities (AVCO Everett Research 

Lab., 1972). Platelet thrombi develop a characteristic wedge-shaped 

profile with the upstream edge higher than the downstream edge. Platelets 

contacting the upstream edge are often pushed downsteam, but remain 

attached causing the thrombus to grow primarily dowostream. The surface 

whlch was formerly covered with a monolaJer of platelets becomes covered 
/ 

with nllmerous localized thr~mbi saparated by large areas devoid of 

plateletq. Despite frequent total or partial embolization of the 

thrombus, a fibrin mesh eventually develops on the downstream surface ln 

which rhc and wbc are trapped. 

ln an effort to separate aggregation from Adhesion in a growing 

thrombus, Grabowski ~ al., (1978) induced aggregation by infuslng ADP 

into flowing citrated, canine blood through a synthetlc membrane onto 
, 

which a standardized layer of adherent platelets had been preformed. The 

repeated growth and embolization of surface aggregates was proportional to 

the ADP concentration. At milUmolal ADP concentrations, the growth rate 

prior to embolization increased monotonically over the range 

99 .. G .. 986 8- 1• ln the micromolal range of ADP, aggregate growth w 

decreased beyond G "" 394 s-l. Aggregation was enhanced by the formation 
w 

of a region of disturbed flow downstream of the leading edge of the 

aggre~ate when aggregate size exceeded 50 ~m. As will be discussed in 

more detail in another section, low shear rates and long residence times 

ln zones of recirculation allow longer times for platelet activation and 
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promote platele t adhesion and aggregation. The repcated eu\boll ~I\t iOI\ 0 f 

aggregates at a critical size and/or lifespan indicates tha~ 

plate let-plate let interactions are sttünger than platelet-surfa~e 

interact Ions under the above conditions. In the above range ,of shcllr, wbc 

were not observed to adhere. 

\ . 
(ii) Natural surfaces: The intact endothelium la nonthrombogenic but 

removal of the endothelial cells exposes a highly thrombogenic surface. 

The nonthrombogenic activlty of endothelium has been 8scribed to heparan 

sulfate in the endothelial cell glycocalyx (Wechezak ~!!!., 1975) llnd ta 

prostacyclin produced by these cells (Moncada !!.~., 1975; Weiss and 

Turltto, 1979). There i8 evidence to 8uggest that collagen lA thl" 

prindp;d component of the vessel wall that st imulatcs plate let ndhesion 

and aggregatlon (Baumgartner, 1977). Washed platelets exhibtt greater 

aggregat ion and release on collagen-coated glass than on flbrinop,en- or' 

fibronectin-coated glass, while adhesion on albumln-coated glass la 

Inhlblted (Adams and Feuersteln, 1980). Plate lets have bee~ observed to 

aahere to fibrillar structures of the subendothelial matrix of cultured 

endothelial cells that remain after the cells have been removed by 

t reatment with 0.5% Triton X-IOO detergent (Sakartassen ~~., 1983). ln 

heparinized blood, platelets inlSially adhere randomly to glass tubes 

coated with type 1 collagen in a manner similar to that on art1ficlal 

surfaces (Adams et.!!.., 1983) but in ,the former case have been reported to 

adhere preferentially along the collagen fibrils (Sakariassen ~ !!!.., 

1983). Although platelet adheslon to collagen ia virtua11y instnntaneous, 

a 15 - 30 s lag precedes aggregation) eveo under optimal conditions 

(Wilner ~~., 1969). After severa1 minutes, 8cattered aggregates are 

/1 -

" 

..1' 
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separated by areaa devoid of platelets. In the collagen-coated tubes of 

Adams et al. (1983), most aggregates had an elliptical base that grew --
predomlnllntly downstream parallel to the direction of flow but also with 

some growth occurring tranSVef'se to the direction of flow. No 

embol1zation was observed at G - 160 s-1 white both the width and iength 
w 

of aggregates incre~8ed iinearly with time with the arrivai rate of 

platelets the rate limiting step. The release of ADP induced by collagen 

~ 

was probably sufficient to induce downstream aggregation after the failure 

of the initial contact upatream to establish stable bond formation. This 

aiso produced a migration of the center of the mass downstream. 

Type 1 collagen should actùally be considered a pseudo-artificial 

surface. Although collagen is a major component of the subendothelium, 

the basement membrane is composed mostly of type IV collagen (Miller, 

1984) whlcl) is structurally and biochemically distinct from type 1 (Timpl 

~.!!.., 1981; Schuppan ~.!!.., 1980). The subendothel!um also contains 

several other glycoproteins such as .elastin, laminin (Terranova !S al., 

1980), and fibronectin (Jaffe, 1978; Yamada, 1978), and glycosamlnoglycans 

such as heparan sulfate and hyaluronic acid that are not present on a 

collagelt coated tube. 

J~aumgartner and coworkers have syst~matically investigated the 

effect pf' shear rate on platelet adhesion and aggregation on exposed 

subendothelium. Everted rabbit abdominal-aortae completely denuded of ---endothel1\11l .!..!!. ~ by balloon catheter formed the inner core of an 

annular perfusion chamber through which blood flowed at controlled rates 

-
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(Baumgartner, 1973). This group considered platelets in contact wlth, 

and/or spread upon, the subendothelium as p'atelet adhesion, and throlnbu8 

growth as platelet aggregation. For citrated human blood (cWB) nt 

G < 650 8- 1 , increasing the shear rate increased the rate of adheslon but w 

for G > 800 s-l, the rate of adhesion was Inde pendent of shear rate 
w 

(Turltto!:.!. aL, 1980). Thrombus growth was negligible below G .. 200 s-1 
w 

but beyond this shear rate, the rate and extent of thrombuR growth 

. 
increased wlth Increasing shear rate up ta G • 10,000 s-l, Thrombus 

w -

growth reached a maximum within 5 -, 10 min but was transient and only a , 

mono layer of platelets covering the entire surface remalned after 40 mln. 

\ 

ln native blood (nWB) at physiological [Ca 2+J, thrombus sLze waR 

much larger than ln cWB and increased over the raqge 650 c; Gw <; 3300 9- 1 

(Baurngartner !!. al. t 1980; Turitto ~.!!..., 19BO). After 2 - 3 ln ln 

perfusion, the thrombl in nWB a1so extended'wji!ll into the 3lll\ular space 

above the subendothelium and were irregularly shaped w1th large 

overhanglng projections ln contrast to the- smaller more str,ealRllned 

thrombl in cWB. Numerous wbe were observed to adhere ln nWJ~ but never ln 

cWB. Fibrln covered 30% of the subendothelium at Gw • 650 s-l but 

" coverage decreased to 0% at G • 3300 s-1 emphasizing that fLbrln w 

formation, is not important for platelet aggregation at h1gh shenr rates. ,"-
As expected the adhesion and aggregation of platelets from pa,tients 

\ afflicted wlth_ classical hemophiUa w~re the saIRe as that of platelets 

from normal Bubjects 'in both cWB and nWB at aU shear rates (WelM, ~ '!l. 
\ 

1978). These patients had normal levels of fibrinoge~ factor,VIll, von .,. 
Willebrand's factor (FVIII:vWF), and factor VIII antigen but no factor 

b ,_ 

VIII procoagulant activity, i.e., the Inabl1ity to form fibr!n. 



(lU) lntravascular platelet aggregation: Thrombus growth is 

characterlzed by a tirst order rate constant (Begent and Born, 1970). 

lontophoretic application of ADP to smaH venules (40 - 70 ~m) in the 

hamster cheek pouch yielded a maximum growth rate prior to embolization at 

mean blood velocities oP 0.30 - 0.40 mm s-'J., independent of vessel~ize. 

Higher velocities (0.60 - 2.50 mm s-l) produced a decrease in aggregate j 
P, growth rate which eventually level1ed off, while no aggregates formed 

above 3.0 IUIR s'-l •• The combinat ion of short pl~telet-surface interaction 

tlmes and high shear stress may have restrlcted aggregate grow~h, although 

the d llution of ADP at h1gh flow rates may have l1mited the extent of 

plate1et activation. The crucial role of ADP in !!!. vivo aggregatlon Is 

11lulltrated by the lack of thrombi in the absence of ADP. 

The growth rate of thrombi produced withln 10 min at the site of 
t"t,. 
~ 

laser in jury to rabbit ear chamber arteriiY1es of 14 to 32 !-lm dlameter was 
r 

also.first or~er and independe~t of blood velocity over the range 

1 - 6 mm s-1 (Arfors!:E. al. ,1 1976). The maximum thrombus size prior to 

embol1zation \~as also inde pendent of flow rate over the same range. Slnce 

shear rate increâses linearly with flow rate for vessels of a glven 

diameter, the constancy of thrombus size prior to embolization suggests 

additlonal factors control thrombus growth. For example, thrombus 

lifespan may be limlting since the age of each~hrombus at the moment 'of 

emboUzat ion would be the same for a constant rate of growfh. 
1) 

Of the various in vivo techniques developed, aU rely on some 
\:::?-

form of ceU or tissue traUlla to initiate thrombus formation. ADP 

in1tiated thrombus formation on1y in concert with mild endothel1al ceU . 
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damage introduced by the method of 10ntophores1s. Although the source WBa 

../' 
not identified, ADP wes a1so required for thrombus initiation after laser 

in jury to rat mesenteric blood vesse!s (Seiffge snd Kre~er. 1986). Tne 

number of laser leslons required to induce thrombus formation ~~s 

proportional to blood ve10clty in arterioles (2 - 10 mm s-l) but not ln 

venules (1 - 4.5 mm s-1). Since more lesi-ons were always requlred in the 

arterioles, the discrepancy between arterio1es and venules i8 presumably 

due to the higher range of shear rate in the former, although it may be 

that the ADP ls simply dil~ed more at the bigher f10w rates. The 

dilution of ADP may a1so account for the constant rate of thrombus growth 

and maximlUii size ab ove blood flow velocities of ..... 1 mm s-1, de~pite a 

steady ri se in shear rate. In the above etudies, however, the shear rate 

and final ADP concentration could not be precisely determined. Where 

measurements of shear rate have been made, the flme to Initiate p1atelet 

agaregation in injured mouse cerebral mlcrovessels increased with 

increasing wall shear rate over the range 200 "G "1400 8- 1 (Rosenblum w 

and El-Sabban, 1982). 
!<l. 

It still remains, however, that the release of~ 

chemical mediators invoked by tile non-specific tissue ,damage used in this 
/ 

study May be increasing1y diluted as a function of flow rate. lt should be 

noted that such in vivo studies do play a vital role -in the visuaUzation 

of thrombus formation qU611tatlvely ln '~erms of the response to varlous 

stimuli, inhlbitors and cofactors. 

(c) Factors Controlling Piatelet Agsregation on Surfaces 
u 

. 
Ciassicai maSB transport theory has been used to explain platelet 

adhesion and aggregation on surfaces in'terms of the arrivaI rate of , 

platelets and the reaction rates for sdhesion and assregatlon. (Turltto 
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~ al., 1980). Platelets in the bulk of flowing suspensions are b~ught 

into the vicinlty of a reaction site by fluid ~onvection. In the absence 

of rbc, secondary flow or turbulence, cells travel on streamlines parallel 

to the surface and thus cannot reach a fluid-solid interface by convection 

alone. The interaction of platelets with a surface is controlled by 

Brownian diffusion. The sum of the two processes, known as 

convective-diffusive transport, controls the rate of plat~let transport to 

ft unit area of surface, or platelet flux. At low shear rates, the rates 

of adhesion and aggregation are primarily dependent on platelet flux and 

this is called the diffusion-limited case. Mass transport theory predicts 
,; 

a flux of plate1ets to the surface that increases with increasing shear 

rate to the power 0.33. ~hear rates the rate of reaction of 
l 

p1ate1ets with the surface limits the rate of adhesion and this is called 

the reaction-limited case. The adhesion and aggregation reaction of 

p1atelets at the surface is ~odeled by a first order reaction. Different 

reaction rate coefficients wou1d be expected for adhesion and 

aggregation~ 

However, as pointed out by Turitto· (1982) care must be taken in 

not overextending the rosss transport theory when considering platelet 

adhasion and aggregation, partic~arly at high shear rates. Here the 

theory does not take into account the short platelet-surface interaction 

times. the shear-!nduced activation of platelets, high shear stresses 

- , '" preventing stable bond formation, and platelet detachment kinetics. Short 

platèlet-surface tnteraction times~at high shear rates may limlt the rate 
" 

of adheslon for a finite react!on rate. The high platelet flux to the 

surface would counteract this effect producing an adh«sion rate apparently 

) 
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inde pendent .... of shear rate. The effects of short interaction titnes and the 

shear-dependent stability of platelet bon,Je can generally be accounted for 

by a decrease in the reaction rate coefficient with increasing shear rate f 

as indeed found by Turitto ~!l. (1980). The shear-illduc6d 'activation of 

platelets and the re1ease of ADP from aggregated platelets May serve to 

increase the reaction rate coefficient for aggregation compared ta 

adhesion. lt May a1so be that, once formed, the platelet-platelet bond ls 

stronger than the platelet-surface bond and able to withstand hLgh shear 

st"résses. This is evident by the tendency of aggregates ta fortU st 

iInhornogeneit tes on artifica1 surfaces (AVCO Everett Research Lab, 1972), 

to roll up on or peel off of surfaces (Grabowski ~~., 4), llnd to 

embolize comp1etely in vivo rather than fragment at high flow rates 

" 
(Begent and Born, 1970; Arfors ~.!!.., 1976). The relative tH englh of 

the adhesion and aggregation forces would depend on the nature of the 

surface and its ability to activate adherent platelets (Adams and 

Feuerstein, 1980). Finally, the plate1et flux to an aggregate prot rud tn8 

into the vesse1 lumen wou1d be expected to be proportional to the flow 

.... 

rate and to the cross-sectional area of the aggregate. "Therefore, 
, 

aggregate growth rate wou1d not be as Umited by diffusional mechanisms as 

would be adhesion onto a fiat surface by plate lets travelling along , 

streamlines parallel to the surface. 

(i) Platelet transport: In cWB at G < 650 8-1, the rate of adheslon on 
w 

subendothelium was found to increase wlth increaslng shear rate due to the 

increase in platelet flux to the surface~ Plate let fluK was proportionsl 

to the 0.74 power of the shear rate as opposed' to the 0.33 power predlcted 

,by theory (Turitto ~ al., 1980). The enhanced arrivai rate of platelets 
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was most likely due 'to the increased diffusivity of platelets in WB 

(œ GO. 61 ) caused by the rbc. Red.cel~s considerably increase the lateral 

dispersion of plate1ets (Turitto ~ al., 1972) 1eading to increased 

-numbers of plate let collisions with (Goldsmith, 1972), and higher plate1et 

concentrations near (Tange1dér et al., 1982; Tangelder et al., 1985; -- --
Corattiyl and Eckstein, 1986) t the vesse1 wall. Adams and Feuerstein 

(1981) 3190 found that the rate of piate1et accumulation at physiological 

--[Ca~+J at-the entrance of a collagen-coated glass tube was proportional to 

th~ shenr rate raised to the exponent 6.77 for G < 320 s-l. Al _ w 

G
w 

> 800 s-1, the rate of adhesion on subendothe11.um was found to be 

independent of shear rate and was presumed to be limited by a flnite rate 

of reaction of platelets wfth the surface (Turitto ~~., 1980). Between 

Gw • 650 and 800 s-l, there was a transition from predominant1y 

diffuslon-controlled to predominantly reaction-controlled adhesion. 

ln contrast, the aggregation of p1atelets on the above-mentioned 

surfaces was limited only by platelet flux. In cWB the rate of thrombus 

growth on subendothelium increased wlth increasing shear rate up to 

G • 10,000 s-l (Turltto et al., 1980). -The rate and extent of 
w --

aggr~ation was ev en greater in nWB at physiologieal [Ca 2+1 (Baumgartner 
.. -" 

~.!l., 1980).' Thus, surface aggregates can withstand shear stresses that 

induce platelet activation and release, and impede aggregate growth ln 
o 

suspension (Dewitz ~.!!.., 1978). The increase in aggregation at high 

shear rates in the absence of increased adhesion suggests that the 

reactlon--rate coefficient of the former 1s greater. Adhesion in eWB 

appeared to be gxeater than in nWB but this was 11kely due to the 

,scavenging of free platelets by the rapldly growlng thrombi in nWB. The 

~' 
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» 
formation of large aggregates separated by areaa devoid of platelets i8 a 

t 
common feature of aggregation on artificial surfaces'(AVCO Everett 

-

Research Lab., 1972), collagen (Adams and Feuerstein, 1980; Adams ~.!!. .• 

1983), and subendothelitun (Bawngartner ~ al •• 1980). Rapld aggregate 

growth at these foci may deplete the surface plate1et concentration 

suf He lently ta Inhibit thrombus growth at other sites ln the Imlned tate 

vicl01ty. 00 Iess reactive surfaces, such as fibrinogen and flbronectin, 

pIate1et aggregation i8 diminished and adhesion is more diffuse a\1er the ~ 

entire surface (Adams and Feuerstein, 1980). The exponential growth of 

aggregate volume at a constant flow rate .!.!!. vivo (Begent and Born, 1970; 

Arfors ~ al., 1976) refleets the inclrease in platelet flux ta the 

aggregate surface that 19 in proportion to the cross-seetional aren of thé 

aggregate. However, above blood flow velocities of '" 1 mm s-1 in 

a~riOles. thrombus gro"th was inSependent of flo. rat. and llkely, 

11mited by the rate of reaetion of p1atelets (Begent and Born, 1970; 

." Arfors ~ aL, 1976; Seiffge and Kremer, 1986). Stnce the plateLet ~ll1x 

. 
18 proportional to the flow rate, the fraction of platelets partlclpatlng 

in thrombus growth must have decreased with increasing flow rate. This 

may be inteipreted as a decrease ln collision efficiency (as deflned 

belol<l) w1 th Increasing flow rate medlated in part, perhaps, by the 

increased dilution of AOP and a decreased reaction rate coefficient. 

The reaction rate ~oefficient has been found to depend upon 

(Ca2+J which is an •• s.ntio1 cofactor for both ~h'.iO" and aggrogation. 

The coefficients in cW8 whe_re the [Ca2+] is depressed are lowe"c than those 

in nWB (Baumgartner ~ al., 1980; Turitto, ~ al., 1980). This hypothes1a 

was substantlated by increasing the citrate concentration further and 



o 

lowering (Ca2+] even more. Adhesion was inhiblted at G > 650 8- 1 and 
w 

thrombus formation was abol1shed at a11 shear rates. In normal cWB where 

(Ca 2+] .v'SO IJM, the (Ca 2+] 1s silffic1ent to main tain normal adhesion but 

diminis~ed aggregation. Thus, t~e aggregation r~te coefficient is more' 

sensitive to low [Ca 2+] than the adhesion rate coefficient which ~ppears 

to be Independent of [Ca 2+] at low shear rates. 

(ii) Platelet ADP: stnce platelet shape change is generally considered a 

prerequIslte fôr platelet aggregation in suspension~ vitro (Frojmovic 
o 

and Milton, 1982; Milton and Fro'jmovic, 1984), ft 1s assumed that shape 
,Y 

change must precede platelet aggregation on a mural thrombus. A 

concentration of ADP at the thrombus surface Is required that would Induce 

plate1et shape change within the short time available, for a passing 

plate1et to become activated and adhere. The induction of aggregation by 

ADP infusion and its absence without the infusion of ADP both in vivo 

(Be$e.nt And Born, 1970) and in vitro (Gra~owskl ~!!.., 1978), as well as 

" the inhibition of spontaneous aggregation on both glass (McPherson!E.. al., 

1974) and c01lag~n (Tschopp and Baumgartner, 1976) by enzymes that degrade 

ADP, strongly suggest that ADP is the critical agent mediating 

a~gregation. Furthermore, preincubation of platelets with aspirin which 

prevents the pro~taglandin-mediated release of platelet ADP almost 

complete1y inhibits platelet aggregation on subendothelium (Weiss ~.!!.., 

1975) and 'Collagen (Muggli ~.!!..J 1980) but Ilot adhesion. These results 

81so show that p1ate1et activation 1s a prerequlsite for platelet 
.. 

aggregad'on on surfaces, and that in flowing suspensions ADP 

~oncel\trations at surfaces are sufficient to activate newly arriving 

plabelets in time for them to form stable bonds. 
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In the absence of significant shear-induced platelet activation or 

leakage of adenine nuc1eotides from rbc through lytic or su~lyt lc in jury , 

the abtLity of a surface to induce the release of endogenous platelet ADP 

would determine the rate and extent of thrombus growth and hence the 

degree of thrombogenic1ty. At low shear rates, the formation of thrombin 

in native (nonantlcoagulated) blood through the activation of factor XlI 

and the intrinsic coagulation cascade would greatly augment the extent of 

platelet release and, independent.ly, the degree of tt/ombOgenlC i ty through 

fibrln formation. However, h1gh locall~ed ADP concentrations are 

necessary to ~pport aggregate growth at high shear rates due to the rapld. 

convection of platelets away froID the thrombus surface • 

. 
Adams and Feuerstein (1981) have shown that the surface 

concentration of ADP produced by porcine platelets aggregat lng on 

collagen-coated glass tubes Is st least sufUcient to induce shape change. 

Calculations show that the conci.' ration of ADP ranged froID 0.6 I.1M at 

G
w 

= 80 s-1 ta 1.8 jJ.M at G
w 

'" 32 s-1 a~- the surface, but decreased 

dramatically with increasing di tance from the surface. The higher ADP 

concentration at higher shear rates was caused by a higher rate of 

accumulation 0 f platelets. At aIL shear rates platel,et accumul at lon W8S 

observed to decrease exponential1y from tube entrance to exit (Adams' and 

Feuerstein, 1980). lt was a1so found that the percent relense of AOP by 

platelets increased with increasing distance downstream 80 that the 

<' 

surface ADP concentration remained relative!y constant along the length of 
c 

the tube. The depletion of platelet8 near the wall due ta lnit lal. 

aggregati9n at the tube entrance May ha,ve accoounted for the reducéd 

aggregation downstream while the synerglstic action of released AOP 
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convected downstream and the relea8e Induced by collagen could have been' 

responsib1e for increased platelet release downstream. 

The maximum surface shear rate in this work was below the level at 

which Grabowskl !!. al. (1978) observed a decrease ln the rate of 

aggregation at the same [ADP). Grabowski et al. attr!buted the dec rease 

in-.gregatlon at miEromolal ADP to an increase in the dilution of ADP at 

high flow rates. Even though at millimolal ADP the surface [ADP] also 

decreased wlth increasing shear rate, it remained sufflciently 

suprathreshold so as not to limit the aggregation reaction. Thus, at the 

threahold range of [ADP) for shape change, aggregation and release in 

suspension, the rate of reaction is limited by the degree of plate let 

activation. This ia reflected in a rate of aggregation that is 

reaction-limited at lower shear rates. Grabowski and coworkers calculated 
• 

a reaction time of only 0.2 s, in keeping with estimates of the reactlon 

time for ADP-induced aggregation in vivo from Begent and Born's data 

(Graboliski and Leonard, 1973; Richardson, 1973). The reaction times seem 

reasonable for ADP-induced aggregation dnce Gear (1984) has detected 

shape change within 0.5 s exposure to ADP or thrombine Th us , as the shear 

rate increasea and the interactlon time decreases, the rate of aggregation 

is severely 1imited by a finite reaction rate at low [ADP]. At h1gh 

[ADP], the reaction rate coefficient is so high that the rate of 

aggregatton la still diffusion-limit;"ed at G - 1000 a- 1• 
w 

(lii) Interaction time: Born (1980) has argued that the interaction time 

of plate lets wl th the wall 9-f a severed arteriole could be as short as 

10 ms. This la not l1kely to inhiblt 'adheslon dnce Adams and Feueratein 

r 
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, 
(1980) have demonstrate4 stable adhesion on collagen after interaction 

times of less than 33 ms, but these reaetion times are more thon an ord~r 

of magnitude shorter than those measured for platelet shape change. Slnce 

platelets aggregate without delay, one must postulate a faster shape 

change than can be measured presently. longer interaction times, or II 

mechanism of aggregation that is inde pendent of prior plate let dctlvatlon. 

Gear (1984) has shawn that the rate of shape c~ange i9 greatly accelerated 

by the synergistic action of adrenalin. The synerglstlc act lon of other 

plate let agonists such as serotonin and thromboxane A2 that are released 

from plate lets in concert with ADP should also support a mueh fRster rate 

of plate let activation and a shorter reaction time. In the same severcd 

arteriole mentioned above, a sudden increase in blood flow velocity 

through the open end ean result in wall shear stresses up to 

't = 104 N m- 2 , particularly if the ve~sel lumen 18 reduced by the 
w 

encroaching platelet plug. As discussed previously, such shear el resses 

are capable of indudng platelet activation and release ln PRP ln less 

than one millisecond. Th us , the synergism of chemlcal and mechanical 

stimulation could be Buffident to activate platelets rapidly enough ta 

promote aggregation. In Buch cases the reaction rate coefficient would be 

~ 

very high. An increase in the radial velocity component of platelets 

caused by the motion pf rbe may also incresse the interactlon time. 

Fibrinogen is required for ADP- or collagen-induced platelet . 
~ aggregation in suspension. yet washed platelets aggregate on 

collagen-coated surfaces without added fibrinoge,!l (Adams and ~euer8tein, 

1980). In one patient with congenital afibrinogenemia wlth normal levels 

of factor VIII and vWF, adhesion onto subendothel1um was normal ln nWB and 
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al1ght 1y greater in eWB (Weiss ~~., 1978). Surprisingly, thrombus 

formation ln nWB was normal up to G - 3300 s-1 but strongly inhibited in 
w 

eWR lIt G '" 1300 w 
-1 s • It is likely that flbrinogen is released From the 

a-granules of adl),erent platelets but fibrinogen-independent mechanisms of 

aggregat ion have been proposed. If these meehanisms do not require the 
1 

mutual expo8ure of otherwlse latent adheslve membrane reeeptors, sueh as 

CP llb,llla for fibrlnogen binding, on single platelets and aggregates, 

t hen aggregation eould be induced through changes in only the membrane of 

the adlH'rent or aggregated platelets that permit binding of un.lctivated 

platelelq. 

(d) Pathologieal Consequences of Free-Flowing Platelet 

Aggregates 

At high shear stresses direct platp.let activation and/or damage in 

the bulk 0 f sheared suspens~ons dominates the l'rocess of shear-induced 

aggregat ion. 
/' 

This May be true of devices in whieh a uniform shear fiel<ll 

Is generated but one would expect the shear-indueed activation of 

plate lets in suspension in eylindrica1 vesse1s to be greatest near the 

wall where the shear stress is maximal. Average wall shear stresses in 

the intact microcireulation Ct < 4 N m- 2 ; Lipowsky and Zweifach, 1977) are 
" 

below the threshold for plate1et aetivat.1on, regardless of exposure t ime. 

This is in agreement with the relative absence of thrombotic processes 

origlnating in the mierovascu1ature (Turitto, 1982). Plate1ets are 

exposed to shear stresses that may be as high as 100 N m- 2 at the surface 
J 

of normal cardiac valves but for on1y 1 - 10 ms (Roschke and Harrison, 

1977), which is below the thresho1d for activation. Peak shear st resses 

in the aorta ~~d the coronary artery during systole have been estimated to 
\ 
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range from L5 to 35 N m- l (Ling ~!!l., 1968; Atabek et aL., 1975; Denson 

~~., 1980) but the duration of this level of shear would not be 

sufficient to activate platelets. In diseased arteries, however, where 

the vessel lumen is reduced, sueh as eaused by the intimal th.1ckening of 

atherosclerosis, thè fLuid shear stress through this region Increnses ln 

proportLon to the cube of the reductlon in vessel dlameter, for Il C()llstant 

rate of flow (May ~~., 1963; Young~.!.!.., 1975). ln a multlply 

stenosed corol'\;;/I artery that Is ~50% occluded, the maximum shear st reSB 

at the apex of the stenotic plaque has been estimated to ext'eed 

"C = 40 N m- 2 (Baek ~~., L977). Even though this shear I:Itress ls 

sufficient to remove endothel1al cells from the vessel wall (Fry, 1968), 

it i8 cOllsidered insufficient to induce platelet activation due tn the 

shorl partiele transit times past this surface (Born, 1980; lIellumH Ilnd 

Hardwick,1981). However, if only a few plate1ets are activated and these 
, 

cells are subsequentl~ trapped within a zone of recireulatLon immedlately 

downstream of the stenosls (Karioo and Goldsmith, 1979a) then loeaLized 

aggregation may be promoted. In general, in areas of flow scparatio.n sueh 

as oecur at mural stenoses, bifurcations, or in the carot id slnu'i, there 

is a region of high shear st ress and short exposure time in close 

proximity to one or more zones of recireu,lation where relatively low ahear 

stresses but long partiele residence times exist (Turitto, 1982; Goldsmith 

and Karino, 1979). In man y cases these regions are eonneetcd by fluld 

streamLLnes (Yu and Goldsmith, 1973; Karino and Motomiya, 1984; K6Jlno, 

1986) so that cells actlvated by high shear stress can be subsequently 

delayed for one or more orbits ln a zone of low shear stress but wlth 

sufficiently high collision frequeAcy to promote aggregation. Sinee all 

vortices studied to date in the human circulation st physiologics1 flow 
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rates are open (Karino, 1986), aoy aggregates fonned would be eventually 

shed dow'Ostream. Free-flowing aggregates have been experimentally 

produceci and shed from a zone of recircu1ation in an ~ vivo flow deviee 

(Morlon ~ al., 1975) ... Thus, diseases that increase the shear-induced 

aet Ivat 10n of platelets sueh as through vessel narrowing may enhance the 

format 10n of free-flowing platelet aggregates. 

An increase in the fraction of complete1y degranulated p1atelets 

ln the perlpheral b100d of patients following coronary bypass surgery 

indleates that activated platelets do c1reulate (van Oost ~~., 1983). 

The reported circulation of platelet aggregates in patients predisp?sed to 

1 
chronlc thromboembolic disease (Wu and Hoak, 1974), however, has been 

attrlbuted to an srtifact of the isolation of the cells (Kohanna ~ al., 

L98/,). The absence of cireulating aggregates is not suprising since t~ley 

wou1d have been expeeted to be fUtered out by the first microcirculatory 
c 

bed encountered. In the case of the sudden onset of an acute vasëular 

c rt'ais, the origin of occlusive aggregates should be immed iately upst ream 

of the microc1rculatory bed concerned. Indeed the visual disturbances 

experienced by patients suffering tran,sient ,1schemic attacks has been 

attributed to plate1et emboli trave1ling thr,ough the retinal vessels 
\ 

(Gu011tng ~.!!.., 1964; Pickering, 1968). Platelet aggregates 

Imtermit tent1y shed from upatream carotid artery vortices May well be the 

" source 0 f these emboU. 

It ahould be mentioned that plate1et emboli shed from mural 

thrombi located preferentially in, or imme,diate~l downstream of, zones of 

redrculation (Rarino and Goldsmith, 1979b; Mitchell and Schwartz, 1963; 
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Packham ~~., 1967) could also contribute to free-flowlng aggrugl\tes. 

o However, the cause of the platelet adhesion, whether-medlated by 

shear-act ivation or vessel wall alteration remaina to be establlshed. 

Certainly, in thermajority of cases of acute myocardial infarctlon, the 

• rupture of 3 pre-existing stenotic atherosclerotic plaque precedes 

subsequent coronary artery occlusive thrombosis, involving predominntely 

platelets (Falk, 1983). The extent of occlusion is high1y dependent on 

the degree of pre-exisiting vessel narrowing. 8e10w 70r. nnrrowi ng, plaque -rupture rarely precipitates complete occlusion. The avid adheslotl of 

platelets to th,e ruptured plaque is enhanced by a high rate of del1very of 

cells, whlle high shear stresses across the surface of the plaque may be 

sufflcient ta activate passing platelets. The size of reclrculat lon zones 

immediately downstream of the rupture may determine the extent of ensuing , 

thrombosis through a combinat ion of relative stasis allowing fibrin 

formation and trapping of platelets promoting aggregation • 

. 
The obv!Ous importance of free flowing platelet aggregfttes, 

independent of pre-existing mural throm~i, la demons,trated by thelr 
, 

effects on t.'he cerebral ~nd myocardial circulation, and on the ci.rcu1ation 

through various mlcrociruÙltory'beds. ù ln the absence of slgn!flcnnt 

cerebrovascular disease, tranaient Ischemie attacks may be induced by 

cl" 
hyperresponslve platelets (Al-Mefty!!. al., 1979). lt 18 known that 

plate let emboli resu1ting from cardio-pùlmonary bypass are responsible for 

significant neuropathologleal damage (Hill et. aL, 1969). ln the case of . --
fatal myocardial infarction in the absence of detectable upstrea~ 

atherosclerotic les~~>ns or mu~al thro,bI, the fraction of subjeets 
. 

o displaying intravascular platelet aggregatlon ln the coron8ry<~lrculatlon 
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Bt autopay (Jorgensen, 1967) is simUar to that of Pigrn which 

umyocardo1a1 1nfarction was 'lnduced up to 2 hours after intra-coronary ADP 

injection (Jorgensen et al., 1967). The absence of such aggregates in al1 
, --
subject8 examined may reflect the transient nature of these aggregates 

which are not stabillzed by fibrin and are easi1y disrupted, but which may 

survive long enough to cause ischemia and ultimately infarction. 

The high shear st resses (. > 103 N m- 2) over the surface of 

prosthet lc cardiac valves at exposure times between 1 - 10 ms (Roschke 

~ .!!.., 1975) are capable of damaging platelets, and perhaps even IqOl'e so, 

red celtR. A major comp11catio.n of extracorporeal circulation is end 

organ dysfunction caused by platelet embo1L ln a simulation of 

-
extracorporea1 circulation uslng native canine b100d exposed to 

polyurethane, a zone of recircu1ation was p1aced downstream of the initial 

blood-surface contact (Morton ~.!l. J 1975). The combinat ion of p1atelet 
, 

surface interaction causing ADP release and the activation of coagulation 

factors producing thrombin was sufficient to activate platelets and induce 

aggregtlt ton in, and repeated embol1zation from, the zone of recircu1ation •. 

Cond Lt Lons which lead to red cell trauma and the re1ease of intracellu1ar 

AOP from, red cells (Harrison and Mitchell, 196b; Chambliss ~!!l. J 1950) 

ave becn purported'to induce ~late1et aggregation, and these aggregates 

ma ' iq lurn he responslble for both primary vessel. wall damage (Mustard 

1977) and ischemia. "The longer exposure times (0.1 - 1 s) to the 

ar stresses in extracorporeal circulatory devices can lead to , 

greater-platelet aggregation and destruction (Addonizl0 ~ al., 1979) in 

add Hion to ~latelet adhesion (Richardson.!!..!!. •• :1976), the degree of 

whlch 18 hi81rfy dependent on vessel geometry as just discussed. 

.' 
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(e) Summary 

Shear stresses below ~ ~ 5 N m~2 do not aetivate platelets ln 
-

suspension. Higher shear stresses can induce pIatelet activation and 

release culminating aggregation, the extent and stabllity of which depends 

on the magnitude of the shear field and the time of exposure to it. A 

g~aded response from âggregation through to 1Y8is occurs within 10 8 

exposure to ahear stresses between 5 and 60 N m-2 • Lower shear stresses 

are sufficient to produce similar effects after longer exposure times. At 

equivalent shear rates, rhc increase aggregate size, presumably through 

the ability to increaae platelet diffuslvlty. The relesse of ADP from 
\ 

\ 

injured rbc also appears to greatly enhance aggregation but the relat ive 

contributions of mechanica~ ~orces and chemical stimulation are'not clesr. 

The shear-induced activation of platelets in suspension cao lead'to 

free-flowing platelet aggregates in certain pathologieal conditions. 110w 

disturbances in vascular prostheses and extracorporeal circulatory devices 

in concert with surface a~tivation may also promote the formation of 

free-flowing aggregates. 

--Aggregation on surfaces Is controlled by the diffusional proces8es 

which determine the transport of platelets to a growing nid us of 

aggregatlon primarily through the shear-dependent mixing motion of red 

cell~. The abillty of a surface to Induee platelet activation and relesse 

controIs the rate of reactlon between incoming p1atelets and the site of 

aggregation. The combination of very high shear stresses and potent 
, > 

chemical activation produce large reaction r$te coefficients whlch do not 

appear tu I1m1t aggregation. ~~be~dothe~1~ 18 higbly thrombogenlc and, 

even in the absence of f1brin stabilization, surface ~ggregates can 
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, 
withstap~.very high shear stress, at least transient1y. 

""*-

t 
Platelet aggregation in suspension at physio10gica1 shear rates 

below those sufficient to induce activation (G < 2000 s-l), would be 

.controlled by similar mechanisms through the frequency and efficiency of 

collisions between activated platelets. As will be discussed below, 

collision frequency is primarUy determined by shear rate, and collision 

efficiency by fluid mechanica1 forces and p1atelet-p1atelet interaction 

times ln relation to the·degree of agonist-induced p1atelet activation. 

'\ COLLISION FREQUENCY AND EFFICIENCY 

1. Theory 

A two-body collision theo~y has been developed for neutral rigid 

spheres in shear f1.ow (Smo1uchowski, 1917; Goldsmith and Mason, 1967) and 

extended to interactLon~ between charged colloidaI size particles by van 

de Ven and Mason (1977) usipg an analysis of the particle traject~ry (van 

de Ven and Mason, 1976a,b; Arp and Mason, 19]}), and the DLVO theory of 

coUoid stabiUty (Derjaguin and Landau, 1941; Verwey' and OverlJeelt, 1948). 

- . 
__ ln dilute suspensions, particle velocity 18 equa1 to the undJ.sturbed nuid 

ve10city provided the partic1e is smal1 in relation to the ,dimensions of . ~ 
__ the f10w channel (Treve1yan and Mason, 1951; Goldsmith and Mason, 1962). 

Collisions between partic1es travelling on adjacent fluid streamlines at 

different velocities (Fig. 1) resu1t in the formation of doublets, some of 

,which are transient and separate after collision, whi1e others are 

permanent (Takamura et ~1., 1979, 1981a,b; van de Ven, 1982). The binary -- . 
collision frequency between unequal-sized rigid spheres in simple shear ., 

17 
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Figure 1: Two-Body Collision in Poiseuille rlow 

Schemàtic in the median plane showing a collision between two 
.-' 

rigid spheres travelling at different velocities through a tube of radius 

Rand separated by a radial distancé ( one sphere dlameter between sphere 
a 

'cl!nters. The faster moving sphere nearer the tube center (unshaded) 

approaches and colildes with a slower moving sphere near the tube wall 

(shaded). The slower sphere ta shawn travelling in the direct Ion opposite 

ta the .faster sphere because the collision has been drawn with the axial 

velocity of the center of the collision doublet at radial poslt 10n R fixed 

relative ta the observer. This Is equlvalent to moving the tube upward . 
wlth a veloclty equal to but ln a direction opposite to the fluU veloc1ty 

at R, generating the. parabol1c veloc1ty profile 8S shown • .. 
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flow ta glven by (Hanley and Hason, 1955): 

[IJ 

where j 12 18 the number of collisions experienced by a single sphere of 

radius b 1 with spheres of radius b2 and number concentration N2• For 
-' , 

monodisperse suspensions Eq. [1J reduceé to (Smoluchowski, 1917; Manley .. 
and Mason, 1952): 

[2 ) 

where-j is the two-body collision frequency for spheres of 'radius band 

(concentration N. Here, collisiona'are defined as the rectilinear approach 

of sphere cent ers to with1n a distance of ( 2b. 
-' 

Eq. [2] has been shown to apply in Poiseuille flow at soy given 

radial position, R, in 8 tube of radius, Ro' where the shear rate is given 

by: 

4Q 
G(R) • - R " 

dit 
o 

[3 J 

and Q la the volume flow rate. The effect of unequal particle flux due to 
"" 

an unsymme~rical lOl~iSion'cros~ section caused by the curvature of the 

tube, 8S well as t~e nonlinear veloc1ty profile, can be neglected 

providing b/R «l (Goldsmith and. Mason, 1964). The toul number of 
o ~ 

two-body collisions per unit volume of suspension for equal-sized sph~re8 

can then be expressed as: 

J • l Nj • 4..~N , [4 ] 

• 1 

.. 
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., 
where ~ ie the volume fraction of suspended partlcles. Because o~ the 

nonuniform shear field, the mean tubè shear rate, G • 2Q/nR3, 18 used. 
o 

The factor of t ls Inc1uded because every collision involves two 

particles. 

Equatio~ [2) was origlnally derived by Smoluchowski in order to 

describe the kinetics of aggregating dispersions; however, lt ~pplles only 

to _two-body collisions between equal-sized spher~s and relies on purely 

geometrical arguments which neglect the influence of both interpartic1e 

and fluid mechanica1 forces. It a1so assumes that a11 collisions resul t 

< in permanent doublet formation without subsequent break-up. Ine 1u810n of . 

the orthokinetic collision or capture efficiency, ao• jc/ j , in Eq. (2), 

where je.is the capture frequency, aecounts for the influence 0 f both 

intetaction and hydrodynamic forces on particle capture (van de Ven and 

Mason, 1977). If a - 1 then j .. j and every collision resu1te ln o· c ç 

capt~re; however, in the absence of attractive forces permanent capture ia 

impo~sible (Brenner, 1961), although orbital pairs can exist (van de Vin, 

1982). , The addition of a a1so relaxes the requlrement of rectllinear o 

approach Binee, theoretically, apheres can be captured frOID distances 

between sphere centers > 2b (a + œ). o ,- , 
./"11 

Assuming no aggregate break-up and neglecting the formation of 

higher order aggregates, the kinetics of aggregation are first order with . 
respect to the total particle concentration, N (Swift and ,Fl'ledlander, 

CD 

1964) : 

\ . dN 4~a GN 
œ 0 CD -- -_ .... ',.;;;,-.-

dt " 
• [5 J 

.. 
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Integration of Eq. [4 J ylelds: 

N (t) 
CD 

-tn N (0) • -
"" 
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[6 J 

where N (0) and N (t) are the total particle concentr~tions at Ume 0. and 
<J> <XI 

t, respectlvely. The total particle concentration decays exponentially 
. . 

and a plot of ~n N (t) vs t should give a straight line, the slope of 
"" 

which yields a. Thus, measurement of the total particle concentration 
o c 

over the early stages of aggt'egation provides a value "for --,110. 

2. Model particles 
29 

The collision efficiency of various colloidal dispersions has becn 

measured over a range of suspension shear rate. Swift and Friedlander 

(1964) sheared 0.9 IJ.m diameter polystyren,e latex partic\es suspeoded ln 

concentrated electrolyte over the range l - 80 s-1 using a cylindrical 
~I 

Couette. They verified that the kinetics of shear-controlled aggregation , 

are first arder with respect ta the total particle concentration. Based 

on the incorrect assumption of -additivity of the independent collision 

rates due to Brownian motion and shear (van de Ven, (982), Swift an~~ 

Frle,dlallder mea8u~ed a combined collision eff1c1en~y (0.364) simllar to 

that of Brownian motion alone (0.375), and independe~t of shear rate. 

However,-as demonstrated by van de Ven and Mason (1977), calculation of 

a from Swift and Friedlander's data over the range of shear rate where 
o 

" the influence of Brownian motion can be--neglected (20 < G < 80 s-1), shows 

that the collision efficiency in fact decreases with ~n~reasing shear 

rate. Similarly, Curtis and Hocking (1970) found a to decrease from 
o 

0.552 to 0.318 as shear rate increased from 1, to 112 s-1, respectively, 
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for 2 Ilm diameter polystyrene latex spheres suspended in 0.15 M NaCl and 

sheared in a Couette viscometer. Zeichner and Schowalter (1977) dso 

found a decrease in a with increasing shear rate in Couette flow. o 

Thé measured values of ex in the above studies are like1y maximal o 

for a given shear rate since the high, ~onic strength of the suspensions 

used would minimize double layer repulsive forces acting betwea" 

partlcles. Accordlng to the DLVO theory of colloid stability, doublet 

formation i8 the product of competition between relatively long range van 

der Waals attractive forces and double layer repulsive forces emanat Ing 

from charged particles (Fig. 2). In the presence of sufUcient repulsive 

forces, an energy barrier prevents close contact. Doublets for\ed at 

relatively large separations between surfaces are captured in a wcak 

secondary energy minimum in which the particles can exhlbit Independent 
</ 

rotation and smalt changes in the separation distance during rotation. 

External forces causing collisions of energy sufficient to overcome the 

energy bar,rier form doublets firmly held in a primary energy minimum. 

Subsequent disruption of sueh doublets requlres a much higher force than 

was required to form them due to the depth of this minimum. In the 

absence of double layer repulsion, no energy barder ex1st.s and witll on1y 

van der Waals attractive forcés present t the particles would be mutually 

ln a study of orthokinetic aggregatlon in which both attractive 

and repulsive forces operate, van de Ven and Mason (1977) used a 

theoretlcal analysi,s of particle trajectories during collision' to evaluate 
o 

the boundary of the capture cross section. This ls the l1mft ing 'distance 
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Figure 2: Interaction Energy VS" Separation Distance 

Schematic representation of the interaction energy between two 

charged rigid spheres as a function of the distance of separation of their 
/ 

suri'aces as described by' the DLVO theory. Competition betweeo repulsive 

foJes due ta overlappipg of the electrical double layers of the spheres 

and relatively long range attractive van der Waals forces produces energy 

curves as shawn. The depth of the primary energy minimum 18 governed by 

Born repulsive forces due ta an adsorbed layer of water or counter ions 

(Stern layer) and by van der Waals forces. An energy barrler resista the 

approach of surfaces to a distance at which they could be captured in the o primary energy minimum. At larger separation distances there Is a sma11er 

eecondary minimum. 
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between sphere centers beyond which particle 'capture does not 'occut' and 

which provides an estimate of a. Van de Ven and Mason's calculations 
o 

showed (l to depend princlpally upon' shear rate, surface potential, 
o 

Hamaker constant, ionie strength and particle size. When only attractive 

interaction forces operate between colliding particles, (l deereascs with 
~ 0 

increasing shear rate. For 2 ~m diameter polystyrene latex 8phere~ in 

aqueous suspensions of high ionie strength, (l decre9ses frotO O. ')6 to 0.10 
o 

over the range of shear rate from l ta 9000 s-1, respect 1vely. Il WIlS 

also shown that, under these condit 10ns, the eapt ure frequency i s actual Ly 

1 
0.82 

proport iona to Gand not G. 

In the presence of double layer repulsive forces, the calculated 

a follows a complex relatlonship wlth increasing shear rate due to a 
o 

transition frOID partlcles captured in a secondary energy minimum to those 

captured in a prlmary energy minimum. Depending on the height of the 
., 

energy barder resL1 tlng primary doublet formatIon, a suddenly' decreascs o 

at a given critical shear rate whlch prevents secondary doublet formation. 

Much hlgher shear rates are required for the format ion of pr1mnry 

doublets, at which point a increases but subsequently decreascs 3'J the 
o 

shear rate is fut'ther Increased. Van de Ven and Mason (1977) al qO 

verified these predictions experimentally ustng the above mentioned 

spheres ln 10-3 M KG!. At the ~1tlcal shear rate of 16 8- 1, ao dropped 
2 

from 0.4S to 0 and increased transiently at G • 24 8-1, but decreased 

thereafter. 

3. Platelet-rich Plasma 

Polystyrene latex spheres the size of bumsn pla~elet8 8uspended t" 
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a medium of the ionic strength of plasma serve as a model for two-body 

Interact Ions between platelets. Platelet-rich plasma at a volume fraction 
\ 

of ~ O. Ji. Is sufficiently dilute so as not to l1mit applicabil1ty of the 

two-body collision theory; however, the treatment of either unactivated ~r 

actlvated p1ate1ets as rigid spheres is at best a rough approximation. 

Although rigid, unactivated platelets are better characterized as oblate 

spheroids of axis ratio 0.36 (Frojmovic ~ al., 1976). Upon activati6n, 

the platelets undergo a morphologieal transformation to become roughly 

spheriea1 and extend numerous pseudopods, depending on the degree of 

activation and the time of exposure to a given agonist (Frojmovic and 

Milton, 1982). Thus, no single shape adequately de~cribes the wide 

specl rum of shape availab1e to the platelet; however, the. select ion of a 

sphere has an obvious theoretical advantage and is more appropriate for 
i 

the aet ivated cells which are of most interest here. lt should be noted 

that the presence of pseudopods woald l1kely increase the effective 

collision cross section of a sphere of size equivalent ta that of a 

platelet exclud ing pseudopods. lndeed, Brownlan mot ion-eontrolled 

\ 

collision efficie'ocies greater than 1.0 have been found for humall 

p1atelets exposed to l !lM ADP (Frojmovic and Longmire, 1986). Such high 

collision effi,ciencies can be expla'ined by considering the diffusional 

interactions between cells with 2 or 3 pseudopods of length from 2 - 3 !lm 

(van de Ven, personal communication). 

The DLVO theory of colloid stability has been successful in 

describing interactions between charged latex spheresj however, it is 

unable to predlct the observed interactions between blood cells in plasma 

and physiological salt solutldns. The measured electrophoretic mobility 

) 
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of human platelets in isotonie saline at pH 7.4 was found to be ~ 0.9 

~m s-1 V- 1 cm-l, corresponding to Il net negative charge den9tty of not' 

~ 
less théln 2900 esu cm- 2 (Seaman, 1967, Se aman and Brooks, 1970). A.t the 

high ionie strength of plasma""or saline, the DLVO theory predicts that 

electrical double layer repulsion would extend only ~ l ntn from the 

surface of a platelet. This double layer thiekness would al Low the cells 
(1 

to approaeh close enough for the longer range van der Waals forces to 

capture them in the secondary energy minimum. A caleulatlon uslnf~ il modeL 

of a lipid bilayer coated with eharged mucoprotein, when appLied ta 

platelets or red eells, shows that there is a secondary minimum wlth an 

interact lqn potential ~ 100 kT IJ.m- 2 at a distance 5 - 8 nlO frolO the 

surface, more than enough ta hold cells together (Parsègian and GlngeLL, 

1972). Yet, in the absence of fibrinogen cross-l1nking, nelther plate1els 

nor red cells &ggregate in physiologieal salt solutions at normal pli. The 

failure of colfojd stability theory to describe interactions between blood 

cells appears to be due mainly to the existence of the glycocalyx wh teh 

extends up to 5 nm into the medium and prevents the eells from tonning 

aggregates (Parsegian and Gingell, 1972; Lerche, 1982). Only under 

nonphysiological eondit ions, Bueh as Low pH or low ion lc strength, has 

aggrE'gat lon between blood eells in 'saI ine been observed (Parseg lan and 

"-. 
Gingell, 1973; Lerch,e, 1982). 

The aggregation of platelets ia unlike that of inert apheres in .. 
that lt involvea an active, time-dependent exp08ure of 'specifie receptor 

sites for binding fibrinogen monomers, which in turn cross-U.nk the 

'platelels in a manner analogous to p~lymer bridg-ing (Takamura ..!:!. al., 

1981b) .. Th us , the inter play betweèn van der Waals attraction and double 

-, ) 

... 
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layer repulsion is Ukely secondary to high affinity receptor-l1gand 

interact lons and is only of signif1cance during the earUest and latest 

stages of plate let activation when the magnitude of the receptor-mediated 

proceas la 1imiting. In l1ght of this 1ast consideration, valuea of a 
o 

are likely to be time-dependent and vary in proportion to agonist 
.0 

st rength. Since the two-body collision theory la st rlct1y applicable only 

to the early stages of the aggregation of dllute, monodlsperse 

suspensions, any such measurements of a in PRP should coincide wi th the o 
• 

period of maximum platelet activation. 

( 
Chang and Robertson (1976) used changés in the turbidity of 

suspensions of rabbit platelets after exposure to 10 IJl'l ADP at 25°C to 

caiculate a Brownian motion collision efficiency, 0.301, which remained 
.... 

constant ovet a 1>eriod of 10 min and was similar.to that determined by 

direct microscopie enumeration, 0.368 •• They'" also calculated the collision 

efficlency due to Brownian motion and shear together and obtained a value 

that was constant 4t 0.25. It is interesting that they assumed additivity 

of collision rates due to Brownian motion and shear, as did Swift and 

Fried1ander (1964), and found the collision effficiency to be inde pendent 

of shear rate over a simUar range, 10 ( G ( 75 s-l. It should be noted 

that all measurements of collision efflci~ncy were preceded by both a 10 s 

premixing period and sabsequently, at leaat 30 s of increased suspension 

turbidlty attributed to shap~ change. Thereafter the collision efficiency 

remai'tled constant for up to 10 min, the maximum time tested. This is 

surprising considering that not only ls platelet deactivation usually 

çvident within this time but significant multiplet formation would be 

e~ted at the ADP concentration used and this would Interfere with 

", 
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measurements of a • 
o 

Bell ~~. (1984) mea.sured a for human platelets undergolng 
o ~ 

Poiseul ~le flow after exposure to l !lM ADP at 22 Oc by microscopie 

en the double concentration. Although a decreased from 
o 

0.140 to o.on between mean ADP exposure times of 74 and 175 s at 

G = 5.6 s-l, the' fraction of multiplets containing ;> 3 plate\tets lncrellscd 

from 6 to LU over the same periode Since tlle incorporatton of doublets 

lnto hlgher order multiplets would reduce the doublet cancentrat 10n, and 

hence art i fic1ally lower 0: , it was important to measure a ovér short, 
o 0 ~ 

but equlvalent, reaction times. With the flow-through system emp1oyed, 

4:hls was difficul t at high shear rates; however. for renct Ion t tlnea 

< 30 s, a decreased from 0.27 to 0.04 as the shear rate wae increased 
o 

from 7.9 to 54 s-1 (Bell and Goldsmith, 1984). 

Aggregate growth was also found ta follow the kinetics predlcted 

by Smulochowski (1917) wherein tltere ls a continuous rlsc and fall Ln the 

concentration of ;'ggregates of successively increasing size, and li tandem 

decrease in the sIngle and total particle concentratIon. As much us 60r. 

of the pta~elets had aggregated wlthin one minute and it Is likely that 

the extent of aggregation would increase further wlth longer exposure 

times. 

The problem of the tlme-dependency of a W8S specifically 
o 

addressed by Belval and Hellums (1986) who used a sophistlcated Iterat ive 

procedure to continuously model the shape of the evolvlng pàrt ie le volume 

distribution of an aggregating platelet suspension. Values of a wece 
, 0 

1 

1 
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systematically adjusted to generate the best fit curve to the 

experimentally determined distribution. An additional variable was a1so 

included to account for the~gregate void volume. Smoluchowski's theory 

treats a11 new1y formed ~rtic1es as spheres that are the product ~f the 

coalescence of two smaller co11iding spheres, thus neglecting the 

influence of unoccupied spaces between rlgid spheres on the resu1tant . 
partic1e collision cross section. For activated platelets, which are not 

smooth spheres, this effect wou1d be exacerbated (Born and Hume, 1967) .• 

The large average void volume fraction of 0.75 that gave the best fit 

indicates that Most of an aggregate is empty space and/or of irfegu1ar, 

shape (Belval and He11\_, 1986). 

In the absence of exogenous agonist, the collision efficiency 

sveraged over the f~rst 60 s for heparinized PRP sheared in a cone and 

plate viscometer was 0 for G < 2000 s-l, in keeping with the lack of ~ 

shear-induced platelet aggregation at this level of shear. Higher shear 

rates produced a rise in ŒO up to a l1laxim~ of 1.3 x 10- 3 at G - 5000 s-l, 

which subse9.,uent1y decreased to 0.7 )( 10-,3 at G - 10,QOO s-l. Within 10 8 

st G - 5000 s-l, a reached a maximum of 2.3 x 10-3 but decreased to 10-3 
o 

over the next 50 s. 

The rise in Œ over the range 2000 < G ( 5000 "s-1 can be accounted o 

" for by an i~creasing level of platelet activation mediated through the 
... .' 

shear-dependent relesse of platelet-derived agonists discussed earlier. 

However, beyond a maximum state of platelet activation, further incresse8 

in shear rate (G • 10,000 s-1) would on1y result i~ a higher fraction of 

inefficient collisions. -1>espite the lower coll1s~on effièiency t the \ 
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extent of aggregatlon observed at G • 10.000 s-1 was greatest. At th!s 

shear rate, the high collision rate can support an apprec'iable ràte' of 

aggregation, as fou~d by Bell and Goldsmith (1984) at much lower shear 

rates fo r ADP-induced aggregation. lt ls unlikely that aggregate 

dispersal or platelet fragmentation would be significant at the short 
~ 

exposure times to this levei of shear. 

The decrease in a beyond 10 s exposure to the shear fleld may o 

represent platelet deactlvatlon. the effects of whlch wouid be ènhanced at 

hlgh shear stresses. lt la. also 'possible that the collision effic iency ia 

not independent of particie size as assumed in the analysis of Be Ival and 
\ 

i 
Hellums (1986). Unequal-sized particles do not readily approach one 

another to within-distances over which coiioidai forces are 'appreciable 

(van de Ven, 1982). Consequently a is smaller for interactions between 
o 

unequal-sized particies and this would be of importance at hlgh levels of 
\ , 

aggregation., However, in the presence of abaorbed polymera, aggregation 

rates for equal- and unequai-sized particies are comparable sinee polymer 

bridging can act over the minimum distance of approach between 
1 

unequal-sized particies. In such cases. aggregates of equal-s,ized 

particles are more readily dls per[:ed -than those of unequâl-sized partlc1es 

by shear stresses that are capable of disruptlng polymoer bonds. Since 

.) 

f~brinogen cross-l!nking between activated piatelets is anaiogous to 

polymer brldging. it is possible that a la indeed independent of pa~tlcie 
, 0 

\ 
size at shear rates below those capable of breaking the 

fibrinogen-j>latelet bond. 

\ 
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4. Summary 

None of the l1mitlng 8ssumptlons of the two-body collision theot'y 

outllned above la inordinately strained by application of this theoty to 

platelet aggregation. The aggregation of platelets Is sufficiently 
c 

d ifferent from that of model particles, however, to require additiorial 

~ u 

explànat ton for the deviat 100 from the inverse relationship between 

'r ". , 
collision efficieocy and shear rate that is predicted when attractIve 

forces dominate. 

low ( G <; 54 s-1) 
4 

'The induction of aggregatio.n is comp\etelY different at 

and high (G > 2000 s-1) shear rates S~ied thus far'. • 

At low concentrations of ADP, a decreases rapidly with small increases in 

~ ° 
ahear rate, yet !ts value remains above zero. This i8 important at high 

shear stresses, aince extremely smalI collision efficiencies are 

sufficient to'support a high rate of aggregation due to the high collision 
f" 

frequency. It also suggests the presence of a h!gh shear-resistant, 

platelet-platelet bond that persists through shear rates that inhib!t the 

formation of weaker bonds. The following experiments were, therefore, 
t} , 

designed ta examine platelet collision efficiency in the transition range, 

55 ( G <; 2000 8-1 , as a means of verifying such a mechanism. At these . . 
shear rates, a can be satisfactorily determined in Poiseuille' flow using o , 

Eq. (6 J provided an exogenous agonist is present and measurements ar..e 

confined to the early stages of aggregation. Changes in a wlth ADP 
o 

exposure time require techniques which do not rely strictly on collisions 

bet7eqU~1-Sized ~atticles, such as the population balance method of 

Belval and Hellums (1986). lP 
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RA'f~ONALE 

It has long been known that ADP Is one of the principal medlators 

of plate let aggregation ln stirred suspensions. Studies ~ vitro, 

~ vivo, and ln ~ have also shown that ADP ls crucial to aggregation in 

flowlng blood. Mueh is known of the effects of hlgh shear stress on 

plate!ets, particularly its abillty to activate platelets and indllce 

aggregation and release. However, much of the work at lower shec'lr rates 

has not dealt speeifically with the physiologieal range of shear, llnd have 

been concentrated in rotational viscometers where surface area-to- volume 

ratios are high. Th.e..!!!. vivo work has remained comparatively qualltatlve 

ln that ADP c'oncentrations and/or shear rates were not prec1sely known. 

Thu~, the present work is an investigation of the effect of shear rate on 

ADP-lnduced platelet aggregation over the full physiologiea! range. An 

in vitro system was designed that allowed precise control over the [AOP J 

and the shear rate. A cylindrical vessel was also chosen t'? more closcly 

mimle in vivo conditions. Within this range of shear rate, the effeets of 

shear rate, [ADP], [Ca2+], and rhe are fully investlgated and interpreted 

ln terms of exlsting collision theory. 

\ 
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ABSTRACT 1 

A double infusion flow system and particle s1zing technique were , 

developed to study the -effect of time and shear rate on ADP-induced 

plate let aggregation in Poiseuille flow. Citrated platelet-rich plasma, 

PRP, and 2 pM ADP we re eimul taneously infused into a 40 I_d. cyl1nd rical 
1 

1 

mbi'ng chamber at a fixed flow ratio PRP:ADP lm 9: 1. After rapid mixing by , 

a rotat ing magnetlc st irbar, the plate1et suspension 't>wed through 1.19 

or 0.76 mm ,i.d. polyethylene tubing for mean transit times, t, from 0.1 to 

86 s, over a range of mean tube .she~rate, G, from '39.3 to 940 

Known volumes of suspension were col~ted into 0.5% buffered 

-1 s • 

glutaraldehyde, and aIl particl.es in the volume range 1 to 10!> j1n 3 were 

counted and sized using a Coulter ZM partie le eounter and logarithmic 

f 

amplifier in conjunction with a multichannel pulse-height analyzer. The 

decrease in the single platelet concentration served as an overall index. 

of nggregatlon and the decrêase in the total particle concentrj.tton was 

used to cnlculate the collision capture efficiency dudng the early stages 

o.f nggregation. 
\ 

Aggregate growth was followed by changes in the volume 

fraction of partic1es of successively increasing size. Preliminary 

results demonstrate that both collision efficiency and particle volume 

fraction reveal important aspecte of the aggregation procese not indicated 

IY changes ln -the eingle platelet concentration alone. 
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NOMENCLATURE 

Sphere radius 

Maximum ~bsolute difference between F-(xk) a~d 

G(xk) over all classes, k - i 'r 

, 

Maximum value of 0 beyond whiéh 

normally dist ributed, p < 0.05 

\ 
f«x i > U~not 

( 

Translati~nal diffusion coefficient 

f 

Sum of squared error 

Measured platelet and aggregate log-volume 

histogrsm; minus background 

Maximum cla8~ content of f(x i ) 

Normalized cumulative measured platelet and 

aggregate log-volume histogram; ~inus background 
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INTRODUCTION 

This work constitutes the second phase of an investigation into 

the effect of shear rate on the ADP-induced aggregation of human platelets 

in Poiseuille flow. ln the first phase, ADP was infused into a flowing 

suspension of platelets through a micropipette tip located concentrically 

within the entrance of a 100 ~ diameter flow tube. The aggregation 

reaction was followed under a microscope at various distances do~nstream 
, 

and recorded on cine film (Bell, 1983; Bell ~.!!l., 1984; Bell and 

Goldsmith, 1984). At 1 J.1M ADP, both the rate a~d final extent of 

aggregation in citrated platelet-rich plasma, PRP, were found to increase 

over the range of Mean tube shear rate from 2 - 54 s-l. This technique 

permitted direct visualization of the aggregatioh resction; however, the 
\. 

microscopic dimensions and constraints on the diffusion of ADP restricted 

• 
its use to relatively short reaction times ~nd low shear rates. The 

present technique c!rcumvents the diffusion problem and extends the 

prevlous work to longer reaction times and higher shear rates. ADP and 

PRP are simu1taneous1y infused into a common mixing chamber and, after a 

b~lef mixing period, flow through various lengths of polyethylene tubing 

into 0.5% glutaraldehyde. The effects of shear rate and transit time on 

platelet 'aggregation are followed through an analysl,s .. of the volume 

distribution of single platelets and aggregates from l - 10 5 ~3. __ The 

present flow system a1so permits the use of higher molecular Wéight 

plate1et agQnists such as thrombin and collagen, and can be readi1y 

adapted for use with whole blood. 

A re81sti~e partlcle co~nter and logar~thmic amplifier are used in 
~ 

conjunction with_ a mu1tichannel pulse height-ana1yzer to genera~~ 

.. 
" r 
~.' 
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continuous distributions of single platelet 'a~d ,~88r\8a'h l~g-vol\1me.· A 

logarithmic expansion Increases the dynamlc wor~n8.tan8e of the partiele 

counter and provides the large range of volume over which a8~regatj'sl~e ' 

Is measured. ft., logarithmic scale la also convenlent for platelet ~Zlng 

since numerous studies have demonstrated that piatelet size 19 
, .). 

log-normally dIst ributed (Bahr and Zeitler 1 1965; von Behrens, 1972; Î 
J 

Paulus, 1975) • 

.. 

Plate1et aggregation has been traditionally measured through the 

-decrease in the optica1 density of stirred suspensions of platelèts 

aggregàting in response to an exogenous agonist (Born, 1962). Ef(0:~t::8 to 

, " relate the concentration and size of aggregates to the optlcai density of 

the, suspensions have shown that relatlvely small changes in BUSP~ion ' 

turbidity at early exposure times are acéompanied by large decreases in , 

the concentration of single plat-elets (Born and Hume, 1967), but that > 

large decreases in turbidity Iater in time at high ADP concentrations are 

not necessarily associated with the further aggregation of single 

platele~tfs (Gear and Lambrecht, 1981). Nichois and 809mann (1979) 

the distribution of aggregate slz-e and found that the relationshlp bet 
. .--/ 

particle concentratjron and optical -density was nonlinear, and that n the 
c 

pre~ence of disaggr,egation the point of minimum opticai dens! .. 
correlate with the point of maximum aggregate size. Chang an 

) 
(1976) used an elaborate light scattering theory to' ,follow the klnetlce ,of 

.aggregate' growth ln response to ADP at shear rates Iess thon 75 g-1 :611 8 

cylindrical Couette, but found the light scattering phenomena to be 

dominated by single platelets, even after extensive aggregation. Gear 

(1982) used a reslstive particle countet ta meas~re the ADP-lnduced 

decrease ln the concentration of single plate1ets ln flow theaugh tubes et 

- :0> 
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lIIean shear rates le88 than 2200 8-1, 

, 
r 

\' 
.1: , 

• \ r .. 

but ;,d..1d not 

• ,1 

-deal with the effect of 
J' 

shear ra~ on the kinetics .of aggrega~e! ,~rowth. Aggregate size .. --L 
distributions have been generated for s~~ar-in~uced platelet aggregation' '! 

1 ~ __ 

in cone and plate viscometers (> 3~0 s-\+), <.Belval ~ al. 1984; Belval' 
, " 

and HeU ..... , 1986) whera 1t vaa ob;e~'io(l, that, a1~le platelet. ~atlll ~.-
the IJlOst numerous particles at advance4 stages of aggregatioh. In the 

lower PhYS;OlOgtcal range of shear rate « 2000 s-l; Whitmore, 1968; ~ 
\ 

Chien, 1975; Turitto and Baumgartner, 1982) of the present experiments, 1t 

ls shown that aggregate g~owth 18 highly dependent on ~hear rate, and that 

changes in the concentration of slngle platelets do not adequately reflect 

changes ln aggregate growth. Suspensions such as PRP readily lend 

themselves ta the application of two-body ~ollision theory that can 

'-

further characterize the effect of shear rate on agdnist-induced platelet 

aggregation in Poiseuille flow. ... 

J 

In this chapter, 'the flow system and particle counting and sizing 

procedure are introduce~. A representative donor is used to illustrate 

the time course of ADP-induced aggregation over a range of mean tube shear 

':JfI r~te from 39.3 - 940 s-1 through changes in the number concentration and 

volume of si,ngle platelets and aggregates. The fraction of collisions 
t 

that result in the formation of stable aggregates, or the collision 

efficiency, Is determined from changes in the total partlcle concentration, 
t.," 

accordlng to c1assica1 two-body collision theory (Smoluchowski, 1917; • 

Hanley and Hason, 1952). 1 ;--
~ 

Subsequent chapters use the technique described 

herein ta study the effects of shear rate, donor sex and red blood cells .. 
on the Ume course of ADP-lnduced platelet aggregatio~-in suspensions 

flowing through tubes. 

/-

, 

.( . . 

.... _--------------------~ .. _~.~_.- , -;' 
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MATERIALS AND METHODS 

1. Platelet-Riclv Plasma and Resgents 
/ . 

Venous blood was slowly drawn from healthy volunteèrs via a 19 

gauge, needle and winged infusion set into 30 m,plastic Syring~\s 

contalning 1/10 volume, 3.S%,r0dium citrate. AlI donors had refralned 

from aspirin ingistion for at least 10 days prior ta blood withdrawal and 

no female donors were taking oral contraceptives. After mlxing by gently 

inverting the syringe, th~ blood was tra~sferred ta polycarbonate tubes 

and kept under a mixture of 95% air and 5% c6 2 'to \,reserve pH 7.4. AH 

subsequent plate1et suspensions were maintained under this gas mlxt ure. 
\.. 

-.l 
The blood was incubated at 3.7°c for 30 min, centrifuged at room 

temperature at 100g for 20 min, and the supe~natant PRP containing from 3 

ta 5 x 10!> cella Ilr 1 transferred to a 60 ml plastic luerlok syringe. Th.e 

suspension was diluted to 3.30 x 10 5 cells Il.t- 1 with platelet-poor plasma, 

PPP, which was obtained by cent rifuging the remaining b'lood at 2000g for 

1 20 m1.11. 

Frozen al~uots of .2.0 mM adenoslne-5 '-dlphosphate, ADP, (Sigma, 

St. Loüis, MO) were th.awed immediately prior to use and diluted ln 

modified Tyrodes solution (137 mM NaCl, 2.7 mM KCl, 11.9 mM NaIlC0 3, 0.36 

mM NaH 2P0/t.H 20) at pH 7.4. Electron microscope grade glutaraldehyde (J. 8. 

EM Serviées, Pointe Claire-Dorval, QC) Wàs diluted to 0!5% (v/v) in Isoton 

II (Coulter Electronics, Hi ale ah , FL). One per cent (v/v) silicone 

,Silic~ad, Clay Adams, Pars1ppany, NJ) was used ta sil1con1ze the m1xing 

chamber prior to experiments. 

, . 

Î 

i 
f 
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Honodlsperse polystyrene latex spheres of 2.02, 5.00, 9.82 and 
~ / 

20.54 ~m dlameter (Coult~r Electronlcs) were used to calibrate the 

particle slzing equipment. 

2. Flow System and Mlxlng Chamber 

, 
AIL experiments were done at 23 ± 1°C. Platelet-rich plasma and 

ADP we~e simultaneously infused into a common m~xing chamber (Fig. la) by 

Independent syringe pumps (Models 957 and'903, respectively, Harvard 
... . 

Apparatus, Millis, MA) at a fixed flow ratio, PRP:ADP a 9:1 (Fig. lb). 

Tn~ infusion pumps responded linearly over the range of flow rates used to ... 
1 r 

, - within _±~.l% and ± 0.4% for the ADP and PRP f1o~ rates, respectively. 

For flow rates )' 81 ~.t s-1 it was necessary to use custom-made syringe 
,À 

pumpa wlth motors of higher torque, reproducible to ± 1.1% and ± 2.6% for 
.r .J ~ 

the ADP and PRP pumps, respectively. 

The mixing chamber was constructed by placing a polyethylene-

- -
coated magnetic stirbar (4 mm long, 1 mm diameter) within a cylindrical 

section of polyethylene tubing (6 mm i.d., 9.5 mm a.d., 1.5 mm height), 

and scaling both between two glass sUdes. Platelet-rich plasma and ADP 

entered the chamber through five of six alternately located (3 PRP, 2 ADP) .\ 

18 gauge stainless steel tubes (20 mm long) ~paced eq~idistant around the 

circumference of ,the mixing chamber. The rapidly mi~ed platelet 
.' .. 

suspension exited via ,the r:emainlng stain1ess steel tube and flowed 

through 1.19 or 0.76 mm (iod.) polyethylene tubing (Clay Adams, 

Parslppany, NJ) up to 15.25 m ~Qn8. Known volumes of the eluted pla~e1e~ 
. ( 

su~pension were ~~llected int~ 0.5% is~tonic glutaraldehyde to give an 

- 20)( dilution of the plasma. . ... 

l' 

The exâct volume of the effluent was then 

';t0-- --------~ 

• l 

\ 
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~!.~P 
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• 

( 
( b) 

1 

teflon 'T' -connector 

\ 
tellon 'X'·connector 

/ rapld . 
platelet ADP H }~ Inluslon pump mlxlng .,. 

Infusion pump chamber 

stalnless steel tuôe- "'ï=O s 
-

~ 

\ polyèlhylene lube- . 
. ~ 

1 , 
-

_ X
3 ADPand PAP_ 1- J 

i- -J" -t=-:;;-
effluent , U 

. -f-O.5% gJutaralde~de 

- '-' 

Figure 1: Flow ~yst~m and~Mixing Chamber 

Platelet-rich plasma and ADP were simultaneously infused lnto 8 
, 0 ( • 

common mixing chamber '{Fig. la) by independent syringe pumps (Fig. lb). 
), . 

After rapid mixing, the platelet suspension con~8in~ 0.2 ~ ADP and 3.0 

x,105 cells ~l-l flowed through p~lyethylene tubes up ~ 15.25 m long. 

Known volumes of effluent were co~lected into 0.5%'glutaraldehyde. 
)' 

• 1 

. 
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" 
determlncd by welght. SUS pensions of fixed cells were maintaineq at 

... 
~. , 

temperature"!lth constant epd-over-end rotation to prevent particle 
tr 

sedimentation until the concentrations were me~sured ( .. 2 days). 

room 

Mean transit times of the platelet suspension through the flow 

tube, t - X3 /Ü, where X3 is the distance down the flow tube and U 1s the 

mean lLnear fluid veloc1ty, ranged from < 0.1 to 86 s, depending on the 
c-

volume flow rate, Q, and tubé radius., R • 
o 

-r 

Volume flow rates" of the plate let suspension through the flow tube -were preset from 13 to 104 Il.t s-1 (1.19 mm" Ld.) and from 

(0.76 mm 'Ld.), and assumlng Poiseuille flow, resulted ln 

54 ta 8t' III s-1 

mean ~e shear 

rates, G· 2Q/nR3, from 39.3 to 94q s-l, inclusive. 
o 

-.,--

Tube Reynolds numbers, Re - 2R Üp / Tl, where p and Tl are the 
~ 0 J 

suspendlng phase denslt~pnd viscosity, 1.02 g m1- 1 and 1.8 mPa s, 

respectively for human plasma at 2"2°C, were < 80, thus en~uring lamLnar 

flow over the range of. flow rates tested. 

Tubes > 1 Dl,.',long were coUed vertically to prevent partic1e 

sedimentation within the flow tube. For:\1 flow rates °tested, the va"tue 

of Re ..' (R Ir), where r i8 the radius of curvature of the colled tube 
o 

(400 mm), wë!s below the"crltical value of lot at which secondary flow 

becomes slgnificant (Schlichting, 1968) • 

t 

• 

\ 
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3. Particle Concentration and Size Measurement 

4 
The number and size of single plat~lets and aggreg8tes were 

• .. 

determined using an electronic partlcle counter (Fig. 2; Coulter ZM). 

Voltage pulses corresponding to particle vo1wne derived froID the Coûlter 

ZM pre~ampl1fier were amplified 1ogarithm,ically (Cou1ter Logarithmic Range 

Expander) and then co11ated into a hlstogram of the logarlthm of partlcle ~ 

• 
g a lod channel, pu1se-height ana1yzer (Coulter ChanneL~~er 

ClODO). 

volume 1 to 102 ~m3, corresponding to equtvalent 

\ 
diameter from 1.24 ~o 5.76 !-lm, were meosured uBtng a 50 Ilm dlameter 

o \ 

x 60 !lm 1ength aperture (1.5 mA, attenuation 16, base channel threshold 

10, window wldth 100, negative po1arity, edit off). Partlcles of volù!ne 
~ . 

102 to 105 !-lm 3 , corresponding to equivalent sphere diameter from 5.76 to 

57.6 !-lm, were measured using a 100 ~m diamet~r x 120 ~length aperture 
.. 

(0.15 mA, attenuation 8, base channel thresho1d 20, window width 100, 

?oegative polarity, edit off). 

The suspensionà of fixed cells were diluted in Isoton 11 

electrolyte and counted for 100 s with the stopcock of the mercury 

manometer open and thJ! sample continuous1y withdrawn to give Lotai 

partic1e counts between 15~OO and 20,000, and between 5,000 s!\d 40,000 on 

the 50 x 60 and 100 x 120 !-lm apertures, ~espectively. At a constant 

\"7 pressure differentia1 of ~ 200 tIUIl IIg, the mean volume flo~ rate through 

the 50 x 60 !-lm aperture was Il.3 ± 0.6 ~l ~~l, while on the 100 x 120 l-lM 

• aperture it was 44.8 ± Q. 7 ~l 8- 1• 

10, 
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? " Figure 2: Part iele Coneentrat ion and Size 

Voltage pulses eorresponding to particle volume derived from the 

Coulter ZM were amp1ifled logarithmically, and then collated into a 

log-vnlume hlstogram using a 100 channel pulse-height analyzer. Separate 

hlstograms from 50 x 60 and 100, x 120 !-lm (diameter x length) apertures 

" ...,ere m.ll\uaLly transposed into a microcomputer using a digitizer and joined 

ta fonn Il single, contlnuous histogram from 1-10~ 11m3. lntegr'atlon of the 

composltp hlstogram yielded the relative fraction of partlcles of a given 

volume. 

• 
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The sedimentation velocity, u , of particles during coulltil\g WUB 
S 

estimated using Stokes equation, 

u 
s 

9 
, ( l ) 

where Pl iB the particle density, h, the radius of the eq",ivalellt spherl.' 

and g, the Acceleration due ta gravity. The density of Hxed pl.1te1ets 
~ 

(~ 1.097 g ml- l ) was determined by isopycnic centrifugation in l'ercoLl 

(Pharmacia, Dorval, QC). For the largest particle counted on tilt' ~() )( 6U 

~m aperture (b = 2.88 ~m) suspended in Isoton Il (p - 1.007 g ml-Ii 

11 = 0.95 mPa s), sedimentation during the 100 s count ing t 1me 19 

negllglble (0.17 mm). The largest particle cou ted on the 100 )( 120 I!m 

aperture (b = 28.8 ~m), however, would sediment 17.1 mm ln 100 s. 

'" Therefore, particles measured on thls aperture re kept ln BURIH'1\91on 

during counting by constant mixing. 

4. Log-Volume Histograms 

Permanent tracings (Coulter XY4 Recorder) of the log-volume 

histograms were manually transposed ioto a microcomputer (Hewlett Packard 

86, Kirkladd, QC) using a digitizer (HP 9111A). The upper lLrnlt of lhe 

1ast class the histogram obtainetl using the 50 )( 60 j.1II1 aperture WI1R 

joined ta th lower limit of the first class of the hlstogram obta1ned 

using the 100 )( 120 ~m aperture, to generate a single, continuous 250 

class hlstogram over the range of log-volume from 0 to 5. The mark and 

x 
th i 

the volume of the i class are given by xi m (i-0.5)âx and v(x 1 ) • la , 

respectively, where 6x m 5/250 iB the C1SBS width. The generallzed cluss 

content, n(x
i

), corresponds in turn to either the nwnber of particles 10 

_ 5 
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th 

the 1 class of the measured distribution of platelet and aggrégate 

lbg-volumes, f(x i ), or that of the measured background distribution in 

glutaraldehyde-flxed PPP, y(xi ). The number concentration per hlstogram 

clasR ls glven by N(Xi~ a Sn(xi ), where S is the suspension dilution 

f ac tor. 

The number of particles counte~ between the lower, L = v(x.R.)' and 

upper, U a v(x ), volumes corresponding to the lower, 1, and upper, u, 
u 

hlstogram classes is given by: 

[2 J 

and the number concentration by N
L 

U , 

The volume fraction of particlea between Land 1) ia given by: 

[3] 

where (f>(x1) • N(Xi )v(xi ) is the volume fraction per histogram c1ass. 

5. Curve Fitting and Background Subtraction 

AIL platelet distributions showed a pronounced negative skew in 

the smali volume range due to contaminating background in the 

glutaraIdehyde-Uxed p.lasma suspensions.- Background was proportional to 

the concentration of fixed plasma in the electrolyte/cell suspension, and 

subtractlon from f(x t ) at each mean transit time was facilitated by 

fltting an exponential curve to y(xi ) and a normal curve to f(xi).at 

-
t • 0 s. 

\ 

r _ 
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A normal curve of the fomu 

-(Ki - x)2/2s2 
g(x

i
) = f

m 
e 

, 

(4 ) 

was fitted ta f(x
i
), with f

m 
the maximum clsss content of f(x

i
), and x llnd 

s2 the respective mesn and variance of Xi: 

X'" ------ 15al 

u 
l f(xi)(x

i
- i)2 

s 2 ... ..:i;....=.:;..t::...-.-_____ _ 
ISb J 

The classes 1 and u were selected by inspecting f(x i ) and truncBtlng the 

lower and upper bounds of the single p1atelet distribution to reduce the 

- - ~ 

effect of background and microaggregate contamination, respective1y, on 

botry the initial estimate of x and s, and the fitting of g(x i ) ta [(xi). 

A trial and error iterative proéedure minimized the sum of squared 

errors, 

u 
E'" L [f(x

i
) - g(x i ) J2 . 

i=l 
[6 ) 

Equation (6] was computed using the initial eatlmates of f , x and s which m 

were then successively varied bi Increments proport 1..0 na 1 to the! r 

mag~itude, and E computed again. If E decreased, the newly adjusted 

parameter replaced the previous parameter. ln either case, the Increment 
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was "decreased by a fractional _amount and the procedure repeated unt il the 

increment was < 1% of the initial Increment of each parameter. This was, 

usually the case after 70-80 iteratlons. 

The exponential: 

y'(x) .. 
i 

~~1 ~ 
ae ; 

1 

where cr and ~ are constants, was fitted to the measured background 

[7J 

hlstogram, Y(X i ), over the first fUty classes. Expressing Eq. [7J as: 

al10wed a straight line regresslon of ln y(x
i

) on xi. The class contents 

were we Lghted ln proportlon to y(x
i

) in order to counteract the 

approKimate l/y(xi ) welghting which reaults from uslng ln y(x
1

) instead of 
~ 

y(x1) ln the régression. The weighted leaat squares condition: 

50 ~ 

L y(xi>[ln y(x1 ) - ln a - ~xiJ2 III minlmum, 
1-1 

glve1i;lse to the notmal eq~ations (Kenney and Keeping, 1951): 

50 50 50 
ln a ~ y(x1) + ~ ï xiy(xi ) .. I y(xi)ln y(x

i
), 

1-1 1-1 t-l 

li 50 50 
ln Ct 2 ' x

1
Y(x

1
) + ~ 2 

1-1 i-l 
x 2y(X ) • 

1 1 

50 
~ x

1
y(x

i
)ln y(x

l
), 

1·1 

[9 ] 

(10a] 

[lOb] 

and hence (l and,:3. Slnce the background COURt in ppp was always less than 

that in the autologous PRP, the magnitude of background was adjusted by 
(" 

the factor y - [f(XI> - g('XI)]/Y'(xI ), to glve the same content ln class 1 
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of the resuitant histogram: 

• C ( xi) = f ( xi) - yy t (x i ) , (ll ) 

ri 

as that predicted by g(xi ). A proportionate amount of background was 

.subtracted from the cont!nt of each class of f(x i ) at t • 0 s, and at aIl 
-

subsequent transit times, over the range Xi • 0 to 5 using Eq. [11). The 

-
ùse of Eq. [7] prevented the transfer of random fluctuatiol\R in the clase 

,contents of y(x
t

) due to low particie counts to f-(x i ) after background 

su1ttraction. 

BASIC STATISTICS AND HYPOTHESIS TE,NG 

Assum.1ng a normal distribution of xi' the mean, Il, standard 

deviation, 0, median, Il d' and mode, Il d' of the linear distribution me mo . 

were calculated using (Kenney and Keeping, 1951; Documenta Geigy, 196,2): 

"log Il .. ~ + h 2ln 10, [12a) 

0 2 = ;2(10s2ln 10 - 1), (l2b) 

log Ilmed = x, [12e] 
• 

log Ilmod .. x .... s2 ln 10 • [12d) 

The assumption of log-normality of single p1atelet volume wes 

tested using the Kolmogorov-Smlrnov, K-S, one sample test (Young, 1977). 

The maximum-absdlute difference determined over aIl classes, k - i: 

1 < k < u (13 ) 

between the normalized cumulative log-volume hlstogram,. 

• 
. \ " 
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and the equivalent normalized Causaian denaity function, 

X·X +t6x - 2 2 

J k 1 -(x - x) /2s 
-:-rz- e dx, 

O sr' ~1t x· 

(14) 

(15) 

basad on the sample statistics x and s, was compared to a _sritieal maximum 

dlfference Derit • The histogram class u, eorresponding to the largest 

single platelet log-yolume wal de~ermined by inspection of f-(x
i

). The 

nuU hypothesis, 

(16) 

was rejected at the 5% significance level, and r(x
i

) was not considered 

u 
to be normally distributed, if D ) D it· O.886/,1[L f-(x

i
)] (Lilliefors, 

, cr i-l 

1967). Skewing, 81' ~nd kurtosiS', g2' of CCxi) and their standard errors 

" were determined using standard equations for frequency distributLons 

(Sokal and Rolhf, 1969). The significance of deviation of these sample 

stat'istfès from the parame.tric value of zero was tested using tWQ-tailéd 

St udent' st-tests. The above statistics were also applied to the single 

plate1et region of f(x i ) in which case F(x
t

)- replaced F-(xit}n the K-S 

test. 

.. 

... 

If 
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EXPERIMENTAL ERROR 

1. Re~idenee Time in Mixing Chamber 

The l~ngth of time p1atelets spend in the mixing chamber was 

measured by ~nj~eting a 5 ~~ pulse of concentrated, 

glutaraldehyde-hardened platelets into the chamber through one entry port 

while diluent was pumped through the remaining entry ports nt total 

volumetrie f10w rates corresponding to those used in the experiments. 

Figure 3 shows the fraction of,partic1es recovered from the chamber vs 

time after injection. On1y at the lowest two flow rates, 13 and 26 ~1 

-1 s , was the residence'time substantia1. Above 52 1-11 s-l, SOr. of the 

\ particles had exited by 0.7 s, and 90% by 1.3 s. At the highest flow rate 

'Csted, essentially a11 particles had exited the chamber wlthln l 9 after 

inj~tion-, which was the shortest sampling time feaslble with the current 

technique. 

2. Instrument Calibration 

Over a four decade expansion the volume of the equivalen t sphere 1 

V~, ~n channel number, h, of the pulse-height analyzer ls given by: "'--

V
... (h- h')/25 

h Vh , x 10 , [17J 

where V
h

, is the modal volume of a spherical calibration standard in . 

channel number h'. -The measured modal volume of standard calibration 

spheres was assumed equal to the meao volume calcul~ted from the meAn 

diameter stated by the manufacturer. Sinee the coefficient of variatipn 
\ 

of the sphere volumes 1s Iess than 8% any error ln this assumption 1s , 

slight. The Iower and upper channel limits for the 50 x 60 and the 100 ~ 
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2 6 8 

Figure 3: Residence Time in Mixing Chamber 
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The fraction of" platelets recovered from the'mlxing chamber alter 

injectjon of a 5 ~l pblse of concentrated, glutaraldehyde-hardened 

" platelets at tlme 0 s for flow rates from 13 to 155 ~l 8-1• -
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120 pm aperture wer~9 and 59, and 7 and 82, respectively. 
fi 

The response of the instrWnent at the 8et~ing for the 50 )( 60 ~111 

aperture was tested over the range 1-102 ~3 ueing 2.02 ~m and 5.00 ~m 

diameter spheres and found to be perfectly logarithmic within a 6% error 

Inherent in the assignment of a particle volume to a g1ve~ channel of the 

pulse-height analyzer. Th~ lower limit of the 100 )( 120 pm aperture wns 

matched to the upper limit of the 50 x 60 Ilm aperture using the 5. 00 ~m 

calibration standard. The 100 x 120 ~m aperture was callbrated up to 4540 

11m3 ust_~g 9.82 amt 20.5 ~m spheres. The expansion using thl~ aperture wes 

not perfectly logarithmic, however. Over and above the 6% 8ssignment 

error, the measured modal volumes of the 9.82 and 20.5 Ilm dlameter spheres 

were 6.5% and 8% greater than the respecÜve calculated mesn volumes. The 

-over-estimation of the true particle volume appeared to increase with 

increasing particle size; however, since the instrument calibration wns 

tested el/ery three months and found to remain constant throughout the 

duration of the experiments, ail particles were measured und~r the some 

conditions. 

t 
3. Count Reproducibility and Susp~nsion-Stabl1ity 

Dilute particle suspensions were req~ired to ensure accurate 

volume and concentration m~asurement. Due to the slow responae'time of 

the d.c. restorer of the log range expander, &omplete volume distributions 

of partlcle suspensions were noticeably shlfted to smaller volumes in a 

concentration-dependent manner. Particle concentrations ( 14 ~1-1 and < 4 

~1-1 were required to prevent any volume ~hifts on the 50 x 60 and 

100 x 120 I1m apertures, respectively.· 
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Due to the 

(length/diameter -

larger volume of th~d~-bore apertures 

1.2), particle cOinCidle~e is greater than in the 

equivalent standard apertures. Measurements made on seriaI dilutions of 

stock calibration suspensions were compared to hemacytometer counts." 

Coincldence was < 10% below 20 and 6 particles per ~~ in the 50 x 60 and 

100 x 120 ~m apertures, respectively. This measure of coincidence also 

includes a 2 to 3% count reduction due to the selectivity of the partic1e 

sizlng circuitry of the pulse-height analyzer (Coulter Channelyzer Manual, 
\ . 

1978). The combined count 10ss was uncorrected due to the difficulty in 

determining the contribution of particles of'âifferent sizes to the level 

of coincidence in polydisperse suspensions. This error, as weIL as the 

concentration-dependent shifting of the vol~e distributions, was 

mlnimlzeq by using ~ilute samples and counti~g fDr long periods of time. 

~ 
Table 1 shows particle counts, nL,U' of plat~let suspensions 

collected into 0.5% glutaraldehyde after t a 0.2 and u 43 s exposure to 0.2 

j.LM AUP at Q • 104 j.LJ. s-l. Particles measured on the 50 x 60 j.Lm aperture 

corresponded primarily to single platelets (L - l,oU - 10 2 ~m3) while 

those on the 100 x 120 llI1l aperture were strictly aggregates CL = 102, 

U - 105~~m3). Multiple~particle counts taken on the same sample dilution 

using each aperture were reproducible to ± 2%. 
,1 

A 3% pipetting error 
- \ 

in concert with this random counting error produced a maximum 5% variation 
• 

ln measured particle counts. After four days storage of the fixed 

plate1et suspensions wlth constant mixing, there was no significant change 

in mean particle counts using either'aperture. Thus, there was no 
, 

pârticle aggregation or break-up induced by the fixation and storage 

procedure, a8 8lso shown by Nlchols and Bosma~~ (1979). 
\ 

.<' 

.-
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il r", TABLE 1 

Particle Counts of Fixed Platelet Suspensions 

0.2 s .. 43 s 
TIME AFTER EFFLUENT 1> 

COLLECTION, hr * ) * •• 
1-102 , J.l.Dl3 102-105, p.m3 1-102 , IJ.f 3 102-105 , 1J.Dl3 ~ j 

! . 
:1: ,.. 

3 16823 ± 1. 39% 6526 13158 ± 0.64% 42435 ± 0.29% 

** , 

24 , 16954 ± 2.28% 6528 ± 1.17% 12665 ± 1. 65% 40797 ± 2.12% 
:1: 

98 16505 ± 1.15% 6712 U534 ± 0.79% 432Z0 ± 1.89% 

L-...._-_ .. _.-

\ 
Particle counts (± C.V.) in fixed platelet sùspensions using the~50 x 6~ ~ 

(1 - 102 ~3) "and 100 x 120 ~ (102 105 ~3) aeertures after t ~ 0.2 and 43 s exposure 
l •. 

't 
to 0.2 ~ ADP. Separate but constant suspension dilutions vere used for each aperture. 

Multiple counts were taken on the same suspension up to 98 hr post-fixation. 

* n - 5 ** n ,. 3 :1: n '"" 2 

.. 
, ~ 

T 

o 

1\ 
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COLLISION FREQUENCY AND EFFICIENCY 

'l'he two-body collision frequency ~or rnonodisperse suspensions of 

rlgld splicres in simple shear flow is given by (Smoluchowski, 1917; 

Manley and Mason, 1952': 

-' 
[lB] 

where b ls the sphere radius and N the number concertlration. Collisions .,. 

are defined as fhe rectilinear approach of sphere 'centers "to within a 

distance of (\ 2b and provided b/R cc l, Eq. {lB] has been shown to apply 
o 

in Poiseuille flow (Goldsmith and Mason, 1964). Using the mean tube shear 

rate, G, the total nurnber of two-body collisions per unit volume of 

J la tNj 
41:GN a __ \ 

[19] 

suspension ls then: 

1t . 
where ~ ls the volume fraction of suspended particles. 

Inclusion of the orthokinetic collision capture efficiency, 

a • j /j in Eq. [18] where j is the,~ollision capture frequency, ac~ounts oc. c 

for the influence of both interaction and hydrodynamic forces on partiele 
~ 

capture (van de Ven and M~son, 1977). If a .. l, then j ::II j and every 
o c 

collision results in capture; however, in the absence of attr~ve 

forces permanent capture is impossible (Brénner, 1961). The addition of 

a also relaxes the requirement of r~ctilinear approach since, ~ 
o " '" 

theoretically, spheres can be captured from distance's between sphere, 

• centers > 2:" (a .... ' 00). 
o 

Assumlng no asgregate break-up and neglectlng the formation of 
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cf 

higher order aggregates, the tinetics of aggregation are firat 

respect to the total particle ~oncentration, 
'1 

1964): 

dN 4~ GN 
CD 0 CD --- - • dt 11: 

Integrati0-n of Eq. [20 l yields: 
u 

N (t) 4~ Gt 
.tn --N aJ......,(.."...o""") - - ~ 

aJ 

N (Swift 
CID 

(20) 

{21 ) 

where N (0) - N and N (t) are the total particle concentrations st time 0 
CD CD 

and ~ respectively. Thus, the total pàrtl~le concentration decayB 

exponen~ial~y and a plot of An N..,(t) vs t should give 8 straight l1ne, the 

slope of which yields Œ • o 

In the present work the influence Qf Brownian motion on 

'rgregation can be neglected due to the lar~ervalue of the ~jclet number, 

Pe a Gb 2tO > 1200 where 0t is the translationsl diffusion coefficient for 
t , 

~ 

a single sphere calculated from the Stoke;s-Einstein equation. TbUB" the 

measurement of the total partlcle concentration over the early stages of 

aggregation provides a value for ŒO. 

1 

RESULTS 

1. Single Plàtelet Distribution 

(a) Concentration and stze 

Prior to background subtraction, the slng1e platelet volumea of 
~ 

, . -
unsheared suspensions appeared log-normally dlstributed (Fig. 4, t • 0 .). 

Of a total 278~OOO particles per ~l, > 99% were in the range 1 - 30 ~3, , 

J -

• 
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Figure 4: Log-Volume Histogram 

.- 104 -

The number concentration per hlstogram clsss N(x
i

) plotted against 

the equivalent sphere volume v(xi ) over the range xi ,. 0 - 5 for an 

unsheared control, t • 0 s, and after t - 86 s exposure to 0.2 IlM ADP at 

G - 314 s-1. Arrow at 100 11m3 denotes point at which separat'e histograms 

froln the 50 x 60 and 100 x 120 Ilm apertures were jolned. 
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consisting principally of single platelets. Aside from the presence of 

some eontaminating white blood cells of modal volume .... 170 and 370 lun 3• 

measurements using the 100 x 120 lJ.Ill aperture showed only ..... 0.0&% of 

partie les as aggregates greater than 100 !-lm 3 • 

Shearing the sus(l.ension at G - 314 s-1 in the presence of 0.2 ,lM 

ADP produced a time-dependent loss of single platelets accompanled by the 

format ion of aggregates of successively inereasing size (Fig. 4; t • 86 9). 

Of the 98,000 particles per IJ.~ remaining ,.... 4% had volumes greate r than 

100 1J.Ill3, whi~ more than 90% were in the volume range of single platelet g. 

Thus, extensive aggregation involving aB much aB 2/3 of the oriS Inal 

sfngle cells reduced the fraction of singlets of the total number of 

particles by only Ilf%, and demonstrates the need for employing two 
! 

apertures to count sufficient numbers of both single cells and aggr..egates 

in the same suspension. The accuraey of the sampling technique Is 

evident by the continuity of the log-volume histogram in the region where 

the separate histograms from each aperture were joined (Fig. 4, arrow). 

(b) Curve fitting and background subtraction 

The presence of contaminating background in the smal1 volume 

region of fixed-plasma suspensions interfered with the ~valuatlon of the 

true shape of the distribution of single platelet log-volume (Fig. 4). 

The rel.ative influence of background alao Increased as partlcle 

concentration decreased. Approximately 3% of particles counted as single 

platelets fell in the range 1 - 1.7 f.UD3 at t • 0 s, while at t • 86 s th!s 

region accounted, for 7.5% of the single platelets. Figure Sa shows the 

,'; - - 1 

distribut10n of background l~e autologous ppp of the platelet 

v 

.. 
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Figure 5: Curve Fit ting and Background Subtraction 

(a) Exponential curve, y' (xi)' (broken line) fitted to the 

messurell distr1b!'ticfn of background, y(x
i
), (solid line) in the autologous 

ppp ôf Lhe platelet suspension in Figure 4. 

(b) Normal curve, g{xi ), (broken line) fitted to the single 

plate let log-volume histogram, f(x
i

), (solid line)' Elver the range 

3 - 14 11m3 (vertical arrows). The fitted curve was then extrapolated in 

both directions to encompass the range 1 - 100 Ilm3. The horizontal arrow 

'denotes the frequency in class 1 of g(x ). 

(c) Background was sUbtracte>V'hom each clsss of f(x
t

) over the 

cange 1 --U}~ 11m3 using Y'(X i ) to give the ss~e content in class 1 of the 

newly formed distribution, f-(x
i
), (solid lin~ as that predicted by 

8(xt ). The broken line shows g(x
i

) fitted to f(x
i

) prior to background 

8ubtract!on. 

o 

'-

o 
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l suspenlilon shown in Figure 4. Clearly this distribution is well-matched 

to' a decreasing exponentiai curve. 

Figure Sb shows the normal curve initially fitted to the measured 
• 

log-volume histogram at t • 0 S over the region of the single platelet 

distribution where the influence of background and microâggregate 

contaminat ton courd be safely neglectèd (vertical arrows), and then 

afterwards elCtrapolated to include these regions of overlap. As shown by 

the ordlnate, the background in ppp was Iess than that in PRP. Using the 

elCponential curve, background was subtracted to give the same content in 

class l of the resuitant histogram a~ Ihat predicted by the normal curve 

(horizontal arrow). lt is evident that after ?ackground subtraction a 

normal çurve c10sely fits the distribution of the Iogarithm of single 

platelet volume (Fig Sc). A proportionate amount of background was 

subtracted from the lqg-volume histograms at aIl s~bsequent mean transit 

times. 

The Kolmogorov·Smirnov test strongly supported (p < 0.05) the 

8sswnptlon of log-normality of the distribution of single platelet volume 

and justified use of the fitted normal curve during background subtraction 

(Table 2, left). The presence of background produced a significant 

negatlve skewing (g1 < 0) of the single platelet distribution ~hich became ~ 

significantly positive after - 4% of the total particles were subtracted 

as background. Positive skewing was more pronounced in the case of 

extensive aggregation (Table 2, rig"ht) where, as expected, the . 
distribution of log-volumes was no longer normal. The deviation from 

log-normallty was accompanied by a~ increase in mean and median volumes of 

thia distribution. The mode remalnèd constant, however, indicatlng that 
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TABLE 2 

StatisticsVof the Single Platelet Dis(ribution 

-Statistlc Control, t - 0 s Aggregation. t • 86 s 

f(x i ) r(xi ) f(x
t
) {-(x

t
) 

- 0.78 0.85 x 0.79 0.79 

a 0.27 0.25 0.34 0.29 

a/i, % 34 31 43 34 

gl -0.137 *** 0.068 *** -0.062 *** 0.223 .,.** 
-82 0.225 **'" 0~~O76 -0.072 * O.lLS . .,. 

'D 0.01550 0.00624 .,. 0.03096 0.02622 

D 
crit 

0.00703 0.00718 0.00616 0.00656 

n1 50 15863 15213 20699 18214, 
• 

-
Il 7.2 7.3 8.3 8.9 . 

( a 4.8 4.5 7.6 6.7 

o/~. % 67 62 91 76- -

Ilmed 6.0 6.2 6.2 7.1 

Ilmod 4.1 4.5 3.4 4.5 

Statistics of the single p1ate1et log-volume and volume dislributions 

over ~he range 1-50 11m3 for the data in Figure 4 prior to, f(x t ), and after, 

f-(x i ), background subtraction. Logarithmic data are shown in tbe upper part and 

after the appropriate linear transformation in the lower part for the unsheared 

control,_ t ... 0 s, (left), and after 86 s exposure to O.2,~ ADP at G. 314 8- 1 

(right). Symbols are as described in the text and volumes of the linear statistic8 

are in 11m 3• 

* p < 0.05 

p 

Significant1y different from zero: 

( 

*** p < 0.001, p < 0.002, 
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the removal of - 12% of the particles as background was valid. 

2. Platelet Aggregation 

(a) Single Platelet Concentration 

One ~ndex of the deg~ee of platelet aggregation i8 the 

time-dependent decrease ln the concentration of single cells, NI 30(t) , 
, , 

relat i.ve to the concentration at t - 0 s. Figure 6 shows the ef fect of 

mean tube shear rate on the normalized single platelet concentration. ' A 

noticeable 4 s lag preceded aggregation at aIl G tested. Aggregation then 

proceeded at rates dependent upon ë. At G .. ,940 8- 1 the lag phase was so 

protracted that the initial rate of aggregation was much reduced, as was 

the final extent of aggregation reached at t ~ 86 B. The maximum rate and 

final extent of aggregation occurred at G ,.." 157 s-l. Above and below this 

shear rate, the degree of aggregation was always lower when m~asured by 

'\ t 
the decrease in the single platelet concentration. 

(h) Collision Efficiency 

, Equation [21] shows that the collision efficiency, a , Is 
/ 0 

il 

proportional to the sl2Vf a plot of -J.n[N 1 lOS(t)/N1 105(0)] vs t, 
( , , ---

where N1,10~(t) is the total measured partic!e concentration at ti.me t. 

Such plots are shoWn in Figure 7 for the data in Figure 6, and reveal a 

time- and shear rate-dependency for a in the aggregating suspensions. o 

Actùal measurements of collision efficiency can only be made ove~ the
\ 

region of co[\~t8nt dope after the onset of agg'regation. After the 
1 

initial lag, a remained relatively constant between t-_~ 4 and 43 s, but o _ 

decreased wlth increasing G from (l - 0.105 at G .. 39.3' s-1 to a .. 0.001 
0\0 
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Figure 6.:. Single Platelet Concentration 

~ Tht! norm~l1zed_s1ngle platelet concentration, N1,30(t)!N1,30(0), 

plotted against t for G - 39.3, 157, 314, and 9408-1• 
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Figure 7: Collision Eff;ciencl 

The negative logarithm of the normalized, total particle

concentration, -ln[N1, 10S(t)!Nl, 105(0)], plotted agains.t::t' for each of_the 

four shear rates in Figure 6. The values of a were calcu1ated over the . _, a , 
range t' • 4.3 -ta 43 s at ë < 314 8-1 and the range t - 21 to 43 8 at 

G • 940 s-l using Bq. [21]. 
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Beyond t = 43 s, a appeared to decrea8&at aIl ë below 940 s-l. o . r 

(c) Aggregate Growth-

As shown in Figure 4, the number concentration of aggregatea of 

volume> 100 J.1III3 was so ~w that frequency histograms do not adequately 

reflect the contribution of Buch particles to the total plate let 

concentration. As a reBult, the particle volume ,traction 1er hlstogram 

class, ~(xi)' was plotted againat particle volume, v(xi ), ln Figure 8 for 

the sarne data as in Figure 4 after background was subtracted. The 

relative contribution of large aggregateB to the total volume fraction of 

cells ls read:Hy apparent. Figure 8 shows the formation of dist lnct peaks 

-of aggregates of successively increasing size with increasing t. A 
~ Ir 

t • 

maximum aggregate slze i8 also indicated by the sharp drop in particle 

volume fraction at 104 ~3 at t a 86 s. 

, ' .. 
The volwne fraction of partic1es between lower, L, an~ upper, U, 

volume limits, ~L,U(t), normalized to the total volume fraction of \ 

particles at t • 0 S, 1I>1,105(0), was ~lotted against t )n Figure 9 for 

each of the four shear rates shown in Figure 6. The decrease in the 

volume fraction,of single celle, 1-30 ~m3, paralleled the decrease ln the 

,number concentration of the same particles in Figure 6. At any ~lven mean 

tr~n~lt time the combined volume fraction of aggregates and single cells 

equals the total volume fraction, 1-105 ~3. 

At G • 39.3 s-1 (Fig. 9a), there was a signiflcant tract 10n of 
~ - 1 _ 

particles between 30 and 10 3 ~3 at the eârliest sampllng ttme, t • 2 s, 

and the fraction of single cells.was concom1tantly reduced. Wlth 
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Figure 8: Aggregate GrQwth. 
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/ 

Three-dlmenslonal plot of the volume traction per histogram clsss, 

~(Xl)' 

and 86 

- J.. 
vs particle volume, v(xi ), for the dat~ of Figure 4 at taO, 21 

s after background was subtracted. 
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, 
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• 
Figure 9: Effect of Shear Rate on Aggregate Growth 

The normalized volume fraction of particles between lower, L, and 

upper, U, volume limits, ~L,U(t)/~1,105(O), plotted against t for the data 

of ,Figure 6. The volume limite, L-U, from 1-30, 30-10 2, 10 2-10 3, 10 3-101f, 

104-10 5 , and 1-105 ~3 are shown beaide their respective plots • 
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. -
increasing t, there was a slight increase in the volume fraction of 

particles of volume from 3,-10~3, followed by an increase in the 

fraction of parti~les fromlulf-105 11m3. During this salUe. time pt;riod, the 

volume fraction of single cells dropped from 75% to 25%'of the initial 

total particle volume fraction. 

-
At G .. 157 s-l (Fig. 9b), the formation of aggregatcs of ' 

successively Increasing size wHh increasing t was evident. The sharp, 

drop in the fraction of particles from 1-30 11m3 was accompanied by a 

successive rise and fall in the volume fraction occupied by sma1l 

aggregates, followed by the steady accumulation of aggregates from 

103-10 4 ~m3, and flnally of ag~regate8 from 104-10 5 Ilm 3 beglnnlng at 

t a 43 s. There was a noticeable increase in the total vol~e fraction 

with the appearance of aggregates > 103 1lfiI3. 

The pattern of aggregation at G a 314 s-l~(Flg. 9c)-was Almllar to 

that at ë = 157 g-1; however, prior to the formation of aggregates from 

10 3-10 4 11m 3 , there was an early (t' '" 43 s) rise in the fraction of 

particles of volume 104-105 11m3 to ~ 30% of the total which then decreased 

to only ~ 3% by t III 86 s. This decrease was accompanied by both the 

appearance of smaller aggregates from 103-104 Ilm3 and a further risc ln 

the volume fraction of aggregates from 102-10 3 11m3, although the volume 
• 

fraction of single cells decreased on1y sl1ghtly. Th'ls pattern of 

) -
aggregation is suggestive of aggregate break-up at long t. ThUA, analyses 

of aggregation limited to changes in the single plate let concentration or 

volume fraction do not reveal the chànging pattern of aggregate growth. 

r 

\ 
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The modest decrease ln the single platelet volume fraction at 

G • 940 a- 1 (Fig. 9d) waa accompanied by the formation of only small 

DISCUSSION 

The present work followa directIy from prevloua investigations by 

this Iaboratory into the ADP-induced aggregatlon of human piatelets in 

Poiseuille flow (Bell ~~., 1984; Ben and Goldsmith, 1984). The 

problem of introducing an aggregating agent rapidly and uniformly into a 

suspension of platelets flowing through a tube was solved by placing a 

emall mixing chamber at the tube entrance. Such a flow system permitted 

the analysis of plate let aggregation over a wide range of shear rates at 

both the early and late stages of the reaction. Particle counting and 

• sizing instrumentation were then configured to minimize errors Inherent in 

their operation, and to allow the rapid measurement of the contlnuous 

volume distribution of single platelets and aggregates over the range 

1-105 ~m3. This chapter introduces the technique and, using a 

repreeentatlve donor, demonetrates the pattern of changes in particle 

volume and concentration during platelet aggregation through the analysis 

of the complete log-volume hlstogram. 

1. Single Platelet Volume 

A dual aperture countlng and sizing procedure was necessary to 

minimize sizing artifacts due to h1gh particle-to-aperture diameter 

ratios. The dynamic working range of each aperture was increased by using 

c 
-- "-

a logarithmic amplifier which allowed the continuous meaSurement of 411 
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single platelets and aggregates in the rs:nge of volume Hom l-lO!l 11"'3. A 

loga,rithmic expansion was also chosen because numerous studies have 

established a log-normal 4istribution of platelet size, whether determined 

by diameter, mass or volume (von Behrens, 1972; Bahr and Zeitler, 1965; 

Paulus, 1975). Single platelets and aIl other partlcles from 1-10 2 ~m3 

were measured using a 50 Ilm diameter x 60 I1m length aperture, and 

particles from 102-105 ~m3 werk measured using a 100 f.UD. diameter x 120 j.1m 

length a(1erture. The statistical analysis of the shape of the plate let 

log-volume distributions provided a sensitive'measure of departures from , 

normality, and of the presence of microaggregates. The large var tance in 

single platelet volume and the low number concentration of aggrégates 

precluded the resolution of distinct peaks of microaggregates. From 

inspection of control platelet suspensions where the concentration of 

microaggregates was low, the range 1-30 11m3 was selected to be prtnclpa11y 

single platelets, despite considerable overlap of single platelet and 

microaggregate volume. A more conservative estimate of the single 

platelet volume range, 1-50 11m3, was selected for the statistlca1 analy~s 
J 

of the single platelet volume distribution in order to reduce subjective 

bias in the selection of platelet volume. 

Good agreemen~ was found with the log-normal model for the 
<' 

distribution of single platelet volume. In shear flow, both native and 

fixed unactivated, single platelets behave as rlgid obla~e ell1psolds of 

revolution with a mean axis ratio of 0.36 (Frojmovlc ~ al., 1976). 

Aperture-impedance particle counters such as the Coulter ZM measure the 

volume of l1quid displaced by a particle ln the senstng zone of the 

aperture through an Incrementa! increase ln the reststance of the 
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s~spending electro1yte. lt Is well-known, however, that these instruments 

overestimate the volume of suspended particles by factors dependent on 

particle shape (Grover ~!l., 196\a; Hurley, 1970), orientation ln and 

t rajectory through the aperture (Shank!E..!!., 1969; Akeson and Mel, 

1986), and the ratio of partlcle diametet to aperture diameter (Smythe, 

1961; 1964). Most single platelets are measured in the central core of 

the aperture where the electrlcal field and fluid velocity are uniform, 

and experience little rotation on transit through the aperJ;ure (Grover ~ 

.!l., 19698; Kachel, 1979; Waterman ~.!l., 1975). Thus, the shape factor, , 

whlch i8 the ratio of the voltage pulse height generated by a given 

partic1e to the minimum pulse height generated by a particle of the same 

volume, can be considered constant at 1.2 when the major axis of the 

----platelet is a1igned with the aperture axis (Velik and Gorin, 1940; Grover 

~!!.., 1969a). Since the Cou1ter ZM was calibrated with spheres of shape 

factor 1.5 (Gregg and Steidley, 1965; Grover ~t .!!..., 1969a, 1969b; 

Hurley, 1970), the measured volume of single cells and aggregates were 

those of the equivalent spherical particle. - The measured single platelet 

volume must then be multiplied by 1.5/1.2 to give the absolute single 

platelet volume. The correction factor of 1.25 has been~xperimentally 

verified for the ratio of, the volume of the approximately spherical 

platelets suspended in EDTA to the approximately discoid platelets in 

cltrated plasma, and found to remain re1atively constant after fixation of 

the cells in .glutaraldehyde (Mundschenk ~ al., 1976). In addition, after 

expoBure to 10 ~M ADP, the volume of the more spherical shape-changed 

platelets,was - 25% greater t~an the uncorrected volume of their ~ 

unactlvated more dlscoid counterparts when measured on a Coulter Couhter 

(Holme_~nd Murphy, 1980). Thus, ln the absence of shape change, the 
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absolute mean sIngle p1atel~t volume given in Table 2 after .background 
( 

subtraction la 9.1 ~m3. A stat1stlcal analys1s of the me an platelet volume 

of several donors ls glven ln Chapter III of this thes1s. Slnee aet tvated 

platelets and aggregates can assume a wide array of eomplex shapes having 

separate shape factors, both were treated as the equlvalent spherical 

particle for the analysls of aggregation. No shape factor was necessary 

to determlne the absolute equivalent sphere volume of these particles. 

The shape factor also increases with 1ncreaslng partic1e dlameter 

to aperture dlameter ratIos above 0.2 (Smythe, 1961; 1964). Slnce the 

diameter 'of the 1argest spherical partlc1e nieasured on the 50 x 60 ~lm 

aperture was on1y 12% of the aperture diameter, aH equivalent sphere 

volume~ measured on this aperture we~e absolute within the limitations 

\ 

given above and below. On the 100 x 120 /.lm aperture'l hO,wever t partlcle 

size can reach 58% of the aperture dlameter over the volume range of the 

present experlments. Consequently, the volume of partlcles c> 4000 I!m 3 W8B 
" 

~re8timated. Slnce aIl plate1et suspensions were measured under 

Ide~l conditions, aggregation was satlsfactorily followed through the 

relatIve changes in the concentration of particles of an approxima te 

absolute equivalent sphere volume. 

The eleetrical field on1y reaches a radialiy unlform v~l~e,at 

distances greater than one aperture diemeter into the aperture (Graver !!. 

aL, 1969a). The volume of partic1es trav~l1ng on trajectories near the 

aperture wall where both the electrieal field' and fluld velocity ani 

nonunifo"f1Jr'" is overestimated (Shank et al. t 1969; Thom et al. t 1969; __ __ f~ 

Kachel, 1979). There is no single correction factor for 8uch 

\ 
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measurements; however, the use of deep-bore apertures with length to ','", 

dl~eter ratios of l.t c~nsiderably reduced the .positive skewing of the 

single p1atelet log-volume distribution eaused b~ the overestimated 

partic1e volumes. Indeed, as shown in Table 2, the slight positive 

skew.ing of the single platelet log-volume histogram after background 

subtractlon was insufficient to influence the positive fit of a normal 
\ 

distribution as verified by the Kolmogorov-Smirnov test. This test is 

easy to perform for continuous frequency distributions and Is more 
, 

powerfu1 than the parametriG chi-square test sinee no assumption ls made 
"'"' 

about the distribution of sampling error. The artifactua1 positive 

skewing could be further reduced by using a hydrodynamlc focu8ing device 

to direct the particle stream through the center of the aperture (Splelman 

and Goren, 1968; Kache1!!.!l., 1970). The deep-bore apertures provided 

satisfactory results, however, and were more convenient far processing the 

large _ number of samp1es to be counted and sized in the present 

experimellts. 

2. P late1et Aggregation . 

A ready in~ex of the degree of aggregation is the decrease in the 

concentration of single celle. Analysis of the aggregation of p1ate1ets 

from a representati~e donor revealed a substantial delay before the'onset 

of aggregation at aIl Mean tube shear rates tested and suggested the 
, 

existence of a 1imiting shear rate above which aggregation i8 prevented. 

Although the rate of aggregation was greatest at G ~ 157 s-1., the 

collision'efficiency, a , decreased steadily with increasing mean tube 
o 

~hear rate fro~G • 39.3 to 940-s-1• Intuitively, this can be understood~ 

by reaUdng that the two-body collision fre<\uency predicted by Eq. [l~) (' 
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for G = 157 s-1 was 4)( that at G - 39.3 8- 1• Thus, the dope of the cut've 

at G ". 157 s-1 in Figure 6 shou1d be 4x t1~at st G - 39.3 8-: 1-J" simply to 

maintain the same collision efficiency. The inverse re1ationshlp between 

a and G is in agreement with theory and experiment for suspensions of o 

charged coUoidal partic1es (van de Ven and Mason, 1977). Since the 

theory i5 strictly applicable to collisions between single equal-sized 

spherical particles, and assumes no doublet break-up, it 18 val Id on1y st 

the early stages of platelet aggreg~tion. As a result, the decrease in a 
o 

at long mean transit times may simply be due to a lowered- coillst?n rAte 

from the lower particle concentra'Ùon, despite the greater collision 

cross-section of the larger particles. lndeed, in t~~se where 

aggregation was less extensive, G - 940 s-1, the coÙisio)efficienCy 
\ 

still appeared to be constant at t - 86 s. 

Neither changes in the single platelet concentration nor the 

collision efÏiciency yle1ded information on the pattern of aggregate 

growth. Since the number concentration of aggregates was so low, the 

volume fraction of particles ~as ùsed as an index of aggregate size. 

Volume fraction histograms revealed th&t aggregate size increased in 
" 

di~crete increments,-even for very large-sized aggregates where the 

-potential variation ln size and shape ls great, and that, at any Biven t 

'and C, there, ia a maxi!Bum upper l1mit to partic1e size. More 

8urprisingly, analyses of changea in the concentration of partlcles of 

discrete sizes ahowed that at G • 314 s-1 there waa an initial rapid 

growth of large aggregates that appeared to break up st longer mean 

transit times. This clearly 111ustratos the antagon1ati~effect8 of 

collision rate and f~uld 8hear stress, both of which are dependent on 

, 
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. 
shear rate., The rapid formation of large aggregates is indicative of a 

"snowbaU" effect at high collision rates (Bell and Goldsmith, 1984), and 

the subscquent breavup ,is indicative of platelet deactivation at ... ,long ,$ 

mean transit times. Although break-up is not evident at G .. 157 s-l, the 

collision rate waQ not sufficient ta support the "snowbaU" effect and the 

rapid formation of large aggregates. The large increase in the total 

volume fraction of partlcles accompanying the formation of large 

aggregatcs of volume between 10 3 and 10 5 1Jl1I3 1s l1kely the result of an 

increase in the aggregate void volume (Born and Hume, 1967; Belval and 

Hallume, 1986), and of the artifactual overestimation of the volume of 

large particles discussed previously. The total volume fraction 

J 
subsequently decreased with the formation of aggregates of volume greater 

than the maximum volume measured in the present experiments, 105 J..IlII3.', 

A much higher shear rate, G - 940 s-l, appeared to inhibit 

aggregate formation initially. The continued formation ~f!aggregate~ at 
_ • .1. 
t • 86 s,et this shear rate, however, suggests the presence of more than 

, 

one' type of platelet-platelet bond: an early bond of weak strength and a 

stronger bond that forms later in time. Thus', the critical shear rate for 

\ eith~r the inhibition of aggregation or the initiation of aggregate 

break-up is likely time-dependent. 

3~ Summary 

The present work demonstrates an effective technique for following 

pla~f!!.et aggregation in Poiseuille flow after rapid and uniform exposure 
---~---------

o distribut ion of 

• • known concen'trations of ADP. The entire volume r 
particles between'l and 10 5 ~3 can be analyzed over a 

W' the cells to 

) 
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wide range of shear rate and transit time. Changes in the single plate~et 

conce~tratlon provide. a ready m~asure of the,overall rate and extent of 
~ 

aggregation while changes in the total particle concentration yield values 

of the collision efflciency. A sensitive index of aggregate growtl, 19 

provided by changes in the volume
c 

Jract:ion of particles in suspension. 

Together, at! three approaches provide 'a completè account of the 

aggregation process. 

The following chapters of this thesis constitute a eomprehensive 

study on the ADP-induced aggregation of human plate lets in Poiseuille flow 

covering many donors. The effects of shear rate, transit time, donor sex 

~DP cOAcentration, and red blood célls are followed through the 

mejlsurement of th'e single platelet concentration, the collision ef.ficiency 

and the volume fraction of particles. 

, , 

c , 

\ 
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ABSTRACT 

The effect of shear rate on the ADP-induced aggregation of human 

pLatelets ln Poiseuille fLow was studied using a previously described 

technique for measuring the concentration and volume of single platelets 

and aggregates in p1atelet-rich plasma, PRP (Chapter Il, this thesis) • . 
The rate and extent of aggregation were explained in terms of the effect 

of shear rate on the number of collisions between activated platelets and 
\ 

the LeveL of fluid shear stress. At a low level of platelet sti~ulation 

ln cltrated plasma, changes in the single platelet concentration with time 

and shear rate suggest that more than one type of platelet-pLatelet bond 

medlates platelet aggregation at physiological shear rates. Changes in 

the 9~ngle platelet concentration, however, do not adequately reflect 

changes in the rate of aggregate growth which was generally observed to 

decrease wlth increasing mear tube shear rate from 39.3 to 1800 s-l. Both 

the rate of single plate let aggregation and aggregate growth were always 

greater for female donors than for male donors. This sex difference is 

related to differences in the hematocrit between the two groups. At hlgh 

levels of platelet st imulation, the rate of single platelet aggregation 

was much higher but aggregate size was still limited at high shear rates. 

• 

" 

r 
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INTRODUCTION 

l 

Shear rate Ls the most important physica1 parameter governing 

plate1et aggregation in flowing suspensions. It determines the p1atelet 

collision frequency, the shear and normal stresses which activate single 

cells and break up aggregates, and the interaction t ime of eeU-ceU or 

cell-surface collisions. Since shear rate i8 proportional to fluid 

ve1ocity, these factors eiyt1è.r promote or inhibit hemostat le or thrombotlc 
l " 

mechanisms, depending on flow rate and vessel size. The predilectlon of 

white plate1et thrombi to form in regions of high blood flow velocit Les, 

i.e., in the arterial as opposed to the venous side of the vasculature, 

emphnsizes the need to focus on the effect of shenr rate on plntelet 

aggregat ion in well-d.efined flow. Time-averaged systemlc arter la1 wall 

shear rate in humans ranges from 100 - 1000 s-1 and may exceed 1000 s-1 Ln , 

the capil1arLes, based on a parabolic ve10city profile for who1e blood 

(Whitmorè, 1968; Chien, 1975: Turitto 1982). A higher rate of wall shenr 

would be expected for a b1unted velocity profile (Goldsmith, 1972), but it 

i s unlikely that shear rate exceeds 2000 s-1 in the normal humnn 

vascu1ature (Turitto and Baumgartner, 1982). It has been shown ln vitro 

that shear rates less than 2000 s-1 are insufficient to actlvate plate lets 

direct1y and induce aggregation (Chang and Robertson, 1976; Gear, 1982; 

Yung and Frojmovic, 1982; Bell and Goldsmith, 1984: Belval ~!l., 1984: 

Belval and Hellums, 1986). However, the higher shear rates comlDonly found 

ln extracorporeal flow devlces and vascular prostheses can induce plate let 

aggregatien, release and lysis depending on the magnitude of the fluld 

shear st ress and the time of exposure to the shear field (Brown !!.. .!l., 

.0 1975; Colantuoni et.!!.., 1977; Dewitz~.!!.., 1978; Belval.!!.!!.., 1984: 
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Jen and Mclntire, 1984). 

The importance of the release of platelet-derived platel~t 

agonists, particularly ADP, in sustaining and enhancing shear-induced 

platelet aggregation has led to a number of studies on the effect of flow 

on agonlst-induced platelet aggregat-lon. Since high shJ!ar st resses 
, 

activ-ste platelets and induce release, th~ aggregation of platelets in 

response to exogenous agonists is generally confined to shear ,rates and 

to agonist concentrations that are below the threshold for release. Room 

temperature facilitateR such studies aince platelet release i8 inhibited 

at ambient temperatures below 27°C (Valdorf-Hansen and Zucker, 1971), 

although aggregation in response to ADP is enhanced. Studies of 

agonist-induced plate le t aggregation in latninar flow, however, are 

handicapped by the method of mixing agonist and platelets. Rapid mixing 

ensures uniform exposure of aIl cells to the agonist and allows early 

observation of the aggregation reaction, but usually requires interruption 

of the conditions of flow that are the subject of study. Whlle most 

studies address this issue, the development of well-defined laminar flow 

regtmes has tended to supersede considerations of agonist diffusion and 

exposure time. In addition, Most techniques have relied upon gross 

indices of platelet aggregation~ such as changes in suspension turbidity 

or single plate let concentration, and have not, focused on the kinetics of 

aggregate growth and/or break-up. 

. Despite variability in the ADP concentration and suspension 

temperature used. several studies have shown the aggregation of 

ADP-sttmulated platelets to increase with increasing shear rate over the 

)' ace 
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range from 0 - 2200 8-1• oChang and Robertson (1976) followed the k.inetlc8 

of both Brownian motion- and shear-induced aggregation at 25°C ln a 

cylindrical Cou~tte using measurements of suspension turbidlty. At 10 ~M 

ADP, the rate of aggregation-was shown to increase over the range of shear 

rate from 10 to 75 8- 1 and level off beyond 75 a-l, although ahear rates 

greater thv1n 100 s-1 were not tested. The rate of aggregation increasod 

with increasing ADP concentration, reaching a maximum at 100 ~ ADP; 

however, the early stages of agg['egat ton were lost due to a 10 8 pre-shear 

mixing periode As well, aggregate size and the kinetics of 8ggregate 

growth could not be extractéd from the changes in suspension turbldity 

that were used to ponitor aggregation. Unstable aggregates that formed at 
1 

1. 5 ~ ADP in a parallel plate Couette at shear rates less than 150 8- 1 aL 

37 Oc were" stable at 5 W1 ADP (Yung and Frojmovic, 1982); however, the 
è 

release of endogenous AJ)P at the higher level of platelet st Imulation 

would have increased the effective ADP concentration. Again, a brief 

period of high shear used to mix the AQP and platelets prevented 
~ 

observation of the early stages of the aggregation reaction. 

Th~ complete aggregation reactlon has been ob8erved directly 
! 

using a microscopie double infusion system which allowed the rapld , 

diffusion of ADP t~ughout the bulk of a platelet suspension undergolng 

Poiseuille flow (Bel1~ al. Jf1984; Bell an,d Goldsmith, 1984). ln 

cont,rast to conventional fixed-volume rotat'tonal vlscometers and 

aggregometer cuvettes, such a flow-through system more closely ml1nlC8 ln 

vivo conditions. Even though mixing 18 complete, collisions can occur 

between platelets at different stages of activation due to the non110ear 

veloclty profile. At 1 ~ ADP, at room temperature the rate and flnai 

-
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extent of aggregatlon after a transit tlme of 40 s Increas~~ witC 

4 - 54 s-l. he Increasing,mean tube shear rate, G, over the range 

concentration of aggregatea of successively Increasing size increased and 

then decreased ln accordance with the kinetics of aggregate growth .. 
~ \ 

predlcted by Smoluchowski for inert co11oida1 size partic1es 

(Smoluchowski, 1917). Aggregates formed Most rapid1y ln the region of the 
o 

highcst shear near the tube wall and as they grew in size and rotated, 

collisions with the wall resulted in the formation of large (> 100 
.-

platelets) centra11y-located aggregates. Higner shear rates and longer 

exposure times were impractical due to the microscopic dimensions of the 

f10w system and constraints on the distance for complete diffusion of 

ADP. .Independent measurements of the decrease in the conèentration of 

single plateiets in Poiseuille flow have shown ~hat higher shear rates 

enhance AD~-induced aggregation (Gear, 1982). At 10 ~ ADP 3nd at 37°C, , 

It was found that .... 50% of the plate1ets had aggregated wi th in 2 - 4 s of 

flow through the reaction tube at G • 1300 or 2200 s-l, wlth the rate of 

aggrègation higher at the higher shear rate. Again, the release of 
.... 

endogenous ADP at 37°C would considerably augment the degree of 

aggregat Ion. 

Surface-mediated aggregation has a1so been induced by exogenous 

Grabowski !!. al. (1978) induced the repeated 

nd embolization of aggregates adherent to a synthëtic membrane 

At mll1imolal ADP concentrations, the 

rior to embo1ization Increased monotonlcally over the range 

of surface shear rate from 99 - 986 8-1 but in the micromolal range of 

ADP, aggtegate growth decreased beyond surface shear rates of 394 s-l. 

o 
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lontophoretic application of'ADP ta smaii venu~es (40 - 70 ~~) in 

the hamster cheek pouch yie~ded a maximum growth rate prtor to 

embolization at mean blood velocities of 0.30 - 0.40 mm s-l, independent 

~f vessel Bize (Begent and Born, 1,970). Higher veloc1ties 

(0.60 - 2.50 mm s-l) produced a decrease in asgregate ~rowth rate which 

eventually leve11ed off, while no aggregates formed above 3.0 mm 8- 1• , -

combinat ion of short plate1et-surface interaction ti~es and high shear 

stress May have restricted aggregate gro~th, although the dilution of ADP 

at high flow rates may have limited the extent of plate1et activation. 

This work examines the effect of shear rate on the ~DP-induced 

aggregation of human platelets in Poiseuille flow. In the preceding 

chapter a method was introduced for raptdly mixing ADP and platelet 

suspension prior to flowing through flxed lengths of polyethylene tubing 

at controlled rates. The number concentration and volume of single 

platelets, and aggregates were measured ln the glutaraldehyde-fixed 

effluent using an electronic particle counter. Aggregation was expressed 

ln terms of the decrease in the concentration of single platelets and 

through changes in the volume fraction of single cells and aggregates over 

the volume range from 1 - lOS ~~. The two-body collision efficiency was 
\ 

èalculated from changes in the total particle concentration according to 

, exlsting theory. This chapter uses the methorl of Chapter Il to follow the 

aggregation of platelets in the cltrated plasma of a large group of rlonors 

over a range of mean tube shear rate from 39.3 ta 1800 8-1 at 0.2 and 

1.0 ~ ADP at room temperature. 
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MATERIALS AND HETHODS 

d 
,.. J 

1. Platelet-Rich Plasma an Reagents 'ft 

Experiments were performed as described in Chapter II. Venous 

blbod was slowly drawn from equal numbers of healthy, age-matched male and 

-female volunteers into 1/10 volume, 3.8% sodium citrate. AlI donors had 

refralned from aspirin ingestion for at 1east 10 da ys prior to blood . 
withdrawal and no female donors were taking oral contraceptives. 

ltematocrit, UCT, was determined on undÜutèd venous blood at the time of 
- . 

blood wlthdrawal. After incubating the b100d at 37°C for 30 min, 

platelet-rich plasma, PRP, was prepared at room temperature by 

centrifuglng the who1e blood at 100g for 20 min, and platelet-poor plasma, 
t 

PPP, by centrifuging the remaining blood at 2000g for a further 20 min. 

AlI platelet suspe!19ions were maintained under a mixture of 95% air and 5% 

CO 2 to preserve pH 7.4. Frozen aliquots of 2.0 mM adenosine-5'

diphosphate, ADP, and 100 NIH U m1- 1 human thrombin (Sigma, St., Louis, HO) 

were thawed immediately prior to use and dlluted in modified Tyrodes (137 

• ,mM NIlCl, 2.7 mM KCl, 11:9 mM NaHC0 3, 0.36 mM NaU 2P0 It .H 20) at pH 7.4. 

Fi fty mUlil1l.o1ar acety1 salicylic acid, ASA, was _solubil1zed by treatment . .- "-

wtth 5 N NaOH and then t itrated to pH 7.4 with 1 N HCL When' required, 

PRP was Incubated for 10 min at 37°C with 1% -(v/v) stock ASA. For work 

done at room temperature, the PRP was incubated for 1'8 further ~10 min in a 

22°C water bath. 

Flow System 

AlI flow experiments were perfomed at 23 ± ~ oC. Platelet-rich , 

plasma was adjusted with PPP to 3.30 )( 105 cells ~r 1 and infused into" 8 .. _, 

sl'Iall,cyllndrical mlx1ng c1iamber (6 mm i.d., 9.5 lIIIl o.d., 1.5 mm height) 
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using a syringe pump. ADP was s lmultaneously infused into the mbing 

chamber ~ia an independent syringe pump at a fixed flow, ratio. 

PRP:ADP = 9: 1. -After rapid mixing, the PRP-AOP suspension exited fhe' 

cham ber and flowed through lengths of 0.595 or 0.380 mm radius ~ R , 
o 

polyethylene tubing (Clay Adams, Parsippany, NJ), for preset mean cell 

transit times, t - X3 /Ü, from < 0.1 to 86 s. where.X 3 is the distance down 

the flow t'ube and U ls the mean 1inear fluid ve1ocity. The aggregatlon 

reactlon was instantaneous1y ind permanently arrested -by eoltectlng known 

volumes of the effluent into -20x the suspension volume of 0.5% (v/v) 

isotonie glutaraldehyde (J. B. EM Services, Pointe Claire-Dorval, QC). 

Total volume flow rates, Q, were preset from 13 to 155 I .. d. s-l to generate 

mean tube shear rates, G .. 2Q/nR3 ~ between 39.3 and 1800 8- 1• o 

3. Thromboxane 8 2 

Thromboxane '6 2' TXB 21 was measured to a lower limit of 50 pg mr 1 

in the plasma of selected experiment:s -by radioimmunoassay, RIA, uBing 

3H-T~B2 (New England Nuclear, .. NEK700A, Lachine QC). Approximately 800 j.1.t 

of ~nfixed effluent plate1et suspension were co11ected into 1 ml plast le 
~ / 

1 .. 

syrfnges and imm~ filtered free of cells using 0.2 Ilm pore syringe 

fllter unlts (Mlllex-G~'~lllpore, Mlssissauga, ON). The flltered plasMa 

wis incubated for 20 min st 37°C ~nd stored al: -20 oe untll the RIA wes 

/ 
ijerformed. 

1 
4. Partie le Concentration and Size .. 

The number concentration and slze of single plate lets and 

aggregates weie~ measured using an electronic particle counter (Coulter ZH, 

Coulter Electron1cs, H1aleah, FL) in conjunction wlth a' logar1thlJllc -~-

, , 
" 

\ 
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amplifier (Coulter Log Range Expander) and a 100 channel pulse height 

analyzer (Coulter ChanneIyzer CIOOO) to gene1."ate a 250 class log-volume 

histogram over the volume range l - 105 ~3. As described in det.au, in 

Chapter II, permanent tracings (Coulter XY4 Recorder) of each histogram 

were manually tfansposed into a microcompùter (HP 86, Hewlett Packard, 

Kirkland, QC) using a digitizer (HP 911lA). The distribution of 

background in the small volume range of the log-volume histograms was 

measured separately in ppp and then fitted by a decreasing expooential 

function using a weighted least squares regression. Using a trial and 

error iterative procedure, a normal curve was fitted to the distribution 

of single platelet log-volume over th,e range where the influence of 

backg~ound and microaggregate contamination is minimal. Background was 

sublrscted from the meaaured log-volume histograms ta give the same 

content in class 1 of the resultant histogram as that predicted by a 

normal distribution of single platelet log-volume. The number A 

concentration per histogram class is N(xi ), particie volume v(xi ), and 

th 
volume .frac,tion «xi) • N(xi)v(xi ), where xiis the mark of the i cIass .. 

Computer:integration of the log-volume hi.stograms yielded the num~er of 

_particles counted, nL,u(t), the number co~centration, NL,U(t), and the 

-'volume fraction, ~L,U(t), of particles between lower, L, and upper, U, 'I!r,., 

-volume limits st time t • 
.. 

Average log-volume histograms were generated from multiple donors 

/t ea:h mean transit time after the individual histograms were transformed 

/ into equivalent histograms using the average of the mean siogle platelet 

volume and 'standard deviation of all donors concerned. The meao, 

normalized volume fraction of the i
th 

class is given by 

" 
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~(Xl) = [N(Xl)v(xl)J/[~(xm)V(Xm)J, where N(Xi ) is'the lien!\. normnllzed 

particle concentration per hlsto -am c1as8, and N(x ) and v(x ) Bre the _ m m 

concentration and volume of the c1a88 of 
, -respective mean normalized 

maximum concentration, m, at t • 0 s. Details ,of ~he transformation and 

averaglng are described in ppendix Il. The ultimate effect of thcse 

procedures 18 estimate of the changes in partlc1e volume in 

relation to the mean s platelet volume and standard devlatlon, as 

opposed to simply averaging changes in absolute volume. 

5. Statistics 

The mean, ~, mode, ~ d' median, ~ d' and standard devlatlon, a, mo - me 

of the linear volume distribution were calculated from the mean, K, and 

standard deviation, s, of the log-volume distribution, assuming a normal 

distribution of the latter (Kenney_and Keeping, 1951; Documenta Geigy, 

.1962). The assumption of log-normality of single platelet volume was 

tested using the Kolmogorov-Smirnov, K-S, one ,ample test (Young, 1977; 

Lilliefors, 1967). Skewing, gl' and kurtos1s, }~p of the log-volume 

histograms and their standard errors were ùetermlned using standard 

çquatlons for frequency distributions (SokaI and Rolhf, 1969). fhe 

significance of deviation of these sample statlstlcs from the parametrlc 
- \ 

value of zero was tested ustng two-tal1ed Student's t-tests. Two-tal1ed 

t-tests ~ere a1so used to test the significance of correlation 
/ 

coefficients. Two-way analyses of variance for unequal sample s1zes wet'e 

used ta test the signif1cance of the effects of shear rate and dOllar sex ~ , 
. on platelet aggregatlon. 
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RESULTS 

1. Distribution of Si~gle Platelet Volume 
r 

Fort y male and fort y femqle donors of age 31 ± ll-(± S.D., n - 57) 

and 30 ± 6 (n • 56) years, respectively, were used in a total of 113 

experlments involvlng--9 shear rates as shawn in Table 1. The data are 

grouped according ta Bex because of large differences in the degree of 

" aggregation between male and female donors. 

Table 2 shows average statistics of the individusl single platelet 

log-volume histograms after background was subtracted as described in 

Chapter II. The distribution of si:ngle platelet volume .in citrated 

PRP was log-normal according ta the Kolmogorov-Smirnov one sample test for 

74% of 47 male donors and 60% of 42 female donora. AlI volumes are those 

of the equivalent sphere due to the variation in single platelet and 

aggregate shape dlscussed in Chapter II. Platelet volume distributions 

from bath male and femol, donors that were log-normal shated the same 

a'-'efage mean volume, j • 7.3 j.lm 3• The average standard devlatlon, mode 

and median of the two sexes were also virtually identical, and neither 

group exhlblted slgnificant skewing or kurtosis. For bath groups of 

donora, the8verage measures of platelet'volume of distributions that were 

rejected by the K-S test were always greater than those of their 

log-normal counterparts, although none of the dlfferences was 

statlstlcally signlficant. The ap~~ent increase in cell volume of the 

rejected distributions coincided ~ith signlficant positive skewln~ 

(Sl > 0, p < 0.02) and an Increased tendency toward leptokurtosls (g2 > 0, 

p < 0.01). 
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TABLE 1 

Number of Donors Tested at each Mean Tube Shear Rate 

-R 
a G Number of donors 

mm s-1 Male Fema1e 

-

, -

0.595 39.3 13 13 

78.6 14 11 

157 6 7 

314 6 6 

--
0.-380 627 6 6 

940 5 5 

1250 12 10 
1490 (; 6 

1800 6 6 
-

-

o 
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TABLE ,2 

Average Statistics of the Single Platelet Log-Volume Distributions 

, 
, 

, 

Male Female 
Stat1stic Log-Normal No t Log-No rmal Log-~ormal Not Log-Nol'1llal 

No. Donors G 35 12 25 17 

HeT, % 46.1 ± 2.2 44.9 ± 2.5 40.4 ± 2.5 40.1 ± 3.0 
. -
Il 7.3 ± 0.9 7.4 ± 1.1 • 7.3 ± 1.0 7.5 ± 1.1 

, 
C1 4.6 ± 0.8 4.7 ± 0.7 4.5 ± 0.9 4.7 ± 0.9 

1 

-
Ilmod 4.5 ± 0.5 4.5 ± 0.7 4.5 ± 0.4 . 4.5 ± 0.5 

, 

Ilmed 6.2 ± 0.7 6.3 '± 0.9 6.3 ± 0.7 6.3 ± 0.9 

* *** gl 0.014 ± 0.037 0.050 ± 0.112 0.022 ± 0.046 0.086 ±' 0.066 

** ** 82 -0.035 ± 0.069 0.104 ± 0.154 0.002 ± 0.081 0.108 ± 0.098 

~,U(O) 15385 ± 1313 15380 ± 1244 14904 ± 1269 15080 ± 1173 
, 

Statistics of individual platelet log-volume distributions calculated at taO S 

over the range 1 - 50 Ilm 3 after background was subtracted were averaged for the stated n~ber 
of donors of each sexe The distributions were further partitioned into those that were 

accepted as normal by the K-5 one sample test and those that were rejected. Symbols are as 
described in the tex~ and volumes ar~ in ~3. Significantly d1fferent from zero: 
* p ~ 0.02, ** P < 0.01, *** P < 0.001. 

\.. 
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2. Single Platelet Concentration 

(a) Effect of Shear Rate and Donor Sex 

The mean single p1ate1et concentration prior to shearlng was 

279,000 ± 23,000 C~Ü8 Il,Cl (± S.D.) for the male donors and 278,000 ± 

34,000 cells 1lJ.-l for the female donors. Figure 1 shows the single 

'\ - . 
p1atelet concentration after t .. 43 s exposure to 0.2 !lM AOP, N l 30( t), , . 
nonnalized to a control at 0 s, N1,30(0), as a functlon of the mesn tube 

shear rate. A two-way analysls of variance verified that the extent of 

aggregatlon of platelets from fernale donors was signlf1cant 1y greater than j 

that of plate1ets from male donors (p < 0.001) over the range of shear 

rate 39.3 ( G .. 1800 8- 1 (Table 3). The sex difference was greatest at 

~ = 314 8- 1 where 76% ± 3.4 (S.E.M., n a 6) of single plate1ets from the 

female donors but on1y 49% ± 3.9 (n - 6) of those from male donors had 

aggregated. Significant changes (p < 0.001) ln the sIngle plate let 

concentration as a function of mean tube shear rate produced n slmllar 

" 
pattern of aggregation for both groups of donors. Aggregatlon Increased 

as the shear rate increased up to a maximum at G - 157 and 314 s-l for 
max 

male and fema1e donors, respectively. Thereafter t aggregat Ion decreased 

11nearly wlth increasing shear rate down to a minlmwn at G - 940 llnd 

1250 s-1 for male and female donors, respectively. Further Increases in 

shear rate, however, produced an Increase ln aggregatlon for both sexes. 

The two aggregation curves intersect at G - 1250 s-l where agsregatlon had 

è 
begun to Increase for the male donors while it was still decresslng for 

the female donors. 

Although no slgnlficant aggregatlon was observed in the controls 

in whlch modlfled Tyrodes was infused (Table 3), and no sex dlfference W8. 

1 
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Figure 1: Single Platelet Concentration vs. Mean Tube Shear Rate 

The normal~zed single platelet concentration, N1 ,30(t) IN 1 ,30(0), 

(± S. E. M.) after t .. 43 s exposure to 0.2 IJM ADP as a function of mean 

tube shear rate for male and female donors. In the conüol runs modified 

Tyrodes wes infused instead of ADP. 

, \ 

) 
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o TABLE 3 

Two-Way Analysts of Variance of Data Shown in Figure 1 

-'" 
ADP 

Test Sum of Squares df Mean Square F-Ratio p • 
\ 

f 

Sex 906988 1 906988 45.4 < 0.00 l 

Shear 1275183 8 159398 7.97 < 0.001 

Sex: x Shear 268612 8 33577 1.68 n.s. 

Error 2199741 UO 19997 

... 
CONTROL 

Test Sum of Squares df Mean Square F-Ratio p 

~~i 
Sex 53 l 53 0.026 n.9. 

Shear 21072 7 3010 1.447 n.9. 

Sex: x Shear "46384 7 6626 3.186 < 0.006 

Error 137273 66 2080 ' 

o 
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present, a significant interaction (p < 0.006) between donor sex and mean 

tube sheà~ rate was reflected in reciprocal single platelet 

concentrations. This patter-n was proauced by the break-up of preformed . 
aggregates, (N 1,30(t)/N1,30(0) > 1) for the males at G < 940 s-1 and for 

the females at G > 940 s-1 in conjunction with a s1ight degree of 

aggregation (N'1,30(t)/N 1730(0) > 0.93) of th! platelets from the 

respective donors of the opposite sex. It- is interesting that in the 

controls the single plate1et concentrations for the male and fema1e donors 

reversed at the same shear rate at which the ADP aggregation curves 

intersect. 

The sex difference per8isted through aIl mean transit times 

"-
between t - 2.1 and 86 8 as shown in Fi~ure 2. At G a 314 s-1 for the max 

fema1e donor8, only 1,3% ± 2.4 (fi - 5) of single p1atelet s rytained 

unaggregated after t • 86 s, while for male donors aftee the same mean 

transit time, 37% ± 9.2 (n - 6) were unaggregated at G a 157 8-1• For max 

both groups of donors,. the aggregation curves for t ( Il s show the length 

of an initial time delay in th~ onset of significant aggregation (lag 

phase) to increase with increasing mean tube shear rate. the effect of 

the laR phase was more pronounced for the female donors where changes in 

the ~!n~le platelet concentration were greatest. Here, the length of the 

lag phase decreased at G ;. 314 a-l, hut by G - 1250 s-l it approached max -t • 21 S" simUar to that for the male .donors. 

(h) Donor Hematocrit 

A stfong correlation of the normalized single p1atelet .. '" 
concentration with donor hematocrit (r • 0.91, p < 0.001) was obtained 

" " 

1 
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Figure 2: Single Platelet Concentration vs. Mean Tube Shear Rate 

Normalized single plate let concentration, Nl 30(t)/N1 30(0), , , 
(± s. E.';;M.) vs mean tube shear rate for female (a) and male (b) donot'l 

afte'r 2.1 < t ( 861s-exposure ta 0.2 ~ ADP. 

L.._ ., 

1800 

, J, 
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when male and lemale donors at t - 43 8 and G • 314 8-1 were grouped 

logether (Fig. 3). Similar, but generally less significant, correlations 

were found at aIl m.an tube shear rates from 39.3 to 1800 s-l, except at 
, ....... 

G • 1250's-1 (r • -0 07) where ~ sex difference existed. 

(c) Thromboxane 82 

The concentration of TXB 2 was measured in PRP at 940 ( G ( 18UO s-1 

for several male and fema1e donors (Table 4). Although TXB 2 

concenlrations as high as 6 ng mr 1 in PRP and 10 ng mr1 in ppp were 

obtained during p1ate1et preparation, neither sex showed significant , 

changes in TX8 2 concentration fro~hat st t ~ 0 s in either control or 

ADP infusion runs. Concentrations of TX82 at t .. 0 s slightly greater 

than,those_in PRP during platelet preparation resulted from the dilution 

of PRP with ppp to obtain the required platelet concentration for the flow 
. 

experiments. Thromboxane 82 concentration did not correlate with donor 

hematocrit in eilher ppp (r - -0~43, n .. 10) or in the PRP of the ADP 

-fnfusion runs st t - 43 or 86 s (r .. 0.05, n .. 28), nor did ft correlate 

wlth the normalized single platelet concentration at G - 1250 (r a 0.27, 

n • 11), 1490 (r : 0.30, n - 7) or 1800 8-1 (r - 0.46, n ".,)10). 

(

For comparison, PRP from three donors was stirred in standard 

aggregometer cuvettes and TXB 2 was measured after exposure of the 

plate1ets to ADP or thrombin for 2.5 min in the presence and absence of 

500 !lM ASA (Table 5). At 22°C, 100 J..IM ADP was incapable of inducing TXB 2 

generation, and 5 U ml-1 thrombin was capable of in~ucing only a modes~, 

amount of AS~-lnsensitlve TXB 2 production. At 37°C, 100 ~ ADP produced 

TX8 2 concenlrations les8 tnan those produced by 5 U ml-1 thrombin at 22°C. 

y 
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Figure 3: Correlation of Single Platelet Concentration with Uematocrit 

Normal1zed single platelet concentration, N1 30(t)/N 1 30(0), vs 
o , _, 

donor hematocrit for the male and female donors combined at t ~ 43 8 and 

G '" 314 a-1• 

1 
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"- TABLE 4 

Plas~ Thromboxane 82 Concentration 
1 

ng ml~l (± S.D.) 

" 
, 

G, 8-1 Sex n* Platelet Preparation Control 
PRP ppp t "" 0 s < 1 s 86 s 

. 

940 K l 1.09 6.00 1.09 1.10 1.65 
, ' 

1 » 
r 

1250 K 6 0.87 (2) 3.30 (4) 2.15 2.13 2.09 
±1.23 ±1.59 

.. '1 
±1.55 ±1.58 

F 5 4.40 (1) 9.98 (3) 4.05 4.08 4.15 

--.... " 
±5.68 ±3.04 ±2.89 ~ ±3.32 

, 

i 
1490 M 4 0.34 (2) 2.05 (1) 1.48 1.65 (3) 1.77 

±2.08 ±2.02 ±1.84 
, 

, -
F 3 . 1.24 (2) 9.60 (1) 1.93 1.29, (1) 2.59 (2) 

±2.14 

1800 ~ 5 - - -'6.19 - 6.05 
±4.00 ±4.05 

F 5 - - 2.00 - 2.11 
±2.37 ±2.54 

~'-

~ 

* Number of donors, except where indicated in parentheses 

j /-

- " 
t < 1 s 

0.68 
, 

2.27 (5) 
±1.46 

, 

5.40 (3) 
±4.42 

1.16 (3) 
±0.79 

2.58 (2) 

5.81 
±3.64 

1 
j 

2.60 
±2.02 

ADP' 

43 s 

-

-

-

1.44 
±1.93 

1.60 
±2.18 

6.15 
±4~16 

2.32 
±2.04 

~ 

86 s 

1.23 

1.97 
±1.50 

4 .. 43 
±3.15 

-

c 

-
! 

-

-

1 

1 

--

.
Vt .-
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TABLE 5 

Thromboxane B2 Co~centration (ng mrl) in PRP _~!' Aggregometer 

after 2.5 min Exposure to Platelet Agon~t 

Temperature Agonist Donor 1 Donor 2 Donat 31 
- - - female male felnale , 

- + * - + - + 

22°C ADP -
0.2 lM 2.96 - 0.00 - 4.06 -
1.0 !.LM 2.78 - 0.14 - 4.25 -
10 f.1M 2.75 - 0.31 - 3.95 4.55 

100 !.LM 2.82 - 0.90 0.78 4.10 -
,1 t, .... 
, Thrombin . 

0.1 U mr1 2.28 - 1.40 - 5.55 -
1 U'f11-1 2.63 - 16.2 - 6.19 5.45 

5 U -ml-1 43.8 25.5 29.5 40.1 
, - -

~-

. -
--~ 

37 oC ADP - . 
1 lM - - 1.04 - 4.55 -

10 lM - - - 3.12 - -
100 f.1M 21.4 - 16.0 3.78 12.2 7.00 

" 

Thrombin 

0.1 U ml"' 1 
. 

1.75 - - - - -.. , 
1 U, Pl!-l 3.25 - - - - -.. 
) JJ ml- 1 260 - 266 - 390 47.5 . t 

~ 

~ 

.-

* Incubated wlth (+) or wlt,hout (-) 500 f.1M ASA for 10 ml~. ~_ 
( , 

. 
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Thromboxane B2 generation in the former was, however, inhibited by ASA. 

As'pirtn also inhibited Most of the large quantity of TX8 2 produced by 5 U 

m1-1 thrombin at 37°C, aJtho~gh significant aMounts of TXB 2, comparable to 

those produced at 22°C, perststed. 

3. Total Particle Concentration 

(a) Rate of Aggregation 

Mean values of the negative logarithm of the total particle 

concent rat ion at time t, NI, lOS( t), normalized to that at t .. 0 s-, 

N1,10S(0), were plotted against t for the female donors in Figu~e 4. 

Although the extent of aggregation was graatest at G .. 314 s-l, the 

highesl rate of aggregation occurred within the first t = 2 s at 

G -,39.3 s-l where the single p1atelet concentration decreased at a rate 
-

of 4.2% 8-1 ± 0.9 (± S.E.M., n - 10). At' thi8 shear rate, the rate of 
, 

aggregation steadily 'decreased with in~reasing mean transit time. 

The combincd effects of an initial lag ph~se fo1lowed by 
.-

progressive1y increasing then decreasing rates of aggregatton produced 

sigmoid aggregatton curves for aIl G > 39.3 s-l. The length of the-lag 

phase increased with increasing mean tube shear rate reaching t ~ Il s at 

G· 1250 s-l. In addition, as the mean'tube shear rate was raised, not 

only_did lhe maximum rate of ~àggregation decrease, but it occurred a~, 

progressively Increaslng mean transit time. At G a 314 s-1 the maximum 

rate of aggregation of 2.8% s-l ± 0.2 (n - 5) oécurred between t - 8.6-

and 21 s, while at G - 1250 8-1 the rate was maximal at 1.0% s-l ± 0.2 

(n - 5) between t - 21 and 43 s. Hale donors exhibited a pattern of 

aggregation similar to that of the female donors at-the same shear rate 
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2.0 

16 
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0.4 

o 10 20 JO 40 sa 
~ its 

Figure 4: Total Particle Concentration 

The negat1ve logarithm of. the normalized, total partic1e 

concentration, -ln[N1,10S(t)JN1 105(0)], (± S.E.M) plotted agalnst t at 

G :II 39.3, 314, 1250 and 1800 8-1 for the female donors. 
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but always wlth much longer lag phases and reduced rates of aggregation. 

'1 b) Collision E f fic1ency 

In addition to provlding an index of the rate of aggregation, the 

slope oï ~e curves in Figure 4 cao be used to calculate the collision 

efficiency according to Eq. [21) of Chapter II. The individual collision 

efficiencies of 811 donors at each mean tube shear rate were averaged over 

three time iotervals for both sexes as shown in Table 6. A maximum 

collision efficiency, a - 0.282, was obtained at G - 39.3 s-l between o 

t • 0 and 4.3 s. Throughout aIl three time intervals, a either decreased 
o 

or remained constant as the mean tube shear rate was increased up to 

G - 1250 s-l where a ,( 0.002. 
o 

Considering the high collision rate at 

G • 1800 s-l, a small but significant increase in collision efficiency was 

• 
sufficient to~support a high rate of aggregation (Fig. 4). 

The d~pendence of collision efficiency on time and shear rate 

together Is revealed in Figure 5 where a is plotted against the logarithm 
o 

oi the product tG. For any given time interval, increasing tG has the 

effect of increasing the shear rate. Thé individual curves were more 

clear1y delineated by plotting a vs. tG, rather than a vs. G. Between o 0 

t • 0 and 4'.3 s, the collision effic1ency followed an apparent exponential 

decrease with increasing mean tube shear rate. , A similar rlecline in 

~olUs'ion efficiency with increasing shear rate o\ter the Ume Interval 

from t • 4.3 to 8.6 s was Interrupted between G • 157 and 314 s-l, but 

resumed at a higher rate of decrease beyond ê - 314 s-l. The collision 

, -
efficlency remaineu relatively constant in the interval from t • 8.6 to· , ' 

21 s for G < 157 a-1• Higher shear rates, however, produced a sharp drop 
1 
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TABLE 6 

Effect of Shear Rate and Transit Time on Collision Efficlency 

J 
aox 1~3 (±S.E.M.) 

SEX G, 8-1 . 
-
t "'0-4.38 4.3 - 8.6 8 8.6 - 21 8 

39_ 3 126 ± 32.0 72.6 ± 22.9 62.9 ± 15.6 

157 21.2 ± 11.0 27.2 ± > 8.,7 52.4 t 12.3 .., 
Male 31'4 8.01 ± 2.62 14.8 ± 4.7 23.8 ± 3.3 -

1250 2.42 t 0.84 0.99 ± 0.41 2.05 -t 0.46 

1800 2_11 ± 0.72 1.76 ± 0.50 -
'-

39.3 282 ± 69 .. 1 94.1 ± 30.5 U5, ± 21.9 

157 40.8 ± 7.61 37.6 ± 10.5 101 ± 20.1 
-

Female 314 18.6 ± 5.23 37.7 ± 6.79 53.2 ! 8.05 

1250 0.01 ± 0.01 1.92 ± 0.58 2.14 ± 0.71 

1800 0.66 ± 0.36 ~ 2.45 ± ,0.95 -

/ 

o } 

, , 
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0.35 

G-
0.30 

0.25 

) 

0.20 

a o 

0-4.3 s 
0.15 

! 

" 

tG 

Figure 5: Collision Efficiency vs. tG 

Collision efflciency, a , (± S.E.M) over three time intervals, o , 
t • 0 - 4.3, 4.3 - 8.6 and 8.6 - 21 s ploeted against tG. 
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in collision efficiency in this time interval. 

4. Aggregate Growth 

(a) Aggregate Size Distribution 

The evolving pattern of aggregate growth for the female donors ls 

i 11ustrated in Figures 6 - 8 through plots of the normalized average chss 
/ 

volume fraction, ~Xi)' versus particle volume. The decrease ln single 

platelet concentration (1 - 30 ~m3) was accompanied by a sequentiel rise 

and fall of aggregates of successive!y increasing volume. Joining the 

steadily decreasing rate of aggregation with time shown earlier at 

G = 39.3 s-1 was the formation of aggregates having a broad spectrum of 

size at t .. 86 9. At G - 314 9- 1, no distinct aggregate peaks were 

-present prior to t - 8.6 s but by l • 21 s aggregates of relatively 

discrete size were pr~sent. As aggregation continued. the upper limit of 

aggregate size increased. By t - 86 s. most aggregates were present in 

one large group, a significant proportion of which exceeded 10 5 ~3, the 

làr~est volume measured. Although there was considerahle aggre~ation at 

G = 1800 s-l, the aggregates oCéupied a size range considerably narrower 

than at the same mean transit t ime at G - 314 a-1• A slmUar pattern of 

aggregate growth was exhlbit~~ by the male donors; however, ~ggregate size 

was always much reduc~d comparea to _that for the female donors at the same 

mean transit time and meRn tube shear rate. 

( b) Aggregate Growth Rate 

Figur~s 6 - 8 illustrate the èontinulty in the evolving 

distribution of aggrègate size, but they do not convey a sense of the rate 
b 

of aggregate growth. This ls provlded in Figures 9 and 10 for female and 

J 
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Os 

1.0 G = 39.3 s-I 
865 

Ils 43 s 

0.8 

0.6 

0.4 

0.2 / 

~~--~~----~// 
/ 

/ 
/ 

/ 
/ 

O~~--~----~~~--~ ____ ~ ______ ~/ 
1 10 - 10" 

Figure 6: VolumeJr~ction Histograpls at Ci = 39.3 s-1 

/ 
/ 

/ 

Three-dlmensional plo't of the mean, normal1zed class volume 

fractlon ~(xi)' (± S.E.M, dotted line) vs particle volume at mean transit 

times from t -.. 0 - 86 s for the female donors at Ci CI 39.3 8-1• 
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1.0 8.65 

86 S 
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Figure 7: Volume Fraction Hist'bgrams at G - 314 8- 1 

Three-dimensional plot of the mean, normallzed class volume 
If _ ' 

fraction iP(x
i
), (± S.E.M, dotted Une) vs particle volwne st mClln transit 

times from t "" .... 0 - 86 s for the female donors at G - 314 a- 1• 
1 

( 

o 
' ... 

( 
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G-1800 5- 1 

43 s 

'---------------------~/ 

/ 
/ 

/ 
/ 

/ 

/ 
/ 

/ 
/ 

/ 

Figure 8: Volume Fraction Histograms at G .. 1800 8-1 

Three-dimensiona1 plot of the mean, normalized claas volume - - \ 

! 

fraction cll(~i)' (± S.E.M, dotted Une) vs particle volume at mean transit 

times from t .. 0 - 86 s for the female donors (lt G - 1800 a-1• " 
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Figure 9: Effect of Shear Rate on Aggregate Growth for Females 

. The normalized volwne fraction of particles between lower, L, and 

upper, , U, volumes, ~L, U(t)/~l, 105(0) (± S. E.M. )" plotted against t for the 

female donars. The volume limita, L-U, fram 1-30, 30-102, 10 2-10 3, 

103-104 , 104-105, and 1-105 ~m3 are shawn beside their respective plots. 

No particles were present in volume ranges nat listed. The broken 1ine 

represents the control values of single platelets (1-30 11m3). 
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Figure 10: Effect of Shear Rate on Aggregate Growth for Males 

,The normalized volume fraction of particles between lower, L, and 

upper, U, volumes, ~L,u(t)/~1,105(0) (± S.E.M.), plotted against t :or the 

male donors, The volume limits, L-U, 'from 1-30, 30-102, 102-103, 10 3-10'*, 

10'*-105, and 1-105 ~m3 are shown beside their respective plots. No 

particles were present in volume ranges not listed. The broken line 

represents the control values of single platelets (1-30 ~m3) • 
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male donors, resp~ctlvely, where the'volume fraction of aggregates. 
~ 

~L,U(t), bet.ween lower, L, and upper, U, volume limits was normalized to 

the \fotal volume fraction, ~l ,105(0), 8.t t - 0 s. As previously noted, 

smaU aggregates were present at t • 0 s. For the female donors (Fig. 9). 

at ~= 39.3 s-I,_9 rapid tise in the volume fraction of aggregates froln 

30 - 102. ~m3 was followed by increases in the volume fraction of ... 

aggregates of successively increasing size. At higher. shear rales. -

changes ~n the volume fractio,n of single p1atelets (L • l, U ... 30) with 

increasing mean transit tlme followed the same sigmoid curve as did 
f' ' 

changes i~ the single plate1et and total particle number concentration 

phase preceding 'aggregation was evident 

of changes tn the volume fraction of both 

The lag phase increased with increasing mesn 

tube shear rate up to G where no aggregates > 10 4 1lJ1I3 were 

formed. Even though the r g phase at G ~ 1800 8-1 was shorter and the 

rate of aggregation highe ,', than at G ,. 1250 s-1, the aggregates formed 

were ama1ler than those at G = 314 s-1 at the same mesn transit tlme. At 

G ". 314 s-l, the sequential formation of aggregates of discrete size and 

their subsequent incorporation into aggregates of larger size W8S clearly 

evident. The total' normalized volume fraction greatl'y exceeded 1.0 wlth 

" the appearsnce. of aggregates greater than 10 3 ,j.UD3, but decreased 8gain 88 

I"J 

the number of aggregates greater than Id4 ~3\increased. 
, ...... 

\~ 

A similar pattern of aggregation at aIL equivalent mean tube shear 

rates was àbserved for the male d-onors but with consistently lon~er 'lag_ 
.. ,.t, 't 

phases and lower rates of aggregaf~on as seen through changes ln the 

\ 

" 

volume fraction of both single ceUs and aggregates (Pig. 10). At G - 314_.- 1.--

-- , 

, . 
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however, there was a signlf1cant departure. The volume fraction of the 

~.. , largelJt aggregates measured at t - 43 s ("10 4 - 10)5 ~3) was greater than 

that of aggregates ln the next smallest group (10 3 - 10 4 J.II1I3). The 

co'ncenlrat ion of the largest a_egates subsequently decreased at 

t • 86 B; however, that of aggregates from 102 - 103 ~3 and 103 - 104 ~3 

continued to increase, and the latter at a greater rate. 
Jo. 

This phenomenon 

"' "is indicative of aggregate break-up at long transit time.-

1 

5. ADP Concentration 

(a) Single Platelet Concentration 

• rlatelet-rich plasma from single representative male and female 

donors of widely different hematocrit (HCT a 43.9% and 34.5%, 

re~pectively) was sheared at G - 39.3, 314, and 1800 s-l in the presence" 
o 

of 0.2 and 1.0 IJM ADP. The normalized single platelet concentration ,at 

three meHn transit times is shown in Figure 11. At equivalent meao 
, 

transit tilDes and mean tube shear rates, the extent of aggregatlon W8.S 

always greater at 1.0 ~ ADP than' at 0.2 ~ ADP for both the male and the 

female donor. AB.previous1y found at 0.2 ~ ADP, aggregation was greater 

for the female donor than for the' male donor at aIl shear rates and 

translt times with the great'est difference at G .. 314 s-l. At tht.s shear 

rate aggregatlon was minimal prior to t os 4.3 s. At 1.0 t.tM ADP, however, 

.. 
the male donor exhibited a degree of aggregation greater than that of the 

felna'le dOllor at G FI 39.3 and 314 s-l, ~,hile both donors eKhibt.ted the 

greatest aggregation at G s 1800 8-1 with no apparent sex difference. It 

18 interesting that at this shear rate < 1% of single platelets remained 

unaggregated at 'f ,. 43 s. ln addition, 'no lag phase was apparent 

precedlng aggregation for the male donor at 1.0 !JM ADP. 

f 
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Figure 11: Effect of [ADP] on Single Platelet Concentration 

The normallzed single platelet concentration at t • 4.3, 11 and 1 

43 sand G - 39.3, 3l4\.and 1800 s-l for th, male and female donor. 
\. 

Unshaded bars denote 0.2 ~ AOP and shaded bars 1.0 ~ ADP. 

* < 1% single platelets remaining. 
! .,.. 
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., 
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(b) Collision Efficieney 

Values of the collision efficiency at 0.2 ~ ADP for the female 

donor (Table 7) were consistent with the mean values of the female donors 

,given in Table 6, while those for the male donor showed more variation, 

-particu1arly at G· 39.3.s-1 where they were ,considerably higher. With 

1.0 ~M ADP there was a large increase ln a at all mean transit times and o 

mean tube shear rates. A notable exception was at G ,. 39.3 s-1 between 

t • 0 and 4.3 s for the female donor where a actually decreased. For the o 

male donor at this shear rate and time, interval, however, the collision 

, efUciency j,.ncreased dramatically from a os 0.277 to 0.765. 
o 

At aIl mean transit tilDes with both O~ 2 and 1.0 IJM ADP, a 
o 

decreased with i~~reasing mean t~be shear rate. Collision efficiency 

varied wlth mean transit time, however, in a manner dependent on mean tube 
~ 

shear raté. At G • 1800 s-1 a 
, 0 

transit time with 0.2 tJM ADP but 

always increased wit~creasing mean 

decreased after t ,. p s with 1..0 iJM ADP. 
1 

The concentration of TXB 2 ~ t - 43 s was generally less than 1.0 ng ml- 1 
• 

at aU shear rates with either ADP concentration for both donors 

C:rable 7). 

(c) Rate of Aggregation 

Table 7 aIso shows the rate of decrease of th-ê normalized single f 

platelet concentration over the same time interval that the two-body 

collision efficiency was calculatèd. At 0.2 iJM ADP the rates of 

aggregatlon of platelets from the female donor were generally greater than 
1 

those from the male donor at all mean tube shear rates and mean transit 

times, wLth maximum values for both donors at G ~ 39.3 s-1 between t ~ 0 
'-

\ 
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TABLE 7 

, 
, ' 

Effect of Abp Concentration ~n Collision Efficiency and Ra~ Aggregation 

-
-, t - 0 - 4.3 9 4.3 -11 8 11 - 43 s 

• *'II :f: Sex ADP TXB 2 G a rate ao rate cr - rate 
0 (), 

t.tM og ml- 1 8- 1 x10 3 % 8- 1 x10 3 % 8- 1 )(10 3 % 8- 1 

0.2 1.35 39.3 277 2.2 78.7 0.6 109 0.7 

0.78 314 0.00 0.0 23.4 1.7 32.7 . 1.4 

0.50 1800 1.02 0.4 3 .. 40 1.3 7.09 1.6 

Mfe . 
1.0 2.28 39.3 765 5.7 218 1.3 317 1.2 

-

0.99 314 49.8 3.2 21'9 8.1 98.1 0.9 

0.72 1800 5.45 2.0 44.2 9.S 38.5 0.9 

0.2 0.52 39.3 334 3.0 83.7 0.8 84.2 0.6 

0.41 \ 314 27.6 2.1 38.7 2.6 56.8 1.7 

0.76 1800 0.39 0.3 4.96 2.0 9.41 2.0 , . 
Female 

1.0 0.27 39.3 246 2.6 140 1.0 237 1.4 

0.26 314 26.3 2.1 58.9 3.7 82.9 1.8 

0.65 1800 10.0 4.2 36.8 8.4 24.4 0.8 
, 

--- . 

•. Measured st t ~ 43 8. 
( 

'** Ca~culated from Eq. [21J of Ch~pter II. 
, .. - 1 

:1: Given as)the/percent de~~ea8elin the normal1zed ~10g1~ platalet 

concentration • 

t • 

, ) "f' -~ " 

r 

, -
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and 4.3 s. As previously found',longer transit times resulièd ln 

decreased rates o~ aggregatlon. and as the shear rate was increased the 

maxtl\'lum rates of aggregation both .decreased and occurred at progressively 

longer transit times. C 

A s1mllar pattern was observed with 1.0 IJM ADP at G - 39.3 s-l and 

314 8- 1 wi th the maximum rates of 'Sggregation being generally greater than 

those at 0.2 !lM ADP. This W8S partlcularly true for the male donor where 

the rates of aggregation now exceeded those for the female donor. The 

highesl rate of aggregation a1so shifted to ë - 1800 s-r between t - 4.3 

and 11 s where the single platelet concentration decreased at rates of 9.5 

and 8.4 % s-1 for the male and female donor, respectively. 
'. 

(d) Aggregate Growth 

Aggregate growth at 0.2 IJ.M Anp (Fig. 12 .:.. 14) fo11owed the 

patterns typical of Figures 6 - 8 for both donors. At a11 three shear 

-rates at t • 43 8 both the number and size of aggregates of platelets from 

the female donor were greater than those from the male donor, while the 
\ 

single platelet concentration was, accordingly, much reduced. The sex 

difference was Most pronounced àt ë • 314 8-1• A slight degree of 

aggregation was present in the control of the female donor after the sa,.me 

mean lransit time at G • 314 a-1• 

The lIluch greater rate of aggregation at 1.0 jJM j\DP than at 0.2 pM 

ADP at the S811le shear rates led to the product~on of larger aggregates. 

~t the hlgher 4DP concentration, however, no sex difference was evident. , , 

Aggregates from the female donor-were slightly larger than those from the 



d 

- 172 -

( 

\, 

Figure .1~: " Aggregate Growth vs [ADF] at ë! • 39.3 's-1. 

Offset plot of the voltune fraction per hlstogram 'class 1 ll1(X!) 1 vs 

particle' volume. v(x
i
), for the male (a) and the female (b) donor a~ter 

t CI 43 s eKposure to 0.2 and 1.0 'IJM ~DP at G • 39.3 s-l. Also shown Is $a 

control at taO s. 
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Figure 13: Aggregate Growth vs [ADP] at G .. 314 s-l 

Offset plot of the vol~e fraction per hj.atogram cla8s, <li(X
i

) , vs 

parttcle volume, v(x
i
), for the male (a) and the female (b) donar after 

t .. 43 fJ exposure to 0.2 and 1.0 !lM ADP at G ... 314 s-l. Aiso shown i8 a 

control at t .. 43 s where modified Tyrodes was infused instead of ADP. 
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Figure 14: 4ggregate Growth vs (AOPJ at G a 1800 s-! 

Offset plot of, the volume, fraction per histogram class, ~(xi)' va 

part1c1~ volume, v(xi ), for the male (a) and 'the female (b) donor after 

t • 43 s expo8ur::e to 0 .• 2 and 1.0 ~ ADP at G - 1800 s-l. Also shown 1s a -control 'at t - 0 s. 
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male donor at G - 39.3 s-l, while the converse was true at G sa 314 a- 1• 

At the latter shear rate, a significant proportion of aggregates from the 

male donor exceeded the maximum volume measured (l05 1J1113). At 

G - 1800 s-l, the aggregates from both donors were unusually tightly 

grouped into a aingle population between 10 1t and 10 5 1J1113 with no 'larger or 

smaller aggregates, and virtually no single platelets remaining. An 

increase in the overall volume fraction ot these aggregates i8 se~n by the 
, 

magnitude of the ordinate of these log-volume distributions. The smaU 

popu1at ion of part ides between 130 and 2M IUD 3 at, t = 0 and 43 9 are 

white cells which were not incorporated into aggregates. 

DISCUSSION 

The present work !s the first account of the ADP-induced 

ag8regat ion of human plate lets tn Poiseuille flow to span the full range 

of physlologically slgnlficant shear rate. Wlthin this range, the rate of 

single platelef aggregation, as measur~d by the decrease in the 

concentration of single platele.ta, and the rate of aggregate gro~th were 

bot,h hlghiy dependent on mean transit time and mean tube shear rate. An 

increase in the lag phase precedlng aggregation with increasing '3hear raté 

suggests a latency in the expression of platelet-platelet bonds of high 

8tren8~h. Measurement of the two-body collision efflciency also reveals 

the presence of more than one type of platelet-platelet bond. , In 

additlon.\~, a strong sex difference was ob8erve~ ln both the rate o.f 'single 

p~atetet aggregation and size of ag8regates~ 

",' 

................ ------~--..... --..... ---------------------~~---~. 
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, 1. P latelet She 

The log-normal model for the distribution of platelet size (Bahr 

. and ~e1t1er, ~965~; von Behrens, 1972; Paulus, 1975) was vertfied 

independently f~r platelet volume from male and female donors. The 

average mean platelet volume of 7.3 !-1m3, uncorrected for platelet shape. 

Is consistent wi th previous uncorrected measurements of mean platelet 

volume obtained using electronic particle counters (Nakeff and Ingram, 

1970; paul"us, 1975; Mundschenk et ~al., 1976; Holme and Murphy,' 1980). <!" -- , ... 
Log-normal dislributions are characterlstic of partic1es that are 

generated from the multistep fragmenta.tlon (Epstein, 1947) or growth 

K:0 
(Cramer, 1946) of another partic1e where the variation ln size at each 

step i8 a random proportion of the size reached at the preceding step 

(Aitchinson and Brown, 1957). By analogy, Paulus (1975; Paulus ~!! .. , 

~ 

1976) has proposed that the log"'normal Bize dist ributlori of platelets la a 

consequence of random factors èontrolling the combined rates 0 f &rowth and 

demarcation of. p1atele~ territories dudng megakaryocyte maluration. 

Megakaryocyte polyploidy has a1so bp.~n postulated as a source of p1atelet 

hetérogeneity (Pennington et al., 1976). 
, ~ -- It has aIso been proposed that 

plat,-lel size heterogeneity is determlned by aging in the circulat ion and 

that larger more dense p1atelets are younger and more react ive (800y8e 

" ..!:!.!.!.., 1968; Karpatkin, 1969a,b; Co rash !:!.!!..., 1978; Rand ~!l., 

1981). Whatever the source of the'large variance in plate1et Bize, the 

present work provides further data to confirm that platelet volume ta 

represented by a single unimodal log-normal distribution. 

The Kolmogorov-Smlrnov one 88f1lple test was sensitive to 811a11 
\ V 

departu~e8 !lm log-normality and ~a8 supported by slgnlflcant changes 1n 

) 
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the shape of the log-volumli! distributions as measured by the statistics "M 
-' li ">-

skewlng and kurtosis. Tho~e distributions accepted by the K-S test as 

log-normal dld not exhlbit \~~eWlng or kurtosis. Those di8t~ 
\1 

re.1e~ted by the K-S test, however, were both significantly positively 

skewed and leptokurtotic, Le., more platelets were located at the mean 

Ilnd .~xtreme log-volumes than at intermediate values. Taken toger:her, 

these parameters point to the presence of contaminating microaggregates , 1 . 
tnat were formed durtng platelet preparation. Such microaggregation is 

, 

unavoldable ln citrated whole blood or PRP where a smaH degree of 

. spontaneouB aggregation can occur (Breddin ~.!!.., 1976), even after 

isolalion under Btringent conditions. Despite careful blood withdrawal 

and the re1ative1y low-speed preparative centrifugation in the present 

work, sufficient platelet activation May have occurred (Table 4) tO,cause 

Bl1ghl microaggregation. The presence of microaggregates in some of the 

• experiments of the present work is revealed"fiy their subsequent break'-up 

in the ~ontrol8, and at' early times at G ) 627 s-1 in the ADP infusion 

runs(seeFig.2). 

2. Two-Body Collision Theory 

The relationship between platelet,a and mean tube shear 

rate can he expla·ined using the two-bod c that has been 
, 

'Successful in modeling interactions between ch~rged colloidal-size 
, 

particles in shear flow (Bell and Goldsmith, 1984). In this model the 

I;tydrodynamic resis~ance preventing the approach of platelet. <surfaces and 

the hydrod.ynamlc force which alternately brings platelets togetht;'!r and 

pulls them a,part both Increase in proportion to the rate of f1ùid shear. 

In the absence of attractive Interaction forces, platelet aggregation is 

(, 
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impossible ~d aIl collisi~ns resu~t in separation. The expression of 

attractive forces between platelets çan result in particle capture and 

stable doublet formation. For a given state of platelet Activation, 
J 

however, a~ the magnitude of the hy~rodynamic forces increases relative t~ 

the attractive force, a eritical shear rate will be reached beyond which 

the attractive forces are unable to preserve doublet integrity. The force 

resisting stable aggregate formation is commonly expressed in terms of the 

fluid shear stress. In the present experiments the mean tube shear 

stress, • a ~G, ranged from 0.07 ta 3.2 N m- 2 , where ~ • 1.8 mPa s i8 the 

-plasma viscoslty at 22°C. As the mean tube shear rate Increases, the 

extent of aggregation Is th~-result of a balance between an increased 

frequency of collision (see Eq. [IR), Chapter II) and an increasen fluld 

shear stress. High collision rates su~port a high rate of aggregatlon in 

the absence of shear stresses sufficient ta innibi~doublet formation. 

Beyond an optimum shear rate for aggregation, higher fluid shear stresses 

can break the platelet-platélet bond and aggregation decreasea. lt shôuld 
~ , 

be remembered that in Poiseuille flow the wall shear' stress la twice the 

mean tube shear stress. Due ta the gradient in ahear raLe acroaa the 

tube, overall aggregatian in the tube would decrease gradually wlth 

increeses in mean tube shear rate beyond the optimum value, whereas in 

uniform shear fields aggregation would be expected ta cease entlrely st 

sorne critical shear rate, as has been ob~erved in Couette flo~ by Yung and 

Frojmovic (1982). 

The time ava11able for stable-bond fôrmat10Q between part1cles 
, 

during côllision would be expected to have a greater effect on platelet 

a~régation than on the aggregation of collo1dal partlcles stnee the cell. 

, 
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express t,ime-dependent changes in the degree of act.i.vation that are ab'sent . 

in in~t particles. Short interaction times may limit stable doublet 

formation at high,shear rates bqt, since'this time ls inversely 

proportional to the shear rate (Goldsmith and Mason. 1967), it i9 
J' 

impossible to separate·the effects of short interaction time and high 

1 • 

shear stress in limiting stable bond formation. The two-body collision 

efficiency, hoJ'ever { takes b~th effects into account by measuring the 

fraction of total platelet-platelet collisions that result in stable 

doublet formation. The accuracy of the measured collision efficiency in 

the present experimênts'can be verified independently by calculation of 

the fraction, of successful t,wh-body collisions from the initial rate of 

single platelet decrease. The total number of two-body collisions per 

unit volume of suspension per second can be calculated from Bq. [19J of 
a 

Chapter II by using the initial number concentration and volume fraction , 

of single platelets: 

[1] 
, . 

Thus, for respective rates of single ptatelet decrease of 2.7 and 

4.2 % s-l at '0.2- ~ AOP at G .. 39.3 s-l, 14% and 21% of a11 two-body 

colilsions resulted in the formation of stable doublets for the nale and 
) 

female donors. The mean volume fraction of single platelets was 

0.195% ± 0.023 (± S.D.) and 0.197% ± 0.023, respectively. These values-

\ 

are remarkably similar to the collision efficiency calculated according to 

Eq. (21) of Chapter II between t • 0 and 4.3 s (Table 6). Although the 

colliaon efftciency was calculated weIl into the·sggregation reaction, it 

is theoretically based on o~ly two-body collisions. However, the main 

/ 
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result of calculating the collision efficiency at long times would be 

~ lower values due to the decrease in particle concentration with Inçreasing 

aggregation. ,Thus, ft is unUkely that the increase in collision 

efficiency with time is artifactua1. ln the following discussion, the 
.tl 

aggregation phenomena observed ln the present experiments are ~xplained in 
~ 

terms of lhe two-body collision theory. 

3. Effect of Shear Rate \ 

ADP concentrations of 0.2 and 1.0 ~ were selected to give 

. consistently the same respective patterns of aggregation in the 

a~gregometer as.l and 5-10 ~ ADP at 37°C, w1thin thé nalural variation 

among donors. Thus, platelet aggregation at 22°C waB -5x greater than at 

37°C; however, the release reaction waà inhibited (Table 5). Release 

cou1d on1y be induced in the aggregometer at 22°C. hy hi$h concentrations 

of thrombine This is in agreement with Va1dorf-Hansen and Zucker (197l) 

who showed the release of platelet serotonin induced by ADP but not 

thrombin to be inhibited below 27°C. In the flow experlments TX12' as 

measured by the stable ènd product TXB 2, was not significantly h!gher than 

" static controls at mean tube shear rates between ~.3 and 1800 s-1 ln 

either the control runs or with 0.2 and 1.0 ~ ADP. Thue, 1t ls unlikely 

that ADP- or shear-induced platelet release contributed tQ the observed 

aggregation. In the discussion to follow, 0.2 and 1.0 ~ ADP are referred 

to as low and hlgh~platelet stimulation, respectively. 

(a) Low Platelet Stimu1atiort 
( 

Ci) \ Sin8le plate1et aggresatlon: Neglecting for the fIIoment the 

-
sex difference, the extent of platelet,r aggrE!gation incresses with 

.1 
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lncreasin&" mesn ,tube shear ~te up to an optimum value at .... 314 8-1• 

Higher shear rates result in a steady decline in aggregation whic.h 

inc reases again beyond 1250 s-l. Shear stresses abové 5' N m-2 , have been 

reported to induce platt>let aggregation in rotational viscometers at room 

temperature (Brown ~!!l., 1975; Belval ~!!..:' 1984) •. Platelet granule 

release is induced after 5 min exposure to this level of shear st ress 

while shear stresses of 15 N m- 2 are required to induce release within 

'" "\ 

exposure times of the present experiments (HeHums and Hardwick, 1981). 

In t he present work wall shear st ress reached 6.5 N rn- 2 and 1 as d~scussed 

aboya, no release was detec,ted. Furtherrnore, there was no shear-induced 

aggregation in the controls at the same leve1 of ·shear stress. It would 

"1 
searn unlikely that shear-induced platelet aggregation contributed to the 

increase in ag~regation at' high shear rates in the present experirnents. 

lt is possible, however, that p1ate1et surface activation in concert with 

ADP stilll'ulation led to the enhanced affinity of existing receptors, the 

exposure of latent receptors or the induction of sorne independent 

mechanism of aggregation (discussed lAter). 

It is lnteresting that the highest rate of aggregation was at the 

lowcst shear rate but this was tr'ue for ooly the firat fèw seconds of 

&8gregation. The two-body collision efficiency was also highest undér 

these conditions. Even so, at most on1y 28% of aIl collisions resu1ted in 

stable doublet formation. Although the fluid shear stress is low, the . 

collision rate 1s oot aufficlent to .sust*tn El hi~h rate of aggregation. 

At higher shear rates there was generally a decrease in the fraction of 

l 
efficient collisions but a high collision frequency accounts for the 

higher rates of aggreg8Uon. Theory predicts that when net attr-acUve 

/ 
( 
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forces operate between eolliding partïeles, t he collision effic ieney 

" 
decreases with inereaslng shear rate'(van de Ven and Mason, ,1977). This 

) 

has been shown experimentally at shear rates less thsn 112 9- 1 for the 

aggregation of model latex spheres in solut ions of high ionie st renRth 
t 

(Swift and Frierllander, 1964; Curtis and Hocking, 1970; Zeiehner and 
.. . 

Schowalter, 1917) and human platelets exposed to 1 !.lM ADP (Bell and 

Goldsmith, 1984). At the maximum shear rate in the present experiments 

--collision effic1encles between 0.7 x 10-3 and 2.5 x 10- 3 ",ere measured. 

This is in good agreement with the values ~reported for shear-indu~ 
1 

platelet aggregation at shear rates between 2000 and 10000 s-1 (Belval and 

Hellums, 1986 )u. Thus, the col~ision efficiency decreased by approxi~ately 

two orders of magnitude between_shear rates of 39.3 and 1250 s-l, but 

remained rela~ively constant t~ereafter up ta shear rates of LOOOO s-l. 

The large decrease in collision e4IJeiency at relatively low shear rates 

and the persistence of a nonzero collision effieiency at high shea"r rates 

suggest that more than one type of platelet-platelet bond mediates 

ADP-induced aggregation. 

The increasing rates of aggregat ion wlth t Ime as deplcted by the 

sigmoid aggregation curves (Fig. 4,9, and 10) indlcate that eolliRion 

efficiency lncreases with time, even after a delay of'up to 11 9 tn the 

onset of aggregation. lndepd, not on1y do.measurements of collision 

efficiency eonffrm this but they also Indicate that the hetèrogeneity 

among platelet bonds is time-dependent JF1g. 5). At early transit tlmes 

the", high rate of aggregation at low shear rates ls sustalned by a weak 

bond that is easily disrupted at higher shear rates, resultlng ln a 

.corresponding shear-dependent lag pha8e~ Even at low shear rates the 

strength of this bond' gradually "dilllinhhes wlth In.creaélng transit Ulle 

. .. ' 



( 

1 

tI 

c 

----------------

- 186 -

and, ln conjunction with a low collision rate, produ~s a steadily 

decreasing rate of aggregation. At high shear rates, the increasing rate 

of aggregation at times beyond the lag phase reveala the emergence of a 

second st ronger bond. Longer t imes are required before each bond is 

sufflciently strong, or i8 present in sufficient numbers, to support 

Aggregation. The two types of bonds coexist at intermecliate trarsit times 

where the weak bond is disrupted at low ~hear rates but higher shear rates 

are requi red to disrupt t he st ronger bonds. The interrupt ion in the 

decrease in collision efficiency with increasing mean tube shear rate 

between 157 and 314 8- 1 at mean transit timeR between 4.3 and 8.6 s (Fig. 

5) roi nt s ta a transit ion from weak to strong bond. At very long exposure 

t imes the sl rong bonds are maximally expressed through either st rength or 

numbers, and only high shear rates are sufficient ta disrupt them. It is 

important to note that although the collision efficiency is very low at 

high shear rates, the high collision frequency can sjpport a high rate of 

aggregat ion, as alao found by Belval and Hellums (1986). 

• 

The effect of decreasing partic1e concentration in limiting 

aggregat ton through a decrease in the collision frequency i9 evident from 

the decreasing rates of aggregation at long transit times despite 

collision efflcienc1es that have remained constant or actually increased. 

This 19 best illuslrated by rates of aggregation at t ='21 9 that are 

increllsing at G - 1800 s-1 but that are actually decreasing at 

G - 314 s-l. The higher initial rates of aggregation at G - 314 s-1 

depleted the single platelet concentration to a point where the rate of 

aggregation later in time decreased even though collision efficiency 

increased. At G • 1800 s-1 the inhibition of aggregation at early transit 

1 
1 

( 
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t imes preserved a particle concentration su,fficient to support-a high rate 

of aggregation once aggregation was init iated. Furthermore, the high 

concentration of small aggregates at G - 1800 8- 1 may have enhanced ft hlgh 
i 

, 
rate of single plate let aggregati?i'l by maintaining a high colLlslon 

frequency between small agg~egates aQd" single platelets. 

(Li) Mechanisms of ADP-induced platelet aggregation: Flbrinogen 

is an essential cofactor for ADP-induced platelet aggregatlon (Slmonettl 

~ ~., 1961; Cross, 1964; Born and Cross, 1964; Solum and Stonnorken, 

1965; MeLean ~ aL, 1965; Tollefson and Majerus, 1975). The 

cross-Ilnking of bivalent fibr,nogen molecules between activated 

glycoprotein lIb-IlIa (GPllb-ll~a) complexes in the platelet membrane Ls 

the believed mechanism underlyin ggregation. ather plasma glycoprotelns 

sueh as ft bronec tin and von and factor (vWF) bind tu GPllb-IIls 

complexes through a simUar argini ~glYCine-aspartic acid- (RGD) 

containing binding s,uence to that which appears twice ln the a-chain of 

f ibrinogen (pytela ~ ~., 1986). However, the hlgh concenrrRt Lon 0 f 

fibrinogen in plasma (George ~.!!.. t 1984) and the preferentlal !>(nding of 

fibrinogen to stimulated platelets in the presence of other adhe91ve 

glyéoproteins (Nurden~ 1987) suggest fibrlnogen i8 the primary plasma 

glycoprotein mediating platelet aggregation. 

The steadily increasing l!g phase preceding aggregatlon ~lth 

inereasing shear rate in 'the present work points to a latency ln the 

strength of the platelet-platelet bond. An argument caR be made for the 

requirement of latency in the expression of plate let bonds frOID the 

limitations placed on aRy colloid wh08e aggregation 18 mediated ~y polymer 
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cross-linking. In order for cross-linking to occur, unoccupied binding 

sItes must be available on both surfaces. In the case ~f platelets, the 

hlgh concentration of fibrinogen ln plasma would bé expected to saturate 

aIl blnding sites on platelets before cross-linking could occur. In fact, 

" cross-linking would require the simultaneous binding of opposite ends ~f 

the bivalent fihrlnogen Molecule to two platelets immediately after 

activation of GPllb-Illa complexes, and prior to saturation of these 

'" 
refepCors with free flbrinogen. This scenario seems unlikely given the 

high concentration of fibrinogen in plasma. It is more likely that aIl 

GPIlb-IIla complexes would be saturated with free fibrinogen long before 

two platelets could simultaneously bind a single fibrinogen rnolecule. 

-' 
Instead, a model of aggregation requires either a low affinity- for 

flhrinogen binding by activated platelets, and the subsequent continuous 

breaking and forrning of new platelet~fibrinogen bonds, or the 

time-dependent exposure of new bonds that perrnits cross-linking during the 

interaction time of ~ol1ision. Peerschke!!. al. (1980) have provided 

evidence for both high and low affinity binding sites for 125I-Iabelled 

fi brlnogen on ADP st imulated platelets; howeve,r, Marguerle ~~. (1980) 

found ooly a single class of receptors. In both cases binding was 

saturable and required the continuous presence of ADP" in the absence of 

release. 80th groups reported that binding increased with time; however, 

Peerschke ~ al. found binding to reach equilibr1\D11 after one minute whUe 

Marguerie ~!!.. measured increased binding up to 30 minutes. In 

addition, fibrinogen itself appears to have a binding sequence in the 

carboxy terminus of the y-chain that recognizes the GPllb-Illa complex, 

but ta distinct from the RGD-containing seq~ence (Kloczewiak ~ al., 1984; 

Plow !!.!!.. t 1984; Timmons!!.!!.. t 1984; Santoro and Lawing, 1987). 
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Thus, the relatively slow kinetics of fibrinogen binding and the existence 

of heterogeneity in thè affinity for fibrinogen provide a mechanism for 

platelet aggregation in the presence of high concentrations of the 

cross-linking ligand. Furthermore, the increase in the two-body collision 

efficiency with time and the formation of a high shear rate-reslstant bond 
1 

can be explained in terms of a tlme-dependent lncrease in ftbrlnogen 

binding. 

Additlonal evidence for fibrinogen hinding cornes from the covalent 

c ross-linking of fibrinogen to the GPIIb-l lIa comp1ex (Bennett !!.!l., 

1982), and by the inhibition of bind\n~ by RGD-containing ~eptine8 

(Haverstick ~~., 1985; Plow ~!!.!.., 1985; Garlner and Bennett, 1985) 

al\d by monoclonal antibodies that recognize the GPIIb-[lla comp1ex (Coller 

~~., 1983a; Bennett !!...~., 1983). These binding assays do Ilot pr~ve, 

however, that flbrinogen medlates aggregation by directly cro8s-1inking 

activated platelets. It has been proposed that GPIIb-III8 receptor 

c1ustering is a prerequisite for fibrinogen billding and p1atelet 

aggregatlon (Aasch ~!!.., 1985; Newman ~ aL, 1987). It 18 poss;tble 

that the role of fibrinogen is to stabUize 8uch clusters permit 49& the!!, 

to interact in some complementary manner between activated plate lets. 

Thus, fibrinogen cross-linking between platelets per se would not be 

necessary for aggregation. If the platelets were inittally aRgre~ated by 

a mechanism independent of fibrinogen cross-llnking but whlch m8lntalned 

close contact, cross-linking could follow as flbrlnogen bindlng sltes were 

expressed. Coller (1983) has proposed that platelet binding of fibrinogen 

alone wôuld be sufficent to lower the electrostatic repulslon between the 

similarly charged platelets and permit aggregatlon through Ysn der Waals 

J 
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( 

- 190 - ( 

attraction. Coller also points out that platelet aggregation mediated by 

pseudopod-surface or pseudopod- pseudotJd interactions would bé enhanced 

by the effect of the small radius of curvature ~f pseudopoda on lowering 

electrostatic repulaion. Since such aggregation ia no~ mediated by 

specifie fibrinogen cross-llnking, it may not be resistant to high shear • 
p ~ 

rates. - lt does, however, provide a mechanism for the relatively weak 

aggregation observed at short transit times in the present work. 

Recent evidence also supports a stronger role for vWF in platelet 

aggregation than previously contended. The primary vWF receptor mediating 
t> , 

plate let a4hesion to subendotheUwn is yPlb (Coller !!.!!.., 1983b) and, as 

mentioned earlier, vWF can also bind ~o GPllb-llla (Fujimoto and Hawiger, 

1982; Fujimot0!.t!!.., 1982) but the significance of this latter binding 

ls not clear. A role for vWF in mediatlng stable adhesion at high shear 

rates has been proposed from the observation that the adhesion defect in 

von Willebrand;s disease (Tschopp ~ àl., 1974), in which vWF 1s partially 

or totally mlsslng, is more pronounced at wall shear rates greater than 

2600 ,rl (Weiss !.t al., 1.978). Plate1et aggregation onto subendothelhun 

hés a1so been reported to be reduced at wall shear rates less than 

1300 ~-l in von Willebrand' s disease (Turltto !!. al., 1984), and a role 

for vWF ln p1atelet aggregation,has been postulated. Recent studies 

suggest that GPllb-Illa ls involved in both platelet adhesion and 

aS8regation onto sube'ndothelium (Weiss ~ al., 1986; Sakariassen ~ al., 

1986), and that vWF Is the principal ligand involved (Weiss et al. ;',{988) • 
... -- ~"f 

Moreover, vWF has been found to substitute for fibrinogen ln the 

ADP-induced aggregation of washed platelets (.Tlmmons!!. al., 1986) and of 
\ 

plateleta froll patients with afibrinogenemia (de Marco ~ al., 1986).< 
, 

Work on shear-induced platelet aggregation has a180 shown that vWF appeara 

,{ 
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ta mediate p1atelet aggregation 
\ 

in suspension at high shear rates st 

exposure times o~ 30 sand that high molecular weight forms, such 89 found 

in the a-granules of platelets, are the most effectl~e (Moake et al., 

1986; 1988). However, in the absence of signlfica9't re1e)lfm-o-L,vWF fl'om 

the (l-gra~les, p;asma ~WF can successfully medi~~ p~;;~~let a8g~egation. 
\\..-)'\. 

Both GPlb and GPIIb-1I la appeared to be essellt tal for the vWF-med tated 

aggregation, as was activation of the surface receptors by endogenous hOP 

r.eleased from platelets at shear stresses between 3 and 6 N m- 2• It 18 

therefore of interest to postulate that plasma v\~F binding ls responsible 
\ 

for the high shear rate resistant bond in the present work.. Although 

there was no release, platelet activ~tiop by AOP may have bee" su(flcient 

to induce vWF binding. A role for thrombospondln (TS) in stablHzlng the 

platelet-flbrinogen bond at high shear rates can be ruled out dud to the 

requirement of plate1et release for the expression of TS on plate let 

surfaces (Phillips ~!l., 1980), and the inabiUty of monospeclfic 

anti-TS Fab fragments that inhibit thrombin induced p.latelet ag8re~t ton 

to inhibit prlmary aggregation induced by AOP (Leung, 1984). 

(iii) Aggregate size: The wlde spectrum of aggregate sLze At 

G = 39.3 s!:...l shows that aggregate growt h is not llmited by a shear Bl ress 
0, 

o~ 0.07 N m- 2• Although the fluid shear stress ia low, the colllson rate 

is not sufflcient to sustain a high rate of aggregation and the subsequent 

"snowbaU" effect found previously at this shear rate with l pM I\UP (Bell 

and Goldsmith, 1984). ln the present work this effect was evident at 

G ... 314 s-l, where large numbers of smaii aggregates that r;pid 1y 

accumu1ated were subs~quently Incorporated into a new relatlvely 

homogeneou8 population of larger aggregates. Analys1s of aggregate slze 

" 

,1 
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distributions'has shown similar behavior for aggregation induced by ADP 

in the aggregometer (Nichols and'Boemann, 1979) or by shear rates greater 

than 2000 s-l in rotational v1seometers (Belval!!.!l., 1984; Belval and 
o 

~Hellums, 1986). This form of aggre,sate growth 18 characteri8tic of the 

successive rise and fall in the number of small order muitiplets of 

progressive1y increasing size predicted by Smoluchowski (1917) for model 

spheres and verified experimentally for platelets at G < 54 8-1 (Bell and 

Goldsmith, 1984). The sequential formation of similarly-sized aggregates 

of re1atively large Bize in the present experiments May have been 

encouraged by the presence of a Umiting shear rate that restricts 

aggregate size at each mean transit time~ The effect of this limit is 

more pronounced at G • 1800 9-1 where despite a high rate of aggregation, 

aggregate Bize was much reduced compared to that at G • 314 s-l. It ls 

known that for particle aggregatlon in the presence of adsorbed po1ymer, 

aggregates of equal-sized partieles are more readl1y broken up than 

aggregates of unequal-sized partlc1es by shear stresses capable of' 

~isrupting po1ymer bonds (van de Ven, 1982). Since fibrinogen 

cross-linking betwèen actlvated platelets is analogous,to polymer 
'1 

bridging, this effeQt would favor the aggregation of slngle platelets and 
-

aggregates at high shear rates. 

(b) "igh Platele~timulatlon 
......::: 

Comparison of the rate of single platelet a8gregation for the two 

donors tested shows a slight shear-dependent lag phase still present. In 

sp1te of a 5-fold Increase ln the collision effieiency at G - 39.3 s-l for 

the male don~r, the collision rate still could not support massive 

8S8regation.' Asgregate size was on1y slightly greater than at 0.2 ~ 

'l 
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ADP. The hlgh collision efficieney m,ay reflect a latg.e increaae in the 

affinity or number of fibrinogen binding sites at the higher levei of , 

p1ate1et stimulation. An increase in the lengtb or n~bers of p1atelet 

~ pseudopods May also incresse the ef~ective collision cross-section of the 

cells. This effect may be responsible for collision efficiencies greater 

th:::: ::-1'":" "hat have been measured for ADP-induc.ed plate1e.t aggngat!on 

due to Brownian &~tion (Frojmovic and Longmire, 1986). The opposln8 

effects of a high collision effic.iency and, ~ size-dependent limiting shear 

rate are strikingly evident at high shear rates. At G - 314 8-1 there wes 

\ 
a large incresse in both'the rate of single pl~telet aggregatlon and 

aggregate size. The high rate of decrease in the single platelet 

concentration at G - 1800 s-l between 4.3 and 11 s of 8 - 10% s-l: led to 

the rapid depletion of vi rtually aIl single platelets; however t a8greg .. ,t., 

growth was severely limited. The asgregates were grouped into a narrow 
~ 

volume distribution between 104 and 105 ~m3, yet at G • 314 8-1 where Many 

single platelets still remained, aggregate volume greatly ex~eeded 

105 ~3. The shear stress of 3.2 N m- 2 did not -inhibit the recruitment of 

aIl piatelets lnto aggregates but"cIearIy inhlbited aggregage growth. 

It bas been suggested that some platelets within a normal 

population typieally do not aggregate (Born and Hume, 1967; Niehols and 

Bosman, 1979; Gear, 1982). The present work shows clearly that given ft 

s~ffieient collision frequeney and d~gree of platelet activation aIL , . 

platelets will aggregate4 Negleetlng the Dverlap of single platelet and 

microaggregate-volume, the shape of the single platelet log-volume .. 
distribution remained symmetrieal about the initial modal volume dur!n. 

aggregation Indlcat~ng tbat' aU single platelets vere belriB recruited 

1 - \ 

.; 
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equa1ly well into aggregates. Belval !!..!!..., (1984) aIso observed the 

aggregation of almost the entire single platelet population as 8 result of 

shear-induced aggregatlo~ 8t shear rates greater than 3000 s-l. 

4. Sex Difference 

There le a hlghly slgnlflcant sex dlfference in the aggregation of 

h .... n pl.~eleta in reaponlle to 0.2 pM ADP .t roo .. t~mpe,~~t~the ' 

range of mean tube shear rate 39.3 < G < 1800 8-1• This finding fs 

consistent with previous work done in Poiseuille flow at G ( 54 s-l with 

1.,0 ~ ADP (Bell and Goldsmith, 1984), and in the' aggregometer at 37°C 

with 0.5 - 5. 0 ~ ADP, collagen or epinephrlne (Kelton ~.!l., 1980; 
- . 

Coppe ~ al., 1981). In a11 cases the platelets from female donors 
/, 

aggregated more than those from male donors. Kelton .!!...!!.. (1980) 

attrlbuted the sex dlfference to the hematocrit-dependent chelation of 

ioriized calcium, Ca2+, wh~ch occurs'in citrated PRP when a 1/10 (v/v) 

dilution of the citrat~ anticoagulant in whole·-blood is rout1ne1y . 
employed. Since at least 96% of added citrate is excluded by the blood 

j 

cells (~akarias8en et al., 1984) and female donors generally have lower -- .' 

hematocrits, the plasma citrate concentration would bé lower, and ,the 

[Ca 2+) correspondingly higher, for female donors than male donors. lt has 

been shown that [Ca2+] in cltrated PRP correlates inversely wlth donor 

hematocrit (.8akariassen.!!..!!... 1984). and in the present work an inverse 

relationshlp was found between hematocrit and aggregat1on. Both platelet 

a8gre8ation (Geat, 19~2) ànd adhesion to. subendothelillD (Sakariassen 

.!l.!!..', 1984) have been shown to increase with . [Ca2+] 
, , . 

(Ca2+J (JO - ,60 ~) nOrmaUy pre~ent in citrated PRP. 

over the range of 

Although the ,: (Ca2t) 
J 

in ,plaslla "wa8 not directIy lIleasured, Kelton ~.!!.. (1980) rellloved t~e sex 

, t, 
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difference ~y adjusting the volume of a fixed concentTation of citrate 

added to whole blood according to donor hematocrit to give a conltant 

concentration of citrate in plasma. In Buch a,Bcheme, however, any other 

plasma factor involved in the Bex dlffetence would be dlluted, allo al a 

function of donor hematocrit, and subsequent ramoval of the sex dlfference 

by adjusting the volume of citrate added would be purely coincidental. ln 
- 0 

Chapter IV the [Ca2+] was measUTed uslng an Ion selective electrode and 

the sex differenèe was shown to be due to the difference in plasma [Ca2+] 

between maleso and females. The sex difference W.4S reversed when the 

concentration of a fix_et volume of citrate was adjusted according-to:-donor 

hematocrit to reverse~he plasma [Ca2+] between the .exes. 
\ 

<r 
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IN THE AGGREGATION OF HUMAN PLATE LETS 

IN CITRATED PLATELET-RICll PLASMA 
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ABSTRACT 

The sex difference in Ue ADP-induced asgregation of hum an 

platelets in flowing suspensions was studied udng a previously deacribed 

technique for measuring the concentration and volume of slngle plateleta 

, and aggregates in citrated platelet-rich plasma, cPRP (Chapter II, this 

thesis). In Ghapter III the aggregation of platelets from female donora 

was sign1flcantly _ greater than from male donors o~e\ the range 

tube shear rate, G, from 39.3 s-1 to 1800 8-1 and mean transit 

of mean 

time, t, 

from 0.2 to 86 s. In this chapter the sex difference was verif1ed at 
o 

G • 314 s-1 and t • 43 s. The inverse correlation between the extent of 
1'" 

single plate let aggregatlon and donor hematocrit, and between hematocrit 

and the plasma io,\!-zed calci~~entration, [Ca 2+], as well a8 the 

positive correlation between the extent of single platelet aggregation and 

[Ca2+] , !ndlcated that ~he sex difference Is due to hematocrit-dependent 

differences in the [Ca 2+] that result when a fixed" volume of thé che1ating , 
agent citrate is used to anticoagulate blood. When the initial citrate . 
concentration was adjusted independent of the variable volume dilution of 

citrate in plasma for each donor, the sex difference was reversed. Agdn, • 

aggregation correlated with [Ca2+J. At the physiological [Ca 2+] in both 

heparinized-PRP and hirudinzed-PRP-, the rate of asgregation was much 

greater than in cPRP but no sex differénce was detected. Agsregate size 

was a1so m:uch larger than in cPRP, and in heparinized PRP virtually aU 

single plate1ets had aggrega,ted by t • 86 s. Thus, the rate of platelet 
"" 

1 

aggregation in flowing suspensions has a strong Ca2+-dependerice in the low 

raôg~ of [Ca2+] normally present in cPRP. 

2 
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INTRODUCTION 

There exists substantia1 evidence attributing a sex difference to 

the behsvior of human platelets. Asplrin, a well-known inhibitor of 

pro8ta~landin-mediated p1atelet release (Weiss and Aledort, 1967; Zucker 

and petirson, 1968; Musta!~ ~ aL, 1975; Roth and Majerus, 1975; Moncada 

and' Vane, 1979), i8 successful- in reducing post-operative deep vein 
, 

thrombos:1s (Harris ~_ al., 1977), and i~ 10wering the risk of recurrent 

transient ischemic attacks and strokes (Canadian Cooperative Study Group, 

1978) in men but not in women. Platelet aggregation in c1trated 

platelet-rich plasma, cPRP, ia greater for female donors than for male 

donors in responae to epinephrine (Johnson ~ al., 1975), collagen (Coppe 

~!!.., 1981), and 0.2 - 5.0 ~ ADP at 37°C (Johnson ~.!!..., 1975; 

~ 
Reading and Roaie, 1980; Ke1ton!!. al., 1980) or at room temperature (Bell . t 

and Goldsmith, 1984;' Chapter III, thls thesis). 
} 

However, the ln vitro sex difference may be an artf.fact of 

1 
antlcoagulation. When whole blood i9 routinely anticoagulated with 1/10 

\ 

volumo sodium citrate the plasma citrate concentration will depend on 

donor hematocrit, Binee the added citrate ia almost entirely excluded by 

the b100d cella (Sakariassen ~.!!.., 1984). The plasma citrate 

conceni:ration of a donor with a 50% hematocrit would be 20% greater than 

that of a donor with a 38% hematocrit, and the concentration of ionized 

calcium, Ca 2+, correspondingly lower. The [Ca2+] in cPRP corre1ates 

Inversely with hematocrlt (Sakariassen ~ al., 1984) as does ADP-induced 

aggregat Ion (Chapter II l, this thesis).-- lonized calcium ls an essential 
-

co factor for plate1et aggregation with the rate of aggregation lncreasing 

over;:.the range of (Ca2+] from 0 to 100 ~ (Gear,. 1982). 
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Systematic variation in the plasma [Ca2+1. ln the low range normally 

present in cPRP, might generate signlficant differences in the rate of 

aggregation of platelets between ~roups of donors with sufficiently 

different hematocrits. A sex difference occurs because females generally 

have a lower h~atocrit tqan males. 
'." 

Kelton !t al. (1980) removed the sex difference in cPRP by 

adjusting the initial volume of citrate added to whole blood to give a 

constant citrate concentration in plasma, independent of hematocrit. 

However,' this doee not unequiv.ocally demonstrate that Ca 2+ le the cause of 

,the sex difference. Any other plasma fac~or responsible for the sex 

dlfference would a1so be subject to the same hematocrit-dependent dilutioQ 

effect, and the subsequent removal of the sex difference by correcting 

the variable plasma dilution would be fortuitous. 

r In light of consistent differences found in the ADP-induced 

aggregation of cPRP from male and female donors in this laboratory, the 

role of Ca 2+ in the sex difference was further investigated. The [Ca~J 

was measured before and after the plasma citrèfre concentration of males 

and females was reve)sed without altering the hematocrit-dependent 

dilution effect._ The [Ca2+] was reversed and so was the sex difference. 

In both casee aggregation correlated with (Ca2+). In contrast, no sex 

difference was found us~ng either heparin or~irudin an~icoagulant •• 

Platelet aggregation was in~uced using a ,previously described 

technique (Chapter II, this thesls) in whlch PRP and ADP are 
, 

simultaneously Infussd into a small mixing chamber prior to flowlng 

.. 
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through polyethylene t ublng st preset mean tube shear rates. The volume 

distribution of particles between 1 and 105 ~3 was measured at various 

distances downstream corresponrling to mean transit times through the tube. 

Aggregation was expressed in terms of the decrease in' the single platelet 

concentration and of the volume fraction of single cells and aggregates. 
'. 

Two-body collision theory developed for colloidal-sized particles was 

applied to the platelet suspensions to determine the efficiency of 

collision between the activated cells. 

MATERIALS AND METHODS 

1. Platelet~Rich Plasma and Reagents 

Experiments were performed as described in Chapter II. Venous 

blood was slowly drawn from healthy, age-matched volunteers via a 19 gauge 

needle and winged infusion set into 30 ml plastic syringes containing 
. 

anticoagulant. ALI donors had refraibed from aspirin ingestion for at 

least 10 day& prior to blood withdrawal and no female donors were taking 

oral contraceptives. Hematocrit, HeT, was determined on undiluted venous 
./ 

blood at the time of blood withdrawal. 'After incubating the blood at 

37°C for 30 min, PRP was prepared at room temperature by centrifuging the 

whole blood at 100g for 20 min, and platelet-poor plasma, PPP, by 

centrifuging the remaining blood at 2000g for a further 20 min. ALI 
( 

platelet suspensions were maintained under a mixture of 5% CO 2 and 95% air 

to preserve pH 7.4. Frozen aliquots of 2.0 mM adenosine~5'-diphosphate, 

ADP, (Sigma, St. Louis, MO) were thawed immediately prior to use and 
1 

dtluted in modif!ed Tyrodes solution (137 mM NaC!, 2.7 mM KC1, 11.9 mM 

NaIlC03' 0.36 ott NaH2PO ... H20r at pH 7;4. Electron mic'roscope grade 

glutaraldehyde (J.B. EH Services, Pointe Claire-Dorval, QC) was diluted to 
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0.5% (v/v) in Isoton II (Cou1ter Electronics, Hialeah, FL). One per cent 

(v/v) s~cone (Silicl~d, -Clay Adams, Parsippany, NJ) was used to 

siliconize the mixing chamber prior to experiments. 

(a) Citrate 

Blood from both male and female donors waB drawn rnto 1/10 volume, 

3.8% sodium citrate. In some experiments a second sample of blood was 

drawn ioto 1/10 volume of sodium citrate at an ini~al concentration, Ci' 

that was adjusted according to donor hematocrit. The initial citrate 

concentration of male donors was lowered and that of female donors raised 

to give the same final citrate concentration in plasma, Cf' as that of 

donors of 38 and 50% hematocrit, respectively, at Ci - 3.8%, as ~iven by: 

Ci = Cf x [ 9 (l - HCT) + 1 J • [1 J 

Ci ranged from 3.2 to 4.5%. 

... 

(h) Hepar!n 

Each 30 ml syrin8~ contained 15 III of 10,000 units. ml- 1 sodium 
" 

heparin (Organon, Toronto, ON) yielding 5 units heparin per ml of whole 

blood. 

, 
(c) Hirudin 

Hirudin (grade IV, Sigma) wa8 dis80lved in modified Tyrodes to 

give 4000 unite ml- 1 and aliquots were stored at -20°C. On the 1ay of the 

"experiment hlrudin wae thawed and one ml wa8 placed ln a 30 ml 8yr Inge at 

an initial concentration, Hi' according to: 

Hia 150 X [29 ( l - HCT) + 1) t [2 ) 

'l" 
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to ,glve 150 unit"s hirudin per ml plasma, independent of hematocrit. Sinee 

the sedimentation rate of hlrudinized whole blood was observed to be mueh 

greater titan that of both c1trated and heparinized whole blood, PRP was 

prepared by omitting the 30 min incubati'on at 37°C and Immediately 

eentrtfuging the blood at 40g for 25 min. After removing the supernatant 

.PRP, the blood was centrifuged at 1000g for 20 min to get PPP. 

2. Flow System 

/ 
AU experiments were done at 23 ± 1°C. Platelet-rieh plasma was 

adJusted wlth PPP to 3.30 x 105 cells pr 1 and infused into a small 

eyl1ndrlca1 mlxing chamber (6 mm 1.d., 9.5 mm Ç>.d., 1.5 mm he1.ght) using a 

syr1nge~~ump. ADP was- simultaneously Infused into the mlxing chamber via 

an inde pendent syringe pump at a fixed flow ratio, PRP:ADP = 9: 1. After 

rap1.d mixing, the PRP-ADP suspension exited the chamber through lengt~s of 

0.595 mm radius, R, polyethylene tubing (Clay Adams, Parslppany, NJ), for 
o 

preset mean cell transit times, t· X3 /Ù, from 0.2 to 86 s, where X3 1s 

the distance down the flow tube -andji 1s the mean linear fluld veloeity. 

The aggregation reaction wai instantaneously and permanently arrested by 

co tlecting known volumes of the effluent into 20x the suspension volume rel 
0.5% (v/v) isotonie glutaraldehyde (J. B. EM Services, Pointe '-

Claire-Dorval, QC). The total volume flow rate, Q, was preset at 104 

f.l.R. s-1 to generate a Mean tube shear rate, G - 2QhtR3, of 314 a- 1• 
o 

3. Thromboxane B2 
, . 

Thromboxane B2' TXB 2, was measured to a lower Bmit of 50 pg ml- 1 

in' the plasma of selected experiments by rad ioimmunoassay , RIA, using 

3H-TX82 (New England Nuclear, NEK700A; Lachine QC). Approximately 800 j.1.R. 
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of unfixed effluent platelet suspension were cotlected into 1 ml plAstic 

syringes and immediately fUtered free of cella ustng O. 2 ~m pore syringe 

filter units (Millex-GS, Millipore, Misslssauga, ON). The flltered plasma .. 
1 f 

waS incubated for 20 min at 37°C and stored at -20°C unt 11 'the RIA wa9 

per formed. 

4. Particle Concentration and Size 

The nlll11ber concentration and size of single platelets and 

aggregates were measured using an electronic partlc1e counter (Coulter ZM, 

Coulçer Electronics, Hialeah, FL) in conjunction wlth a logarithmlc 

ampli fier (Coulter Log Range EKpander) a.ruL-a 100 chanlle t pulse he 19ht 

analyzer (Coulter Channelyzer CIOOO) to generate log-volume hlstogrllmA 

over the volume range 1- 105 1J.IIl3. As described in detall ln Chapter Il, 

permanent tracings (Coulter Xy4 Recorder) of each histogram were mllnually 

transposed iota a microcomputer (HP 86, Hewlett Packard, Kirkland, QC) 
\ 

using a digitizer (HP 9111A). The distribution of background ln the small 

volume range of~the log-volume histograms was meosured gepa~ately ln ppp 

and then fitted by a decreasing exponentia1 function using a weighted 

least squares regression. Ualng a, trial and crror He rat ive procedure, a 

normal curve was fitted to the distribution of single platelet log-volume 

over the range where the influence of background and microaggregate 

r 
contamination are minimal. Background was subtracted from the measured 

log-volume histograms to give the same content in class l of the resultant 

histogram as that predicted by a normal distribution of single platelet 

log-volume. The number concentration per histogram'class Is N(x
i
), 

particle volume v(x
i
), and volwne fraction ~(xi) - N(x i )v(x

1
), where x

1
1s 

, th 
the mark of the i c1ass. Computer-integration of the log-volume 

. , 
.' 
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histogrlllRs yielded the number of particles counted, n
L 

U(t), the number , 
concentration, NL,U(t), and the volume fraction, ~L,U(t), of particles 

oetween lower, L, and upper, U, volume limits at time t. 

Average log-volume histograms were generated from multiple donors 

Ilt each melln transit time after the individual histograms were transformed 

into equivalent histograms using the average of the mean single platelet 

volume and standard deviation of aIl donors concerned. The mean, 

th 
normallzed volume fraction of the i class is glven by 

part ide concentration per histogram chss, and N(x ) and v(x ) are the 
m m 

respective mean normal1zed number concentration and volume of the ciass of 

ma)(imum concentration, m, at t = 0 s. Details of the transformation and 

averaging are described in Appendix II. The ultimate effect of these 

procedures is to provide an estimate of the changes in particle volume in 

reLat ion to the Mean single platelet volume and standard deviation, as 

opposed to simply averaging changes in absolute volume. 

5. Statistics 

r 

The mean, ~, mode, ~mod' median, ~med' and standard deviation, a, 

of the l1near volume distribution were calculated from the mean, x, and 

standa'rd deviatloll, s, of the log-volume distribution, assuming a normal 

dlst r lbution of the latter (Renney and Keeping, 1951 j Documenta Geigy, 

L 962). The assumption of log-normallty of single platelet volume was 

tested uslng the Kolmogorov-Smirnov, K-S, one sample test (Young, 1977; 

Lilllefors, 1967). Skewing, 81' kurtosis, 82' of the log-volume 

histograms and their standard errors were determined udng standard 

... 
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equations for frequency distributions (Sokal and Rolhf, 1969). The 

significance of deviation of these sample statlstics from the parametric 

value of zero was tested using two-tailed Student's t-tests. Two-tailed 
, 

t-tests were also ~sed to test the significance of correlation 

coefficients while unpaired, one-tailed t-tests were used ta test the 

significance\of differences between mesns. 

6. Ionized Plasma Calcium 

The [Ca 2+] in plasma was measured using an ion selective electrode 

(ORION 93-20, Cambridge, MA) in conjunction with a single junction Ag/AgCl 

reference electrode (ORION 90-01). Separate standard curves were 

generated for each experiment over the range 10-5 to 10- 2 M Ca 2+ usinS 

highly purified CaC1 2 (Merck, Darmstadt, West Germany) in solutions the 

ionie strength of plasma (155 mM NaCl, 2.7 mM KC1, 1.0 mM MgC1 2.6H 20). On 

a logarithmic seale, the electrode response was linear above 80 ~ Ca 2+ 

and slightly curvllinear be1ow,thls value. Calcium messurements in plasma 

were stable after 120 s equilibration at 23 ± I°C. 

RESULTS 

1. Citrate 
i 

'(a) Constant Ci 

Samples of citrated PRP from 10 ma,le donors of mean age 30 ± 11 yr 

(± s. D.) and 9 female donors of mean age 32 ± 6 yt were sheared ln the 
l' 

presence of 0.2 llM ADP at G - 314 s-l for t - 43 8. A good correlation 

was found between donor hematocrit and the normalized single platelet 
.' 

concentration, NI 30(t)/NI 30(0) (Table 1). The plasma [é~2+J correlated , , 
inversely with hematocrit, as dld the normalized single plate let 
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c 
TABLE l 

~ 

Correlation Coefficients, r, at Given Degrees of Freedom, df 

-

Anticoagulant df HCT vs HCT vs [ca~s 
Il 

Singlets [Ca 2+] Singlet 
-

** * * Citrate 17 0.68 - 0.73 - 0.76 

Heparln 20 - 0.05 0.25 0.10 

\ 

Hlrudln 10 - 0.13 0.46 - 0.45 
. 

.. 
* p < 0.001, ** p < 0.002 
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concentration with [Ca 2+J (Fig. 1). The mean hematocrit (p < 0.001) and 

single platelet concentration (p < 0.02) ~of the tnale donors were al90 

significantly higher than those of the female donars, while the mean 

[Ca 2+] was significantly lowe'~ (Table 2, Left; p < 0.01). Independent 

measurements of [Ca 2+1 for 33 male and 37 female donors gave a ronge of 

[Ca 2+) from 34 to 51 ~ and from 40 ta 55 ~, respectively. 

(b) Adjusted Ci 

For the same male and female donors above, Ci was adjusted 

accordlng ta Eq. (1) ta give the same Cf in plasma as that 0 f donors of 38 

and 50% hematocrit, re~pectively, at Ci a 3.8% (Table 2, right). After 

adjustment of the initial citrate concentration, the plasma [Ca 2+]. of the 

male donors was significantly higher than that of th~ female donors 

(p < 0.001), and the sex dLfference was reversed so thltt the plntelets 

from the male donors aggregated significantly more than those from the 

femaLe donors (p < 0.002). The [Ca2+) now correlated petaH ively wlth HeT 

(r = 0.64, p < 0.005) while the single platelet' concentratlon stUl 
~ .J 

correlated inversely with [Ca 2+] (r .. - 0.68, p < 0.002) for al! donors 

combined. 

Figure 2 illustrates the effect of small but slgnificant 
.. 

differences in the plasma [Ca 2+) on aggregate growth. Before adjust lng 

the plasma citrate concentration, the volUme fraction of single pllitelets 

was lower and aggregate size larger at t· - 4j s for the female donors than 

the male donors. lt is clear that reversing the plasma (Ca 2+) produced 

volume fraction profiles similar to the ptofiles of the donors of the 

opposite sex prior to adjustment. 



c 

1 

- 217 

y'" -0.0229x + 1158 

0 0 

0.6' • 0 
0 

0 

• r. - 076 

NI ,30 (t) P< 0.001 
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Figure 1: Aggregation vs. [Ca2+] 

Correlation of the normallzed single platelet concentration, 

Nl 30(t)/N1 30(0), at G • 314 8-1 with t~ plasma [Ca2+] in ~RP. , , . 

-," 
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• TABLE 2 

Normalized Single Platelet Concentration vs [Ca2+] in Citrated PRP (± S.D.) 

Sex n RCT '1' NORMAL ADJUSTED 

% [Ca2+] N1 ,30(t) [Ca2+] N1 ,30(t) 
, 

~ -NI 30(0) !lM Nl ,30(O) 
> 
~ 

, 

~ . 
Male 10 46.2 ± 2.3 44.2 ± 2.9 0.519 ± 0.103 54.3 ± 2.4 0.347 ± 0.080 

,.. 

" 
p < 0.001 P < 0.01 P < 0.02 P < 0.001 p < 0.002 

, . 

Female 9 40.4 ±,3.6 48.5 ± 4.3 0.389 ± 0.118 40.0 ±' 3.2 0.513 ± 0.125 

\ 
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Figure 2: Effect of [Ca 2+] on Aggregafe Growth 

(a) The mean, normalized class volume fractjon, ~(Xt)' (± S.E.M.) 

versus particle volume, v(xi ), for the male donors at G ~ 314 s-l, 

t • 39.3 sand 0.2 IJM ADP before ([Ca2+J III 44.2 j.LM) and after 

([Ca~tJ a 54.3'1JM) lowering the plasma citrate conce~tration. Shown also 

Is the control at t - 0 s for t~e unadjusted plasma samples. 

(b) Same as above for the female donors before ([Ca 2+] ~ 48.5 ~M) 

and a-fter ([Ca 2+ • 40.0 !JM) rai~ing the plasma citrate concentration. 
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2. lIeparln 

There was no slgnlflcant se~ dlfference in heparinlzed PRP, 

hep-PRP, although the mean hematocrit of the 10 male donors (30 ± Il yr) 

was significant1y higher than that of the 12 female donors (29 ± 6 yr; 
. 

Table 3, p < 0.001). The rate and extent of aggregatlon in hep-PRP was 

much greater tha!1 that ln cPRP with less than 26% of single cells 

- -remalnlng unaggregated after only t a 8.6 s for both male and female 

donors. Th~ mean [Ca 2+] was more then an order of magnitude greater than 

that in cPRP, but was not significantly dlfferent between male 

(1.23 ± 0.08 mM) and female (1.22 ± 0.07 mM) donors. There was no 

rèlatlonship between hematocrit and single platelet concentration, 

hematocrit and [Ca 2+], or [Ca2+] and the single platelet concentration 

(Table 1). In a larget independent study on [Ca 2+] in hep-PRP involving 

16 males and 17 temales, respective mean [Ca 2+] of 1.27 ± 0.03 and 

1.27 ! 0.05 mM were obtained with a correlation coefficient between 

hematocrlt ~nd [Ca 2+] of r a 0.09,' for aIl donors combined. 

In contrast to the time course of platelet aggregation in cPRP for 

the male and female donors of Chapter III there was almost no lag phase 

precedlng aggregation ln hep-PRP (Fig. 3). The rate of decrease of the 
, 

single plate let concentration for tne male and female dono~s combined 

incrensed from 6.1 ± p.8 % 8- 1 (± S.E.M) during the first t a 2.f s to 

11.6 ± 0.7 % s-1 between t • 2.1 and 4.3 s. Although the rate of 

ag~regatlon decreased with longer mean transit times to glve the 

characterlstic slgm~id aggregation curves found in cPRP, the collision 

efficiency increased to a maximUJll, IX - 0.242, between t ,. 4.3 and 8.6 s o 

(Table 4). 
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TABLE 3 

Normalized Single Platelet Concentration in Heparlnized PRP (± S.D.) 

Sex n HCT [ Ca 2+) Nl !30(S.6) 

% mM NI 30(05 , 
. 

... .. 
• Male 10 47.6 ± 3.1 1.23 ± 0.08 0.2.SI /± 0.075 

. 

P < 0.001 n.s. n.s. 

Female 12 40.8 ± 2.9. l.?2 ± 0.07 0.256 ± 0.127 

\ 

o 

.. 



o 

, , 

1.0 

0.8 

N 1.30n) 0.6 

NJ.30(O) 

0.4 

0.2 

o 

- 223 -

---~---------------------------~ 

10 20 30 40 

t,s 

Figure 3: Effect of Anticoagulant on Platel~t'Aggregation 

1 

1 

86 

The normaUzed single platelet concentration, N1 30(t) IN
1 

30(0), _ , - , 
(± S.E.M) plotted against mean transit time at G - 314 5- 1 and 0.2 ~ ADP: 

• male donors, citrate; 0 fémale donors, citrate; _ male plus female 
, . 

donors, hirudln; Â male "lus female donors, heparln. In the controls 

modlfled Tyrodes was infused instead of ADP: ~ broken Une, heparin. 

,1 

\. ".i il' _____________________ ~ _________ ~ ~ ___ " ___ _ 
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TABLE 4 

Collision Efficiency. 

-Anticoagulant t - 0- 4.3 s 

'* 
Heparin 116 ± 10.2 (20) 

Hirudin 87.2 ± 13.9 (12) 

'* no. of donors in parentheses 

-

a )( 10 3 (± S.E.M.) 
o 

4.3 - 8.6 s 

242 ± 14.5 (22) 

181 ± 17.4 (12) 

8.6 - 21 9 

!lS (2) 

92.6 (2 ) 
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Aggregate growth in hep-PRP is shown in Figure 4. Accompanying 

the rapid reduction in the fr~ction of single cells is the growth of 

aggregates of progressively increasing size. By t a 21 s, a significant 

proportion of aggregates had exceeded the largest particle volume measured 

(10 5 ~m3) while by t - 86 s less than 1.2% of single platelets remained, 

and virtually aIL aggregates had volumesogreater'than 10 5 ~3. As found 

in cPRP the presence of a white blood cell peak (130 - 270 ~m3) ~t 

t - 86 s indlcates that these cells are not incorporated into plate let 

aggregates. 

3. Hirudin 

No sex difference was present in hirudinized PRP, trl:r-PRP. (Table 

5), although the Mean hematocrit of the 6 male donors (33 ± 13 yr) was 

signiflcant1y higher (p < 0.02) than that of the 6 female donors 

q4 ± 7 yr). The rate and extent of 'aggregation of hir-PRP was also much 

greater than that of cPRP but less than that of hep-PRP, with less than .. 

36% of single platelets remaining ,unaggregated at t ~ 8.6 s. No 
, 

correlation was found between hematocrit and the single plate1et 

concentration, hematocrit and [Ca 2+], or [Ca 2+] and the single platelet 

concentration (Table 1). The mean [Caê+] in hir-PRP of the male 
-

(1.15 ± 0.04 mM) and the female (1.14 ± 0.07 mM) donors was less than that 

in hep-PRP but after correction for the greater dilution of plasna by the 

hirudio, the mean [Ca 2+] for the male and female donors were 1.22 ± 0.04 

and 1.21 ± 0.07 mM, respective!y. 

The sigmoid time course of platelet aggregation in hir-PRP was 

stmi1ar to that ln hep-PRP. although the rates of aggregation were always 

,. 
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Figure 4: Aggregate Growth in Heparinized PRP 

~ 

/ 
/ 

/ 
/ 
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~ 

Three dimensional plot of the mean, normalized class ~~lume 

fraction, ~(xi)' (± S.E.~.) versus particle volume, v(x i ), for the male 

and female donors combined between t - 0 and 86 s at G • 314 8- 1 and 

0.2 ~ ADP in heparinized PRP. 
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2 
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TABLE 5 

No rma l1zed Single Platelet Concent ration in Hirudinized PRP (± S. O.) 

Sex n HCT [Ca 2+] NI 30(13.6) , 
% mM N1;30(0) 

Male 6 46.1 ± 2.1 1.15 ± 0.04 0.359 ± 0.1l2 
" 

p < 0.02 n.s. n.s. 

Female 6 42.9 ± 2.2 1 .14 ± 0.07 O. 3/~4 ± 0.177 

1 -

-' 

r" 

" 

/ 

( 
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lower. The initial rate of aggregation (t < 2.1 8) for the male and 

female donors combined was 4.5 ± 0.7 % s-l, and the maximum rate was 

9.8 ± 1.6 % s-1 between t la 2.1 and 4.3 s. The maximum collision 

efflciency, a :3 .181, was lower than that ln hep-Pl,{P. but a1so occurred 
o 

between t = 4.3 and 8.6 s. It ls not clear from Figure 3 if the extent of 

aggregat ion in hir-PRP would reach that in hep-PRP j although t the extent 

of aggregation in cPRP from the female donors at t .. 86 s appears to have 
"" J ~; 

reache~ that in hir-PRP. Indeed, according to Figure 5, the volume 

fraction profile for cPRP from the female donors at t - 86 s ( Fig. 7 • , 

Chapter UI, thls thesis) is very slmilar to t hat for hir-PRP at t - 21 9. 

The sllghtly lower rates of aggregation in hir-PRP than ln hep-PRP are 

shown by both slightly hlgher single plate1et volume fras,tions And amaUer 

aggregate volume fractions at t < 8.6 s. The difference is more 

pronounced at t = 21 s where considerably more single plate1ets relnlllned 

in hir-PRP. The prominent white b100d cell peak at t • 2l s but !\bAenL at 

earlier transit times in hir-PRP occurs because this histograrn Is the 

average of on1y two donors, one of which had a high white cell cOllnt in 

PRP. 

The concentration of T>Œ~ in the plasma of pre-s'hear and sheared 
, 

samples exposed to 0.2 ~ ADP were not significantly different for elther 
~ . 

sex or at any point between the seltes (Table 6). The concent rat Ion of 

TXB2 was always well below tltose levels tltat result from the platelet 

release reaetlon. 

4. Single Platelet Volume 

o Statistic8 of the platelet log-volume distributions in hel>-PRP and 

.. 

,.1 
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Hirudin 
1.15 mM Ca 2+ 

1 

Figure 5: Aggregate Growth in Hirudinized PRP 

Three dimensiona! plot of the- Mean, normalized class volume 

fraction,- ~(xi)' (± S.E.H) versus partlc!e volume, v(x
i
), for the male and 

female donors combined between t .. 0 and 2l 8 at G CI 314 s-1 and 0.2 IJ.M 

AI>P in' hirudinized PRP. 

.. 
___ ...... _________ .. ____________ -' ____ --'-~~~_~.c 
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.. TABLE 6 

TXB 2 in Hiruduni~ed PRP, ng m1~1 (± S.D.) 

---

PRP + 0.2 iJM ADP 
Sex PRP ppp - 43 s -t - 0 S 

1 

* Male - 0.78 (1 ) 0.42 ± 0.31 (4 ) 0.47 ± 0.33 (4 ) 

Female o (1) 0.74 (2 ) 0.68 ± 0.66 (3) 0.53 ! 0.63 (3) 
e 

1 

-

\ 

* number 0 f donors in parentheses -

A 
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hlr-PRP are provlded I~ TableJ1 for co.parison w~ the'dat~ in cPRP ln 

"Table 2" of' Chapter III of this thesis. The data for male and female 

donors were comblned since, as with cPRP, there was no sex difference in 

p1atelet volume in either hep-PRP- or hir-PRP. The mean, modal and median 

volumes of platelets in hep-PRP and hir-PRP were similar to those in cPRP. 

A substantial proportion of the distributions in hep-PRP were log-normal 
. 

but almost aIL of those in hir-PRP were rejected by the K-S test. ALI 

distributions that were not log-norm~l show:d significant positive skewing 

and leptokurtosis both of which were generally greater than that of the 

equivalent distributions in cPRP. 

-c 

DISC~SSION 
1 
1 

The 8trong inverse correlation pr~viously found (Chapter III) 

between donor hematocrit and the degree.of ADP-induced platelet 

aggrégation ln citrated platelet-rich plasma was verified for the present 
-" 1 ~ 

group of donors., In Chapter III a~strong sex difference ~ccurr~d after 

t • 43 s exposurè' to 0.2 llM ADP at ~ • 314 a-l, where the normal~ 
_._ ;-;:'4 9 

single platelet concentration of the female donors (0.240 ± 0.084; ± S.D., 

n • 6) was slgnificantly lower (p' < 0.001) 'than that of the male donors 

t 0.095, n • 6). - In this chapter measurements of the single 

concentration under the same conditions were similar t those 

fôr-both male and female donors but the diffé ence was 

L .. It has been proposed (Kelton ~ al., 1980) that the sourcë of the 

variable 1Ca2+] in cPRP i8 a variable plasma citrate concentration caused 

by the RCT~dependentodilution of the citrat~ anticoagulant. The inverse 

L 

/ 

, 
1 

.. 
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TABLE 7 

Average Sta~i,stics of the Single Platelet Log-Volume Histograms 

0 

- Heparin Hirudin 
Statistic 

1 -

Log-Normal Not Log-Normal Log-Normal Not Log-Normal 
1 

No. Donors 9 J 13 1 11 

- 8.0 ± 1.1 7.7 ± 1.'0 7.5. 7.8 ± 1.1 ll-

cr 5.0 ± 0.9 4.8 ± 0.8 4.9 5.0 ± 0.8 

Ilmod 4.9 ± 0.6 4.7 ± 0.5 4.4 , 4.7 ± 0.7 

I1med 6.4 ± 0.8 6.5 ± 0.8 6.3 6.6 ± 0.9 

0.038 ± 0.039 * '- ** g1 0.063 ± 0.09l 0.036 0.119 ± 0 .. 063 

0.231 ± 0.184** 0.205 ± 0.177 ** 
82 0.012 ± 0.091 0.060 

nL.U(O) 15514 ± 1136 14991 ± 763 15503 15424 ± 1047 
1 

-- _ ... _- -

Statistics of individual single platelet log-vo1ume distributions calculated at 
t - 0 S over the range 1 - 50 ~3 were averaged C± S.D.) for the stated number of do~ors 
grouped according to anticoagulant. The distributions were further partitioned into those 
that were accepted as normal by the K-5 one sample test and those that were rejected. 
Symbols are as described in the text and volumes are in ~3. Significantly different from 

\ 

zero,; *. p < 0.002, ** P < 0.001. 
\ ' " , 
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relationship between HCT and plasma [Ca2+] found in tha."presel\t work and 

elsewhere (Sakariassen, !!l..!!.., I984) supports this contention. Although 

[Ca2+J was not measured, Kelton ~ al. (1980) removed the sex difference 

by adjusting the volume of a fb:ed concent~~t1on of citrate according to 

HCT to give a constant dilution of plasma. However, these findings do not 

unequivocally demonstrate that variation in the [Ca2+] is the cause of the 

sex difference. Any other plasma factor responsible for the sex 

difference would also be subject to the same hematocrit-dependent 

dilution, and removal of the sex difference and the correlation of [Ca2+) 

with aggregation would be fortuitous. In this chapter, the citrate 

concentration- was adjusted independent of the HCT dilution effect and the 

plasma [Ca 2+) of males was thereby raised sign1ficantly above females. 

The sex difference was then reversed, and again aggregation correlated 

The degree of aggregation corre~~ted with-[Ca2+] over the range of 

[Ca2+) nortnally found ih cPRP, 34 - 55 ~, although the 8catter of the 
Jo 

individual measurm~nt8 sugge$t8 that other factors may be involved. It, 
.. "'. -

would 8eem, how~ver, that systematic d1fferences in [Ca2+] within this 

narrow range are sufficient to generate a significant sex difference. The 

rate_of ADP-induced aggregation 18 known to incresse markedly with 

increasing [Ca2+] ln the range 0 - 100 ~ Ca2+' but to level off , . 
Bubstanfially thereafter (Gear, 1982). Indeed, in the present work a 

-Îf\ 
change in tl;te plasma [Ca2+] of on!y 10 !.&M was found to -reverse the shape 

of the aggregate volume fraction distributions between males and females 

(Fig. 2). __ ::. 
j 
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If citrate ts responslble for the sex dlfference 'then 

anticoagulants that do not change the [Ca2+] in plasma should not produce 

a sex diffet'~nce.. Indeed, no sex difference was observed ln the 

milli.molar range of [Ca 2+J in heparinized PRP, and aggregat!on diri not 

correlate with RCT or oo[Ca2+ J. The rate of aggregatlon was 90 mueh hlgher 

than in cPRP that within one and a half minutes no single plate lets 

remain~d ana allnost a11 aggregates were greater than 10 5 Il'1I J • In fact, , 
the rate of aggregation and size of aggregates were g~eater ln hep-PRP at 

0.2 ~ AOP than in cPRP at 1.0 -pM ADP (Chapter III, thls thcsls). lt 

could be argued that the rate of aggregat ton in hep-PRP 1.s 90 great that 

any sex dlf ference is obUterated. The rate of aggregation ln hlrud inlzed 

PRP, however, was comparable to that in hep-PRP. The sllght plasma 

dilution effect of the hirudin solution did not lower the [Ca2+) 

suffic.iently ta aliow any detectable difference ln the rate of aggregation 

between males and females. Again no correlations were found between N 

aggregation and "CT, and aggregation and (Ca2+J in hlr-PRP. The s!mUarly 

h1gh rate of aggregation in hir-PRP and hep-PRP challenges the 

generally-held oot ion that heparin direct 1y aetivates plateleta caua tag a 

greater rate of aggregation in hep-PRP than in cPRP. Slmtlarity ln the 

statist1cs"of the distribution of single platelet volume 1.n hep-PRP and 

cPRP, as weIl as, the lack of aggregation in the control runs in he'p-PRP 

(Fig. 3) çorroborate the contention that the platelets were not unduly 

8ctivated by heparin. It would seem Ukely that the enhanccd aggregatlon 

ln hep-PRP and hir-PRP ls due to the much higher (Ca ~J. 

The sigmoid deerease in tl]e concentration of single platelets 

previously found ln cPRP- was -still present ln both he'p-PRP and hlr-PRP; 
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aithough, the 1ag phase preceding aggregatlon was much reduced and the 

maximum rates of aggregatlon much higher than in cPRP. lt is interesting 

'-- that thé' rate of aggregatlon was hlghest between 2.1 and 4.3 s in hep-PRP 

and hir-PRP but at the lower [Ca2+] in cPRP, not only was the maxim~ rate 

! 

of aRgregat!on lower, 1t occurred at Iater tlmes. ln Chapter III the 

sigmoid asgregation curvee in cPRP were exp1ained in terms of a 

time-dependent Increase in the expression of stable platelet-platelet 

bonds. The mechanism believed to underly platelet aggregation is the 

cross-linking of bivalent fibrinogen Molecules between activated 

glycoprote1n lIb-IlIa (GP lIb-IlIa) complexes in the platelet membrane 

(Nurden, 1987). Ionized calcium ls an essential cofactor for both 

fibrinogen bindlng (Marguerie !l al., 1980) and maintenance of the GP 
-< 

lIb-IlIa heterodlmer complex (Brass ~.!!.., 1985; Fitzgerald and Phl11ips, 

1985). Furthermore, flbrinogen bindlng increases with [Ca2+) and requires 

.If 
at 1east one minute to reach saturat,lon (Marguerie !;!.!l., -1980; Peerschke 

.!!..!l. t 1980; Marguerie ~ al., 1982). Thus, the decrease in the lag 

phase at the phys~ological [Ca2+) in hep-PRP and hlr-PRP (Fig. 3) ~y be 

due to a higher rate of fibrinogen blnding. A difference of "" 10 l1M Ca 2+ 

between male and female donora in the low range- of [Ca2+J in cPRP has a 

s,trong effect on both the lag phase and the maximum rate of aggregation. 

Howeve~, the continued Increasing rate of aggregation in hep-PRP and 

hir-PRP r.eveals that the format~on of stable bonds increases with Ume 

even at :~hsiological (Ca2+). This ls r~f.!ected by a corresponding increase 

in the two-body collision efficiency which reaches a maximum of 0.242 in 

hep-PRP between 4.3 ,and" 8.6 s. This collision efficiency is approximat-è1y 
, -
.• n order of magnitude greatet than in cPRP over the same time interval. 

\ 

Tlie collision efficiency in cPRP continues to increase wlth Ume, whereas, 
~ - 1 ~? 

• 
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in hep-PRP Qnd hir-PRP it decreases. This may reflect a more rapid 

expression of stable platelet-platelet bonda at physiological [Ca2+], 

throug~ either an increase in the nùmber or afflnlty'of flbrlnogcn blnding 

sttes. In Chapter III, the induction of aggregatlon at G • 1800 s-l after 

an ~ 11 s delay indicated the time-dependent emergence of a hlgh shear 

rate reslst.ant platelet-platelet bond. lt would be of intereat to examine 

thls effect ln hep-PRP and hlr-PRP. 

Platelet granule releage does not contrihute to the sex dlfference 

or the higher rates of aggregation in hep-PRP and hir-PRP. 

of the experiments were Buch that release was prevented. 

The cond lt 10ns 

~ 

Temperl1t ures 

less than 27°C are known to inhib1.t ADP-induced release (Va1dorf-Uansen 

and Zucker, 1971; Chapter Ill, thLs thêsis),_ and the concentration of ADP 

was wel1 below the, threshold required to el1cit release at 31°C, a1though 

the platelets are more sensitive to ADP at room temperature. Furthermore, 

release that occura at 37°C in cPRP la inhibited at tbe physio1ogical 

[Ca2+] in hep-PRP and hir-PRP (Mustard ~ al., 1975). The ahear stress 

~a9 a1so weIl below the threshold required to acttvate the cella d trectly 

or induce release (Brown !!.!l., 1975; Belval ~.!l., 1964; flellurns and 

Hardwick, 1981). Concentrations of TXB 2 in ,hir-PRP were not signlft.cant ty 

dtfferent from those ln c~P (Chapter III, thls thesis) and showed no 

changes from pre-shear levels. No algnlflcant differences between Male 

and female 'donors were found. 

~ 

The seK difference in the ADP-induced aggregation-of human 

platelets in cPRP is real but artHactual. "Differences in the to~1.zed 

-ca~clù~ concentration that normal1y occur in cPRP are sufflclent to sffect 
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the degree of aggregation. Since mean hematocrits are usually-

aignificantly dlfferent between groups of male and females, and since 

[Ca2+J is eontrolled by the plasma citrate concentration, wbieh in turn ia 

determined by hematocrit, a significant sex difference exists in cPRP. In 

ungrouped data, sex differences are lncoRsequential; however, the citrate 

ef~ect mustbe taken into aecount when attributing a sex link to platelet 

>~o.~oto. 0.tago.10to or cofoctoro 1. cPRP. Th10 1. part1cularly true 

when trying to correlate platelèt aggregability with a propensity for 

thr.mboembolic disease. Evidence for an additional sax factor is given by 

the finding that aspirin is effective in reducing post-operative deep vein 

thrombosis (Harris ~.!!.., 1977) and transient cerebral Ischemie attacks 

and strokes (Canadian Cooperative Study Group, 1978) in men but not in 

women. Sueh differences oeeur in vivo, however, and are inde pendent of 
Cl --

the hematoerit-6ependent anticoagulant artifact. 

lt must also be remembered that due to the prevalence of citrate 

as an anticoagulant, many platelet stu4ies are conducted under conditions 

of depressed [Ca2+] that consistently impede the optimum rate of 

agSregation. The enhanced rate of aggregation,in hep- and bir-PRP serves 

as a strong reminder that platelet hebavior at physiologieal [Ca2+] èan be 

substantially dlfferent. It·ta well established that physiological [Ca2+] 

actually inhibits the ADP-induced platelet release reaction (Mustard ~ 

.!l., 1975). The pivotaI role of [Ca2+j ,in aggr~gation, adhesion and 

release cannot be underestimated and it must be constantly borne in mind 
- , 

that much of our present knowledge of platelet behavior was obtained under 

conditions of depressed calcium. 
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ABSTRACT 

The effect of shear rate on ADP-induced phtelet aggregat Lon in 

whole blood, WB, f10wing through polyethylene tublng was studled using a 

previously described technfliue for measuring the 'concent ration and Bize of 

~ single platelets and aggregates in platelet-rich plasma, PRE' (Chapter Il, 

this thesis). Effluent WB was coUected into 0.% glutaraldehyde and the 

red cells" - rbc, removed by centrifugation through Percoll. The rate of 

single platelet aggrega~ion was up to 9x greaterrn WB than in PRP 

(Chapter UI, this thesls) at mean tube shear ra~s, G." 39.3, 314, and 

1800 s-l, and at both 0.2 and 1.0 !.lM ADP. At 0.2 lJ.M ADP, the rate of 

aggregatlon was greatest at G '" 39.3 9- 1 over the ftr9t t,7 9 mPEln transit 

1) 

time through the flow tube, t, but at this shear rate the rate of 

aggregation decrea;'3ed 9teadily with increasing t. At G ) 314 9- 1 lhe rate 

of aggregation increased between t = 1. 7 and 8.6 s; however, aggregllte 

size decreased with increasing G. At 1.0 !lM ADP, the initial rate of,. 

single p1ate1et,aggregation was still highest at ë .. 39.3 s-1 and large 

aggregates up to severat mil~imeters in diameter and containlng rhc formed 

within t '" 43 s. At G ) 314 s-l, aggregate size was still 11mited at 

1.0 I1M ADP but the rate of single plate1et aggregation was marked ly 

increased. By t • 43 s, no single platelets remained a~ rbc were not 

incorporated into aggregates. Aggregate size increased slowly and large 

aggregates eventually formed. White blood cells were not slgniflcantly 

~ 

incorporated into aggregates at any shear rate or ADP concentration. 

Since the present technique did not induce plate let TXA 2 format 10n or 

cause cell 1ysis, these experiments provide Btrong evidence for a purely 

mechani~al effect of rJl in augmenting e~atelet aggregatlon ln WB. 
-) 

\.. 
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INTRODUCTION 

It is commonly observed that red blood cells, rbc, are not 

incorporated into platelet aggregates at the high shear rates found in the 

arteria1 side of the vasculature (Begent and Born, 1970; Arfors!t al., 

1976). 
o -

But this does not mean that rbc do not influence the process of 

plate1et aggregation under such conditions. Ever since the discovery that 

the adhesion/aggregation (retention) of platelets in glass bead columns 

was enhanced by rbc in proportion to the hematocrit (Hellem, 1960), a 
~ 

~echanism has been sought to explain the role of rbc in p1atelet 

.aggregation~ The identification of ADP as the active agent in red cells 

that stimulates platelet aggregation (Gaarder ~.!!.., 1961) and the 

observation that it increases the platelet retention of platelet-rich 

plasma, PRP, in glass bead c:>lumns (Hellem ~.i!.., 1963; McPherson ~ al., 

1974) led to the proposaI that ADP liber~ted from damaged rbc is • 

responsible for the enhanced platelet aggregation in whole blood, WB. 

This( hypothesis helps oto explain the shorteni(~g of the bleeding time in 

anemic and thrombocytopenic patients after blood transfusion that persists 

when platelet counts have fallen to pre-transfusion levels (Duke, 1910; 

Hellem !t!l., 1961; Livio ~!l., 1982). There are numerous examples 

~ vitro of the inhibition of spontaneous platelet aggregation (Harrison 

and Mitchell, 1966; Fox et al., 1982; Saniabadi et al., 1984), the ----- --.. 

reduction in shear-ihduced platelet aggregation (Jen and Mclntire, 1984) 

and platelet retention in glass bead columns (McPherson, ~ al., 1974), 

and in vivo of the lengthening of the bleeding time (Zawi18ka et al., -- --
1982) by the addition of enzymes that degrade ADP. Red cells a180 promote 

1 

t~e aggregatifon of platel'èts activated by exogenous ADP through the uptake 
~ 

of the platelet Inhlbltor~ adenosine (Born and Cross, 1963; Skoza ~.!! •• 
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1967), which l~ formed after successive dephosphorylatlon of adenin. 

nucleotides by enzymes located on the external surface of rbe (Parker, 

1970; DePierre and Karnosky, 1974; Bartlett, 1977). #Thus, It Is obeerved 

that.adenosine is a more potent inhibitor of ADP-induced platelet 

aggregation in PRP than in WB (Gresele et al., 1986) and that --
dipyridamole, at concentrations which do not directIy inhibit platelets 

but which block adenosine uptake by rbc (Harker and Kadatz, 1983), 

inhibits ADP-induced aggregation ln WB but not ln PRP (Gresele !!. .!!.. t 

1.983; Gresele ~!l., 1986). Dipyridamole also Inhibits experimental 

thrombus formation in animaIs (Emmons ~.!!.., 1965; Dldisheim, 1968; 

Mayer and Hammond, 1973) and reduces thromboembolic complications 

L associated with prosthetic cardiac valves in man (Kincaid-Smith, 1969; 

Harker and Schllchter, 1970; Sullivan ~.!!.., 1971). 

These resu1ts strongly support a role for ADP in platelet 

aggregation in vivo but since platelets also contain ADP (Holmsen ~!!., -- / 

1969) and re1ease 1t (Mills !!.!!!.., 1968) in response to a variety of 

chemical and mechantcal stimuli, the source of ADP in.!t!2. remBins 

unc1ear. McPherson.!:!..!!l. (1974) found that the total concentration of 

ADP and ATP in plasma after passage of whole b100d through a glass bead 

column of - 0.2 ~ at a ratio ATP:ADP of 1.6:1' was inconsistent with the 
. 

10:1 ratio in rbc (Bishop, 1961) but more consistent with that ln 
. 

platelet;s (Holmsen ~ .!!.., 1969). However, the correlation between . ~ 

plat~let retention and ADP concentration was poor. Aspirin which blockl 

the prostaglandln-medlated release of platelet ADP, potentlates the 

Inhibitory action of dlpyridamole in WB (Gresele et al., 1985), and --., 
prostacyclin whieh-stimulates platelet adenylate eyclase and lnblbltl 
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plate let asgregation and release 

~DP-induced aggregation ln WB than in PRP (Rless et al~, 1 86). --

It m~ be remembered, however, that aggregation adhes'ion 

normally occur in flowlng blood. Shear rate is the Most imporfant 

physical parameter governing platelet aggregation in flowing suspen~ions. 

lt determines the platelet collision frequency, the shear and normal 

stresses which activate single cells and break up aggregates, and the 

interaction time of cell-cell or cell-surface collisions. Since shear 

rate is proportional to fluid velocity, these factors either promote or 
~ 

inhibit hemostatic or thr,mbotic mechanisms, depending ~n flow rate and 

vessel size. Time-averaged systemic ar~erial wall shear rate in humans 

ranges from 100 - 1000,s-1 and may exceed 1000 s-1 ln the capi11aries, 

based on a parabolic velocity profile for WB (Whitmore, 1968; Chien, 

1975; Turitto 1982). A higher rate of wall shear would be expected for a 

blunted velocity profile (Goldsmith, 1972), but it Is unlikely that shear 

rate exceeds 2000 s-1 ln the normal human vasculature" (Turltto and 

Baumgartner, 1982). lt has been shown in vitro that shear rates less than 

2000 s-1 are Insufficient to activate platelets directly and induce 

aggregation (Chang and Robertson, 1976; Gèar, 1982~ Yung and Frojm&v!c, 

1982; Bell and Goldsmith, 1984; Belval..!:!.!!.., 1984; Belval and Hellums, 

1986). However. the higher shear rates commonly found in extracorporeal 

flow devices and vascular prostheses can lnduce platelet aggregatIon, 

release and lysls depending on the magnItude of the fluid shear stress and 

.the Ume of exposure to the shear field (Brown ..!:! al., 1975; Colantuoni 

~.!l., 1977; Dewitz ~!l .• 1978; Belval !!. al-., 1984; Jen and Mclntire. 

1984). 

! 

\ 
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Red cells also influence the motions and distribution of plateleta 

in flowing blood. COntinuaI shear-induced collisions between rbc lead to 

a marked lateral dispersion of platelets (Goldsmith, 1971) reaulting ln 

plate let diffusion coefficients 2 - 3 orders of magnitude greater than in 

PRP (Turitto ~ al., 1972). Higher plate1et collision frequencies due to 

the enhanced platelet diffusion could be responslble for the greater 

plate~et aggregatlon in WB. Platelet aggregation could be further 

augmented by hlgher platelet concentrations'at the periphery of blood 

vessels than in the interlor, as measured by Tangelde~ ~~. (1985) in 

25 ~m diameter arterioles. Support for a physlca1 role of rbc in 

enhancing platelet aggregation ls provided by'the ability of rbc ghosts 

depleted of ADP to increase platelet retention in glass bead columns 

(Stormorken, 1971; Zucker ~ al., 1972), and of wash.ed rbc in the presence 

of apyrase to increase platelet adhesion to eollagen-eoated glas9 tubes in 

proportion to the hematoerit (Karino and Goldsmith, 1979). Hard~ned 

ADP-depleted rbe have also been shown to enhance snear-indueed pLatelet 

aggregation over that ln PRP, but only to a level of - 50% of that by 

native rbc (Reimers ~ al., 1984). 

While both chemical and mechanieal augmentatron of plate Let 

aggregation are likely to operate ~~, the relative contribution of 

each under normal physiological and path?logically altered flow conditions 

rèma~ns obscure. The present work shows that much of the enhaneed 

~ggregation of ac~ivated platelets in WB at physiologicsl shear rates ean 
l' 1 

be a'ccounted ,far" by the purely mechanical effects of red cell motion 

leading to. higher collision frequencles between platelets •. Stnee IDOst 

prior work on platelet aggregation in WB has been qualitative and d048 in 

\ 
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WB aggregometers or through electronic counting 01 single platelets, 

little information has been provided ~n the size distribution and growth 

ra,te of aggregates in WB. This issue ls speciflcally addressed in the 

following work through a systematic study of the effect of shear rate on 

a8gregate growth at shear rates generally considered physiologically 

\) 
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MATERIALS AND METHODS 

1. Whole Blood and Reagents 

ExperLDents were performed as described ln Chapter Il. Venous 

blood w~s slowly drawn from healthy volunteera via a 19 gauge needle and 
" 1 ~ 

wtnged infusion set into a 60 ml plastic syringe containing 1/10 volume 

sodium citrate. The initial concentration of citrate, Ci' was adjusted 

for bath male and female donora as deacribed in Chapter IV to give the 

,Bame final concentration in plasma, Cf' as that of a donor of 43% 

hematocrit, HCT, and Ci a 3.8%, according ta: 

, Ci - Cf x [9 (1 - HCT) +l]. [l) 

Hematocrit was predetermined on undi1uted venous blood drawn using the 

same technique. AlI donors had refrained from aspirin ingestion,for at 

least 10 days prior to blood,withdrawal and no female donora were taking 

oral contraceptives. The syringe was tightly capped and the blood was 

1eft to stand at room temperature for ·one hour to sllow equ1l1bratl0!l to 

room temperature, and to simulate the handling time for normal PRP 
\ 

preparation (Chapter HI, this thesis). 

Frozen aliquots of 2 mM adenosine-5'-diphosphate, ADP, (Sigma, St. 

Loui~, MO) in modified Tyrodes solution (137 mM NaCI, 2.7 mM KCl, 11.9 mM 

NaHC0 3• 0.36 mM NaH 2P0/t' "20) were thawed IlD1Dedia'têly prior ta use. 

Electron microscope grade glutaraldehyde (J.B. Ett,~ervices! Pointe 

Claire-Dorval, QC) wàs dil~uted to 0.5% (v/v) in Isoton II (Coulter 

Electronics, Hialeah, FL). One per cent (v/v) silicone (Sillclad, Clay 

Adams, Parsippany; NJ) wall used to sll~con1.ze the m1xing chamber pr1or __ .to 

experiments. 

... 
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2. Flow System 

AlI experiments were done at 23 ± 1°C. Whole blood was infused 

into a emaU cylindrical mlxing ehamber (6 mm iod., 9.5 mm q.d., 1.5 mm -

• helght) using a syringe pump. ADP was simultaneously infused into the 

mixing ehamber via an independent syringe pump at a fixed flow ratio, 

WB:ADP • 9:1. After rapid mixing, the WB-ADP suspension exited the 

chamber through lengths of 0.595 or 0.38 mm radius, R , polyethylene o 

tubing, eorresponding to preset mean eell transit times, t = X3/Ü~ from 

< 1.0 ta 43 s where, X3 is the distance down the flow tube and Ü is the 

mesn linear fluid velocity. The sggregation resetion ~as instantaneously 

and permanently arrested by col~ecting known volumes of the effluent into 

20x the suspension volume of 0.5% isotonie glutaraldehyde. Total ,. 
-

volumetrie flow rates, Q, were preset from 13 ta J55 ~~ s-1 to generate 

me~n tube shear rates, G • 2Q/1tR~, between 39.3 and 1800 s-1 assuming , 

Poiseuille flow 1• 

3.--ADP Concentration 

Stock ADP was prepared at an initial concentration, ADPi , to give 

a constant final concentration in plasma, ADPf' independent of both donor 

-. 
~ Bluntlng of the velocity distribution will result in higher wall shear 

- -' 
rates than in Poiseuille flow at the same Q. For HCT > 20%, and 
cell-to-tube diameter ratios of ~ 0.06, the degree of blunting-in ghost 
cell suspensions increased wlth increasing HCT and cell-to-tube 31ametér 

- rat~o, and decreased with increasing Q (Goldsmith and Harlow, 1979). 
Extrapolating from this data, significant blunting is not expected at the 
present flow rates, even at Q - 13 ~~ 8-1, Jue to the low ce!f-to-tube 
diameter ratlo-~0.007) and the high mean velocity (> 9.8 tube 
diameters a- 1). The contribution of rouleaux formation to blunting ls not 
likely to be significant in the present range of shear rate. 
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hematocrit and the 10x dilution of ADF in whole blood in the mlxirtg 
, 

chamb~r. Final ADP concentrations of 0.2 and 1.0 ~ were used to 

calculate ADPi , according to: 

ADP i - ADPf x [8.1(1 - HCT) + 1.9) [2 ) 

4. Thromboxane B2 

Thromboxane B2' TXB2~ was measured to a lower l~mit of 50 pg ml- 1 

in the plasma of selected experiments by radloimmunoassay, RIA, using 

3H-TXB 2 (NewoEngland Nuclear, NEK700A, Lachine QC). Unfixed effluent WB 

was collected into 1.5 ml polypropylene microfuge'tubes and ~mmediate1y 

centrifuged at ~ 10,000g for 30 s. Approximately 0.75 ml of~ant 
plasma were quickly filtered free of any cells irladvertant1y iotroduced 

during plasma extraction uaing 0.2,~ pore syringe filter units 

(Millex-GS, Millipore, Mi ssissauga , ON). 'The filtered plasma' was 

incubated for 20 min at 37 Qe and then -stored at -20 oe until the RIA was 

performed. 

5. Separation of Single Platelets and Aggregates from Red Cells 

Approximate1y 5 ml of effluent WB flxed ln glutaraldehyde ware 

carefully layered onto 40 ml of isotonie pereoll solution (1.097 g ml-l, 

Pharmacia, Dorval, QC) in a 50 ml polycarbonate tube and centrifuged in a 

horizontal 8wingout rotor at 4000g for 20 min. The rbc f~rmed a t1ght 

, " pellet at the bottom'of the tube while single platelets and aggregatee 

formed a thin layer at the glutaraldehyde-Percoll int~rfaee. The la,tter 
1 

were carefully removed ueing a wide-mouthed polyethylene Pasteur pipette 

and resuspended in ~ 8.0 ml Pereoll • 

\ 
( 
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6. Particle Concentration and Size 

The number concentration and size of single platelets and 

aggregates were measured using an electronic particle counter (Coulter ZM) 

in conjunction with a logarithmic amplifier (Coulter Log ~nge EKpander) 

and a 100 channel pulse height analyzer (Coulter Channelizer CLODO) to 

generate log-volume histograms over the volume range 1 - 105 ~3. As 

described in detail in Chapter II, permanent tracings (Coulter Xï4 

Recorder) of each histogram were manually transposed into a microcomputer 

(HP &6, Hewlet, Packard, Kirkland, QC) using a digitizer (HP 9111A). The 

distribution of background in the smalt volume range of the log-volume 

histograms was measured separately in platelet-poor plasma, PPP, and then 

fitted by a decreasing exponential function using a weighted least squares 

regression. Using a trial and error Iterative procedure, a norm~l curve 

was fitted ta t~distribution of single platelet log-volume ov~r the 

range where the ~f1uence of background and microaggregate conta!JIination 

are minimal. Background was subtracted from the mea~ured l~g-volume 

histograms to give the sarne content in class l of the resultant histog~m 

aa that predicted by a normal distribution of single platelet log-vol~e. 

The number concentration per hiatogram class la N(xi ), particle volume 
i 

v(Xi ), and volume fraction ~(xl) • N(xi)v(xi ), where xi Is the mark of the 

Sth clasa. Computer-lnteg~atlon o~ the log-volume hlstograms Yielded_the 

)D ber ~f partlc~es counted, nL,Q(t), the number conéentration, NL,u(t), 

and the v,olume fraction, ~L,U(t), of particles between lower, L, and 

-upper, U, volume limita at time t. 

-

Average log-volume histograms were generated from multiple donors 

at each meao tranait time after tbe individual bistograms were traoaformed-
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, into equivalent hlstograms using the average of the mean single platelet 

volume and standard deviation of aIL donors concerned. The mean, 

normaUz,ed volume fraction of the 1 th class ls glven by 

~(Xi) m [N~xl)v(xi)J/[N(xm)V(xm)J, where N(x1) is the mean normaLized 

partlcle concentration, and ~(x ) and v(x ) are the respective mean m m 

normalized particle concentration and volume of the clas8 of maximum 

, -
concentration, m, at t - U s. Details of the transformation and averaglog 

are described in Appendix II. The ultimate effect of these procedures i8 

to provide an estimate of the changes in particle volume in relation to 

the mean single platelet volume and standard deviation, as opposed to 

simply averaging changes in absolute volume. 

7. Statistics 

The mean, Il, mode, 1.1. d' median, Il d' and standard deviation, a, mo me 

of the linear volume distribution were calculated from the mean and 

standard deviation of the log-volume distribution, assuming a normal 

distribution of the latter (Kenney and Keeping, 1951; Documenta Geigy, 

1962). The ~ption of· log-normality of single platelet volume W8S 

, 
tested using.the I$plmogorov-Sm:vnov, K-S, one sample test (Young, 1977; 

Lilliefors, 1967). Skewing, gl' and kurtosis, 82' of the log-volume 
, 

histograms and their standard errora vere determined usi-ng standard 

êquations for frequency distributions (Sokal and Rolhf, 1969). l1le 

" / 
significance of deviation of these sa~ple statistics from the parametric 

I/value of zero was tested uBing two-tailed, Student's t-tests. Unpalred, 

one-tailed t-tests were used to test the significance of &tfferences 

~etween means. 

, . 

'. 
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EXPERUMENTAL ERROR 

Platelet Extraction Efficiency 

Counting platelets and aggregates in a suspension containing rbc 

by using upper and lower aize discriminators on the particle counting 

equipment was not possible with the present instrument configuration. Due 

to the far greater number of rbe in the volume range of the aggregates 

under consideration in the present,study. a method of first removing the 

" rbe from the WB suspension was required. 
, , 

The density of hardened rbc was independently determined in this 

laboratory to be 1.155 g ml-l, and that of hardened platelets 1.04 g ml-le 

The density of the Percol! su's'pension was constant at 1.097 g ml-l. and 

provided a good separation of platelets and rbc. When a platelet 

suspension was carefully layered over the~Percoll and then centrifuged, a 

th!n turbid layer of platelets was present at the interface between the 

yellowish, translucent fixed plasma and the Percoll. The interface was 

easily identified by,the difference in refractive index of the plasma and 

the Percoll. The extraction of platelets and aggregates adjacent to the 

interface was fac!litated by the reduct!on in the suspension turbidity as 

particles were removed from this region. At the bottom of the tube. the 
,fI 

~ ~ 

rbc formed a tight pellet with a ~harp interface which was_separated from 

the plasma/Pereoll interface by a clear regio/1l; 'Of Percoll 
'/ 

indistinguishab1e from the original Percoll suspension. 

The efficieney of the extraction of singl~ platelets and 

a88re8at~s from the glutaraldehyde-fixed who1e blood suspensions-was 

evaluated by 1ayering suspensions of PRP. p1atelet aggregates and WB ~nto 
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j 
Percoll and comparing the particle counts (Table 1). Unless stated 

otherwise aIl PRP was collected into citrate anticoagulant as described ln 

Chapter Ill. When a 3.0 ml èample of glutaraldehyde-fixed PRP W8S layered 

onto 40 ml of Percoll and then centrifuged at 4000g. a11 the platelets 

were recovered in the top 7.0 ml, with greater than 83% of the cells 

loaâted in the thin layer at the plasma/Percoll interface. ln order to 

recover aIl the cells, it was necessary to withdraw at least 6.0 ml total 

volume from thi.IJ' t~ionJ'alone. As will be seen ln the subsequent pardcle 

log-volume histograms, large numbers of white blood cells, wbc, were also 

extracted with the platelets due to the simllarity in the densitles of 

thése two cell types. The number of wbc, however. was not large enough to 

Interfere with the identification and quantitation of aggregates of 

similar volume. No platelets, wbc or rbc were found between the interface 

and the rbc pellet at the bottom of the centrifuge tube. ln addltion, 

because most of the plasma remained at the top of the tube and ~ not 

extracted with the platelets at the interface, the background in the 

log-volume distributions produced by the fixed plasma prote1ns W8S much 

reduced compared to that in fixed, neat PRP. 

A suspension of single platelets and aggregates was prepared by 

mixing PRP and ADP in an aggregometer cuvette until the aggregates were 

visible to the nakea eye, at which point they were fixed in 

glutaraldehyde. Again, after centrifuging this suspension throu~h 

Percoll, aIl particles were recovered in the top 7.0 ml, more chan 88% of 

which were at the interface. 

Although no measure of the single platelet concentration in WB was 
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TABLE 1 

Ex'tractlon of Single Platelets and Aggregates from PRP and WB 

Particle Cpnçentration, IJ,r1 

Suspension ." 
InitiAl Top Interface Total 

<1 1.0 ml 6.0 ml 7.0 \111 .. 

PRP 173,144 29,905 143,535 172,840 

aggregates '40,189 4,550 34,887 • 39,437 

WB - 13,748 297,435 311 ,183 

",,,,' 

"'*'" WB, 2x - 18,249 18,249 

WB + - . 7,159 314,672 321,831 

aggregates 

c 

"''''''' WB + - 4,352 4 .352 

aggregates 1 

"'''' 2)( 

'" wlthout centrifugation through Percoll 

U rbc pellet resuspended in bottom 4.0 ml Pere-oU; 

recentr~fuged through ,40 ml neat Petcoll 

Ulf no interface when rhc pellet resuspended' in Percoll; 

top 4.5 ml extrac'ted 

... .J 

" .. 

.. ................ __ ~R ____________________ ~ ________________ ~~... 

. 

, .' 1 

\ 
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available prior to centrifugation through PercoU, l'Ilore than 96% of the 

plateleés recovered in the top 7.0 ml we re at the interface. The fixed 
~ 

rhc were washed free of excess glutaraldehyde on trans1t through the 

Percoll and did not agglutinate after being compressed into a peHet at 

-the bottolD of the tube, but readlly dispersed wlth mUd agitation. When 

the rbc pellet was resuspended in the bottom 4.0 ml of Percoll and this 

suspehsion relayered onto another tube of Percol!, an extra 5% of 
d 

platelets were recovered from the rbe residue. Of the aggregates that 

were added to WB, 98% were recovered at the interface during the first 

extraction and on1y 1% of additionsl partieles were recovered from the rbe 
• 

pellet. 

Thus, an eX,cellent separation of fixed platelets and aggregates 

from flxed rbe was achieved using the present technique and denllity of 

P6fcoll. The rbe did not entrap aignificant nUlllbers of single platelets 

"-
or aggregates as' they migrated through the Pereoll, with at most 5% of 

platelets and 1% of aggregates eo-sedirnenting with the rbe. In the 

present experiments 8.0 ml of suspension was extraeted frOID t~e 

pliJsma/Pereoll interface to ensure the recovery of a11 part ieles frol1l this 

region. , 

2. Wall Adhesion 

Visual inspection of the polyethylene flow tubes after e8ch 

expet"iment faHed to reveal the presence of adherent aggregates wlth 

C. 
either PRP or WB. In contrast, Many large aggregates visible to the naked 

eye were recovered ln the effluent of PRP and of WB after the rbe were-

removed. The ad1}esion of large aggregates to the tube wall after being 
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" ~ 
formed entirely within suspension at the wall shear rates in the present 

experiments ia unlikely due to the known inward radial migration of both 

deformab1e and rigid particles (Goldsmith and Hason, 1967; Gauthier 

!!.!l .. 1972). and to the large gradient of shear across large aggregatea 

acting to prevent adhesion (Hyman. 1972). 

The following experiment was carried out to determine the extent, 

'if any, of plate let wall-adhesion in the present work. Whole blood was 

collected into glutaraldehyde-free Isoton II after t • 43 s exposure to 

0.2 jJM ADP at G • 39.3 and 18QO s-l in the flow tube. As will be shown 

below, .extensive aggregation was present under these cond'itions. The 

effluent WB suspension was kept on a rotator for 2 hr in order to 
. ~ 

facUi tate aggregate break-up and then fixed in 0.5% glutara14ehyde. 

Particle concentrations were compared to those o~ an unsheared control, 

t • 0 s. At Ci • 39.3 s-1, where the extent of aggregation was the 

greatest, 97% of platelets in the control were recovered after aggr~gate 

dispersal, and at G - 1800 s-1, 78% of platelets were recovered. Since 

almost the same number of single platelets could be recovered before 

aggregation and after aggr.,egate break-up, it would seem that signif1cant 

wall adhesion did not occur in the present experiments. 

RESULTS 

live male (33 ± 1S yr) and six female (32 ± 6 yr) donors were used 

in a series of 13 experimlmt's involving 0.2 and 1.Q llM ADP at G - 39.3, 

314, and 1800 -1 s • The mean hematocrit of the male donors, (45.1% ± 1.7; 

± S.D, n • 1) was significantly higher (p < 0.00,5) than that of the felllalè 
~ 

donors (42.4% ± 1.3, n • 6) but. after the initial citratê concentration 
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was adjusted, there was no slgnificant dlfference in (CaZ+1 in WB between 

the male (45.7 ± 6.7 jJM) and female (48.3 ± 4.7 tM) donors, and-no 

correlation between [Ca2+] Ilnd donor hematocrlt (r - -0.02). Thus. the 

efforts ta correct the hematocrit-dependent dilution of citrate (Chapter 

IV, this thesi$) and keep the plasma (Ca2+] the same for both selCes were 

successful. As such, the data for both sexes at the same mean tube shear 

rate and ADP concentration were pooled. 

1. Single Platelet Volume 

Table 2 shows average values of the staUetics of the 'il'dividu8~ 

single platelet log-volume histograms after background was subtracted 8S 

described in Chapter II. The mean single plate1et volume 

(~ .. 7.5 ± O. 8 ~m3) was not slgnificantly different from' that obtained in 

PRP (~ ,. 7.3 ± 0.9 11m3) ln Chapter III. ALI other statlstlcs of the 

log-volume distrdutions from WB and PRP were virtual1y identical as we11. 

Distributions from 9 out of the Il donors tested were a1so log-normal 

according to the K-S one sample test. 
1 ~~ 

On average, howaver. "he log-normal 

distributions of p1atelets in WB tended to be more positively skewed 

(gl > 0, p < 0.05) than thase in PRP, pointins ta the presence 1f some 

mtcroaggregates ln the suspensions prior to shearing. The hlgh fcactlon 

of 10g-nOrmr distri~ution8 in both WB and PRP, and the similarHy of the 

statistics characterizing the distributions from these suspensions, 

Indicate that the. shape QI the single platelet log-volume dlstdbL'tlons of 

those ce Ils elCtracted frQm WB i8 ldentical wlth that of cells ln PRP 

without extraction. Th us , the entire single platelet population waB 
, 0 \ 

recovered from WB by the present tect·nique, and Il unique subset of 

platelets was not preferent1a~ly recovered due ta differences 1n cell 

deosity. 

, 



o 

, 

~\~ 

- 258 -

TABLE 2 

Average Statistics ~f the Single Plate1et Log-Volume Histograms 

• 
Statistic 

.:t_ No. Donors 11 -

No. Log-Normal 9 

Il 7.5 ± 0~8 

CJ 4.6 ± 0.7 

Ilmod 4.6 ± 0.4 

Ilmed 6.4 ± 0.6 

* -- gl 0.045 ± 0.039 

g2 -0.024 ± 0.117 

nLt~(O) 15700 ± 1060 

Statistics of individua1 single platelet l08~volume distributions 

in WB calculated at .t • 0 s over the range 1 - 50 ~~ were averaged 

(± S.~Q.) for ~he stated numbèr of donors~ ---Also given is the 
- ,\ 

number of distributions that were accepted as log-normal by the 

K-~ one sample test. Sym, bols are as desfibed ln the text and 
volumes are in 1.II1l 3• _ 

Signl (icantly different from zero: '" p < 0.05. 

.. '-.) ___ .... ____ .... ' .... ':_.lO..~t;;;._.......:..'...:.. ___ ~~'<t • ____ . 

" 
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2. Single Platelet Concentration 

(a) ADP 

At aIl three mean tube shear rates, the rate and extent of 

aggregation in WB were always greater than those in PRP at both AOP 

concentrations. For the purpose of comparison, tlle combined average 

values of aggregation in PRP fro~ the male and female donors of Chapter 

III are a199 shown. Figure 1 s~ws the single platelet concentration at 

time t, Nl~30(t), normalized to that at ~ - 0 a as a function of mean 

transit Ume at G ... 39.3 s-l. As discussed in Chapter II of this thesis, 

the volume range'from 1 to 30 ~3 was selected ta be single plate1ets 

despite sa me overlap~f microaggregate volume. The initial aingle 

platelet concentration per unit volume of WB in the flow tube W8S 
r 

170,550 ± 36,210 (± S.O., n a 11) and that per unit volume of PRP for the 

pooled donors from Chapter III was 279~OOO ± 29,lQO (n - 14'4). --At 0.2 !.lM 

ADP, the rate of aggregation was highest over the first t • 1.7 9 where 

26% ± 2.5 (± S.E.M., n a 5) of the initial single platelets aggregated ~er 

second. This rate of aggregation Is more than 7x greater than in PRP. ln 

both platelet suspensions no lag phase preceded aggregation, and the rate 

of aggregation decreased steadl1y with increasing mean transit time. At 

t • 43 s, however, only 13% ± 1. 4 (n ... 5) of plate lets retnained 
, 

unaggregated in WB as compared to 64% ± 2.7 (n • 18) in PRP. At L.O ~ 

ADP, the initial rate of aggregation:in WB of 37% 8- 1 ± 2.8 (n - 5) wa8 9x 

&reater than the mean value for the single male donor and fem~le donor l 
1 ~)-

from Chapter Ill. Although the initial rate of aggregatlon in WB also 

decreased steadl1y with Increasing mean transit time, it remained , 

s(lficientlY hlgh to leave only 6.8% ± 0.7 of the single platelets 

unaggregatëd st t - 43 9. 

/ 
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Figure 1: Single Platelet Concentra~on vs. t st G -,39.3,8-1 
c ' 

T~~ norl1lalized single plate let concentrat1on,~.3UO(t)/N1,30(0)' 
(±' S.E.M) at G - 39.3 al. as a. function of mean transit time. Sol1d Une 
-WB; bl'o'ken Une, PRP; 0 0.2 ~ ADP; • 1.0 ~ ADP; • modified Tyrodes. , " 

... 
" 

" 

\ 

; . 
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As found at G - 39.3 s-l. the aggregation of plateleta ln WB at 

G • 314 d-1 (Fig. '2) was always greater than that ln PRP at both 0.2 and 

1.0 IJM ADP. 
-- ,. 

Although the initial rates of aS81'eglltion at both ADP • 

concentrations at G • 314 8-1 were less than the respective va~ueé st 

G' - 39~ 3 s-1, they decreased to a 1esser extent with lncreasing mean 

-transit time so that the extent of aggregation at t - 43 s was Breater at 

G .. 314 8- 1 'than at G - 39.3 s-l. At 0.2,~ ADP, a low initial rate of 

aggregation increased between t - 1.7 Qnd 8. ~.s before decreasing. This 

·pattern of aggregation produced the characterlstic sigmoid s8gregation 

curve found in PRP. At 1.0 ~ ADP, the initial rate of aggregatlon of 

lU s-1 ± 1.7 (n .. 5) at G .. 314 s-1 was higher than that at( 0.2 j.1M ADP 

but Iess than that at either ADP concentration at G - 39.3 s-l. The rate 

of aggregation at 1.0 ~ ADP at ~ - 314 a-l, nowever, remained almost 

constant untll t .. 8.6 s st which point 84% ± 1. 8 (n .. 5) of the single 

cells had aggregated. The rate of aggregation slowed considersbly 

thereafter, but by t - 43 s, 99% ± 0.2 (n • 5) ~f the cells had 

aggregated. 

The pattern of 8ggregation at C-';;' 1800 a- 1 in WB was almoat 

identical with that at G .. 314 s-1 at the 8ame respective ADP 

concentrations (Fig. 3). At 0.2.IJM ADP, the rate and extent of 

aggregati.on WS8 ~.oI3imila,~ at the two shear rates that the ag~reg8t1on 

curves WElre virtually superimposab1e. At 1.0 ~ ADP, the initial rate of 

aggregatioo was higher tbao 'that at G .. 314 8- 1 but st,1l1 les8 thaR that 

at G os 39.3 a-1• ~8a1n, as at_.~ ~ 314 s-1, the rate of aggregstion. bar( 

decreased between t .. 1.7 and 8.6' s so that by the latter mesn tfansit \ ., 

tl .. e 95% ± 0.8 (n • '5) of the slngle Plateletad ssgregated. Due tG 

) 

\ 



\ 

o 

0.8 

N.,30(i) _--,-0.6 

N •. 30 (O) 

0.4 

0.2 

° ° 10 

- 262 

--====-====---====--===-1 
1 

20 30 40 

t,s 

-Figure 2: Single Platelet Concentration vs. t at G • 314 s-1 

fI 

50 

The normalized single platelet concentration, N1 30(t) IN
l 

30(0), 
_ t , 

(t S. E.H) at G • 314\ s-1 as a function of Mean transit time. SoUd liÎle 

~.B; broken line, PRP; 00.2 ~ADP; .1.0 IlMADP; .modifled ~rodes • 

., 

'" ,,. ,'p' ". 
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Figure ,3: Single Platelet Concentra'tion vs. t at G • 1800 8-1 

',- \ 

so 

The normalized single platelet concentration, Nl 30(tl/N1 30(0), 
" - , , 

(± S.E.M) at G • 1800 s-1 as a function of mesn tr~n81t tlm~. Solid 11ne 
~ l, _ ~-

WB; broken 1ine, PRP; 00.2 l1M ADPi e1.0 IJM j\DPi _ modlfied Tyrodes. 

( 
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-
the enormOU8 depletlon of single platelets, the rate of aggregatlon beyond 

t • 8.6 s decreased considerably, yet by t • 43 s virtually no 

(0.5% :t 0.2, n - 5) single plate1ets remained., This tremendous extent of l 
sggregation was also schleved for the male donor and female donor in PRP 

st 1.0 ~M ADP in Chapter III. Here,' the initiai rate of aggregation was 

much slower thsn in WB at either 0.2 or 1~0 liM ADP., Only after t ::0 1.7 s 

did the rate of aggregatiôn increase to appr~ximately the same value as st 

1.0 J.IM ADP in -WB between tEl!. 7 and 8.6 s. Although the rate o~ , 

sggregat!on 1n PRP also decreased after t - 8.6 s, it remained h l.gher than ,,< 

_st 1.0 ~ ADP in WB beyond this mean transit tlme, presumably,due to the 

larger number of unaggregated platelets remal~ing. 

(b) Cont rols 

Compared to similar shear rates in PRP, the extent of aggregation 

- ~ 
st t • 43 B WSB generally greater ln the controls in WB in whieh modifled 

-
Tyrodes W~B infused inatead of AOP. The sggregation in the controls was 

greateat st G -.39.3 and 1800 s-l, but was not signiflcantly different 

from thst in PRP at G - 314 a-1• The enhaneed sggregation in the controls 

was not due to the relesse of~platelet granule contents since the level of 

TXB 2 ln eithe.r the control runs or th~ ADP runs st t - 43 S'" was oot 
v 

slgnlflcantly higher thsn at t ~ 0 s st aoy of the three mean tube shear 

rates (Table 3). In addition, the Mean plasma lactate dehydrogenase 
l'Y 

concentration, LOR, ln WB for two donors was the sarne at aIl three shear 

rates as in the statie contro1s. Since the concefir~ation of LDR was 1n ., 

the normal range for plasma' (Dittmer, 1961), the flow system did not 

{nduce slg~ificant hemolysis. 
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- TARLE 3 

TXB 2 , ng m..t- 1 (± S.D.) and LDR, U r 1 

Ci 8-1 

- * t, 8 n 0 39.3 314 1800 

TXB 2 CONTROL 0 10 0.14 - - - - , 

± 0.19 

43 7 - 0.56 0.25 1.30 

± 1:08 ± 0.42 ± 1.93 
.. 

ADP 43 9 - _0.61 0.29 0.77 (10) 

± 0.78 ± 0.56 ± 1.69 

LDR CONTROL 
. 

0 2 102 - 113 9S 94 (1) 
, 

43 2 - 108- 99 101 (1) 

- . 
n 300 2 101 

-
- -

* number of donors except where indicated in parentheses . 

., 
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3. Aggregate Size and Growth Rate 

The pattern and extent of aggregate growth at both ADP 

concentrations and at aIl three mean tube sheé\r rates is Ulust rated- by 

'" the cont inuous volume fraction histograms in the upper l!alf of Flgures 4, 
~ 

8 and 9. Here, the mean normalized class volume fraction, ~(xi)' is 

plotted against particle volume, v(xi ), over the range from l to 10 5 t»U 3• 

(a) G - 39.3 s-1 

Prior to exposure to O. 2 ~ ADP and G - 39.3 s-'1 (Fig. 4a; 

-t - 0 s), the single platelet volume fraction followed an apparent 

log-normal distribution with relatively few aggregates present. The 

reduction in the volume fraction of single platelets at t .. 1.7 s was 

accompanied by the growth of aggregates of a wide range of volume but 

always less than 104 ~3. The continùed formation of aggregates of many 

-sizes led to the broad aggregate vol,ume fraction distribution at t :a 43 s. 

The large peaks of modal volume .... 200 and 380 1lM 3 correspond to wbc. The 

standard error of these peaks 18 large since the extraction procedure was 

designed to recover platelets not ,wbc. Consequently the number of wbc 

inadvertently coextracted varied more strongly from donor to donor and 

extraction to extraction. It is evident by the persistent wbc peak at 

-t • 43 s that these cells were not incorporated into aggregates. 

The rate of growth of aggregates of progressively inc~easing size 
~ 

ia alao shown in the respective lower halves of Figures 4, 8 and 9. In 

these figures, the volume fraction of particles at time t, ~L,U(t), 

betweeE lower, L, and upper, U, volume limits 'was normalized to the total 

volume ,fraction at Ume t - 0 8, ~1,105(O) and .plotted against mean 

\ 

...................... ----------------------------------------~-

) 

\ 
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Aggregate Growth at G - 39.3 8- 1 
5' 

. , 

Upper: Th~ee dime?siona~ plote of ,the Mean, normalized clsss 

volume fraction, ~(xi)' (± S.E.M., dotted line) versus particle volume, 

v(xi)"at mean transit time8~ t - 0, 1.7,~and 43~. 
Lower: The normallzed volume fraction of particlès between lower, 

L, and upper., 11., v-01lumes, ~L"U(t)/~1,105(0) (± S.E.M), plotted, against t. 
The volume limita, L-U, from 1-30, 30-10 2 , 10 2-10 3 , 10 3-10'" 104 -10"5 ar!! 

shown beside their respective plots. 

a,b) 0.2 ~ ADP; c,d) 1.0 !.LM ADP 1 
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transit time. At any given mean transit time, the combined voluDe 

f ract ion of aggregates and single cells equals the total partlcle volume 

fraction. The rate of growth of aggregates between L .. 10 2 and 

U - 103 ~ 3 was more c1early revealed by deletlng the particle counts . 
corresponding to wbc. AlI particles" in this volume interval at t ... 0 s 

were subtracted from those in the same interval at aIl other mean transit . -times. The decrease ln the normalized volume fraction of single cells 

(Fig. 4b; L • l tU· 30 IJ.m 3) closely paralleled that of the normalized 

Singletlatelet concentration (Fig. 1). 

Many sizes concurrently la a190 evident. 

The rapid growth of aggregates of 

This la in cont rast to the 

sequential rise in the volum: fractidn of aggregates of successively\ 

increasing size found at higher shear rates in WB and ln PRP. The total 

part ic1e volume fraction at first remained relatively constant and only 

began to decrease with the formation of large aggregates of volu.ne greater 

thon 10 5 ~ 3 t the maximum volume measured in the present experiments. 

lt should be noted that at both ADP concentrations and aU three 

mean tube shear rates, aggregates were plainly visible to thé naked eye 

after the rbc were removed, and that the increase in the extent of 

aggregation with increasing mean transit Ume could be followed during 

platelet extraction. The aggregates were almost always white in color and 

8imilar in shape to those obtained in PRP. The largest aggregates were 

dso more like flakes than spheres which was easily demonstrated bJ 

swirl1ng the suspension after extraction. The major axis of the~e 
, 

aggregatrften exceeded 1 1Im. 

l 
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The higher rate of single platelet decrea8e at 1.0 ~ ADP than at 

0.2 IJM ADP at G ,. 39.3 s-1 (Fig. 1) was accompanied by a 1arger range of 

'-
aggregate size t~at extended beyond 10 5 ~3 at t - 1.7 s (Fig. 4c). The 

lA 
steady dee rease in the volume fraction of single plate lets t and of 

aggregates between 30 a~d 105 '!lm 3 beyond t • 8.6 s (Fig 4d) t accompanied 

the eontinued growt h of aggregates to volumes greater t han the maximum 
l' 

volume measured. This was refleeted in a concomitant decrease in the 

total partiele volume fraction. 

exeeeded 1 0 5 ~3, although sorne 

By t ,. 43 St~~~st aIL the aggrega~8 

single Plate1~still remained. 

The peak present at ~ 64 1J.ID3 at both t - 1. 7 and 43 s eorresl'onded 

to contaminating rbe in these preparations. The equiv,alent sphere volume 

of the rbc is smaller than their real volume because, as discussed ln 

• Chapter II, the amplitude of volume signa1s generated in the Coulter 

CçlUnter depends on particlé shape. The fixed rbe are rigld dise9 of shape 

factor "'1.2 but the Cou1ter scale ta calibrated wlth spheres. of shape 

By correcting for the dlfference in shape factor, a modal rbc 

volume of 80 IJ.m 3 18 obtained. This is close to the normal mesn l'he volume 

(88 ~ 3) considering the assumptlons made regarding cell shape. The .. 
pre8~nce of rbc i8 not 8urprising since on1y at 1. 0 j.lM ADP at 

G :a 39.3 s-l, were the aggregate8 visibly red in eolor after extraction 

from WB. The aggregates were still flak e-~ike but also much larger, often 
Ji, 

with a major axis of severai m1l11meters, than those de sc ribed above thst 

contained exé>lusively platelets. Some of these aggregates were eompletely 
1 

red whlle others had a red central core with the remainder of the part1ele 

from pink to white. It is possible that some rbe lncorporated st the 

perlphery of the aggregates were dislodged durlng the constant agitation 

• 
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. 
of t~e suspensions that was maintained betwe~n extraction and measurement 

t~ prevént sedimentation and PQs~ible c~umpipg at the bottom of the tube. 

. ' 
These free rbc would give rise to the peaks seen on the log-volulbe 

h istograms. 

Light micrographs taken under epi-illumination differential 

interference contrast, D.I.C., microseopy (Fig. Sa) show numerous rbe 

interspersed among the tightly paeked plate'lets, as-- well as some free rhe. 

At a lower magnificat ion under transmitted light, the red colour of these 

aggregates is clearly evident (Fig. Sb). A transmission eleetron 

mierograph, T.E.M., of a section through an aggregate (Fig. 6) verified 

that rbc were trapped within the interior of platelet aggregates and not 

slmply attaehed to their surface as an artifaet of fixation. In contrast , 

the aggregates at t ( 43 s at G la 314 s-1 (Fig. 7a) and at G .. 1800 s-1 

(Fig. 7b) were not red in colour and few rbe were observed trapped within 

the aggregates. 

(b) G" 314 

The volume fraction histogram at G .. 314 s-1 (Fig. 8a) shows that 

- l ~ 
after t - 43 s exposure to O. 2 ~ ADP, the aggregates we're grouped into a 

" 
single large population of volume less than 6.0- x 10 4 ~3. Furthermore, 

at this mean tube shear rate, the formation of large aggregates ~as 

" preceded by the formation of smaller aggregates (Fig. 8b). An early rise 

in the volume fraction of aggregates between 30 and 192 1JIIl3 was succeeded 

by that of aggregates between'l02 and 10 3 ~3. By t .. 8.6 s, a 

slgnificant number of aggregates between l~ ànd 104 pm3 had appeared. At 

ibis mean transit time there were very few aggregates between 10 4 and 

'., _____________ """'-______ ...:-_---.:. ____ ~ _ __=::"lL_~ .-'. ' 

1 

, 
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Figure 5: Light Micrographs of Platelet Aggregates Containing Rbc . 
a) Epi-i1l1mat1on D. 1. C~ m1crograph of platelet aggregate formed 

after t ... 43 s expoàure to l.~ pMADP at G - 39.3 s-l. The smooth surhce 

and distintive shape of the larger rbc are ev1dent at numerouB locations 

1d the aggregate (500 x magn1fication). 

b) Transmitted light D.I.C. micrograph of aggregate showing red 

color due to rbc (79 x magnification). 
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Figure 6: T .E.M. of Section Through Platelet Aggregate Containing Rbc 

l' A single rbc is shown deformed to_ conform to the confines of the 
" 

aggregate. Since a11 cells and aggregtes were quickly f ixed ln 

glutaraldehyde the rbc could ,not have been deformed during any of the 
>-

preparatory steps for the T.E.M. (-6000x magnlf1cation) • 
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Figure 7: 
;. " 

Light Microgrâphs of :natei~t Khregates Without Rbc 

a) Epi-illumination D. I.C. micrograph of platelet aggregate 

formed after t • 43 s exp09ure to 1.0 IJ.M ADP at G - 314 8- 1• In. contrast 

to Fig. 5~t no rbc can be discerned' on or within the aggregate (500x 
1 

magnification) • , 
b) Tr ansmi t t ed light DIC mie rograph of platelet aggregate fdrmed - . -

1800 s-1. "after t • 43 s exp09ure to 1.0 J.1M ADP at G - ln contrast to 
Fig. 5b. the aggregate i9 not réd in color (200x magnificat ion) • 
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Figure 8: ~8regste Growth st n - 314 s-1 1 

Upper: Three dimen~ional plots of the mean, normalized class 

volume fraction, i(xi~ (± S.E.M., dotted Une) versus particle volume, 

v(x i ), at meao transit times, t - 0, 8.6, and 43 s. 

Lower: The normallzed volume fraction of partlc1es between lower, 

L, and upper, U, volumes, ~L u(t)/~1 105(0) (± S~E.M), plotted agairtst t. , , 
The volume limits, IçU, from 1-30, 30-1'02, 10 2-10 3, 103_10'+, 104-10 5 are 

sho~n beslde their respective plots. 

a,b) 0.2 ~ ADPj c,d) 1.0 ~ ADP 
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105 ~3 but by t • 43 s, t he large populat ion of aggr~gates shown in 

Figure 8a resulted from a sharp increase in the rate of formation of 

aggregates of volume from 103 to 105 !lm 3 • The single platelet volume 

fract ion followed a sigmoid decline with the ratt! of decrease steepest 

'i' 
accompanying the formation of small aggregates between 30 and 10 3 1J1113. 

At 1.0 IJM ADP (Fig. Be), the higher rate of aggregation was 

accompanied by an increase in aggregate size. ~ The constant decline in the 

volume fraction of single platelets between t· 1 .. 7 and 8.6 s was 

paralleled by a sharp fise in the volume fraction of aggregates of volume 

from 102 to 104 /lm3 (Fig. 8d), although aggregates as large as 5 x 105 j.D113 

were al80 prevalent. The volbe fraction of aggregates of volume greater 

than 104 /lM3 steadily increased between t .. 8.6 and 43 s, while that of 

smaUer aggregates .declined sharply. By t - 4'3 s, almost al! of the 

single platelets had aggregated, yet many of the aggregates were still 

1ess than 10 5 I!m 3• It ill apparent here that, as in PRP (Chapter III, this 

thesis). the total volume fraction rose above its initial level when large 

munbers of aggregates between 10 3 and 104 Jlm3 accumulated. Again, as 

aggr:egate volume eventually exceeded 105 ~3. the total volume fraction 

decreased. 

(c) G. 1800 8-1 

The time-dependent 'increase' in the volume fraction of aggregates 
, 

of 8uccessively increasing size was even more pronounced at G • 1800 s-l. 

st O. 2 ~ ADP (Fig. 9b). whe.re the aggregates occupied a narrow range of 

volume (Fig. 98). A sUght delay of t • 1.7 s preceding the decrease in , 

the volume fraction_of single platelets was accompanied by a simi18r delay 
~ 
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Figure 9: Aggregate Growth at G • '1800 s-1 

U~~er: Three dimensiona1 plots of the mean, normalved c1ase 

volume fraction; ~(xi)' (± S. E.M., dotted Une) versus partic1e volume, 

V(K
i
) , at mean transit times, t .. 0, 8.6, and 43 8. 

Lower: The normalized volume fraction o.i particles between lower, 

L, and upper, U, volumes tIlL u(t)/tIll 105(0) , , 
The volume limits, L-U, from 1-30~0-102, 

shown beside their respective plo~ 
a,h) 0.2 !.lM ADP; c,d) 1.0 !.lM ADP 

(± S.E.M), p10tted against t. 

10 2-10 3, 10 L104, 10 L 10 5 are 

) 
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ln the growth of aggregates. Once aggregation was init lated, the volume 

fraction of aggregates between 30 and 10 2 ~3 peaked at t • 8.6 sand 
6 

decllned thereafter. The volume frp,ction of aggregates between 102 and 

10 3 ~3 also peaked at t a 8.6 s but remained at relatively the seme 

value. By t - 8.6 8, aggregates between 103 and 10'" ~3 had start~d to 
\ 

forme Although the single platelet concentration at t • 8.6 s at 0.2 ~ 
1 

ADP was similar to that at G ca 314 s-1, the maximum aggregate size was 

mueh reduced « 2.1 )( 10 3 1IDl 3) eompared to that at the two lower shear 

rates. Aggregates between 10'" and 10 5 ~3 dld not appear untll t • 43 8 

where. together with a distinct population between 10 3 and 10'" pm 3, they 

formed a bimodal aggregate population. 

At 1.0 ~ ADP, the single platelets aggregated so fast that wHhln 

t = 8.6 s they were almost exclusively incorporated into one l~rge 

aggregate population between 10 2 and 10'" ~3 (Fig. 9c,d). Once formed 
, 

this population appeared ta increase in volume as a unit in discrete 

steps.f'Further aggregation resulted entirely from the self asse~bly of 

these siml\arly-sized aggregates into larger aggregates also of narrow 

size range. The total volume fraction decreased suddenly at t - 43 s as 
,-' 

this group of aggregates associated into a single population of Yolu~e 

greater than 5 x 10'" ~3. Below this volume, only wbc remained. Again, 

the steepest decline in the single platelet volume fraction was 8ssoclated 

~ -
with formation of relatively small aggregates between t - L.1 and 8.6 s, 

at the end of which the total volume fraction showed a characteristic 

increase. \ 
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DISCUSSION 

The present work shows that platelet aggregation is much greater 

in WB than in PRP. At G • 39.3 s-1 and at 1.0 ~ ADP, rbc were 

incorporated into aggregates but this did not occur at higher shear rates 

or at lower ADP concentrations. Wbc were largely excluded from aggregates ' 

at aIl shear rates and both levels of platelet stimulation. High shear 

rates were successful in recruiting aIl platelets into aggregates but 

aggregate growth exhibited a progressive time-dependent inhibition wlth 

increasing mean tube shear rate. As will be discusséd below, the 

augmentation of platelet aggregation can be interpreted ln terms of the 

pilysical effect of rbc on the freque?cy and efficiency of collisions 

between activated platelets, and between platelets and aggregates •. 

1. Wall Adhesion 

Measurements of the total volume fraction of suspen~ed particles 

independently support the contention that signiflcant wall adhesion did 

not occur in the present experiments. For any given suspension the total 

particle volume fraction should remain constant during aggregation, 

independent of the distribution of platelets withln aggregates and 

inde pendent of aggregate size. As was observed in Chapt ers II and III of 

this thesis, the total particle volume fraction did not decrease until 

aggregates of volume greater than 105 ~m3 were formed. The total volume 

fraction decreased at this point because such large aggregates were beyond 

the range of particle volume measured in the present experiments. If wall 

adhesion was occurring concomitantly with aggregation then a steady 
~ 

decrease ln 'the total volume fraction with incressirig mean transit t~me 

\ 
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would have been observed from the onaet of aggregatlon. ln fact. a8 

discussed in Chapter II. the total volume fraction actually Increased 8S 

the concentration of aggregates from 103 to 10 5 ~3 Increased before 

~ecreasing again as these aggregates were incorporated lnto larger 

aggregates whose volume exceeded 10 5 ~3. This transient rise in the 

total volume fraction was due to the artifactual over-estimation of the 

volume of particles of dlameter that la more than 20% of the aperture 

dlameter of the electronic particle counter (Smythe. 1961; 1964). Stnee 
"

aggregates of volume greater than 100 ~J were meaaured on a 100 ~ 

dlameter aperture, partielea of equivalent sphere diameter greater than 

20 ~m, or of volume greater than 4.2 x 10 3 ~3, would be over-estimated. 

In addition, a void volume of plasma trapped between plate lets Qomprising 

aggregates (Born and Hume, 1967; Belval and Relluma, 1986) incresses wlth 

increasing aggregate size. Since electronic particle counters measure the 

envelope volume of particles, the volume 'of aggregates would be .. 
over- est imated. -..... 

It is unlikely that platelet thrombi growiqg from nidi on the tube 

wall were shed intermittently into the mainstream a8 observed ~ vivo. ln 
-4 

patent blood vessels single platelets firat adhere to a site of Lntlmal 

in jury and a mural thrombus grows into the vessel lumen as new platelets 

are recruited (Begent and Born. 1970; Arfors ~ al., 1976). In the 

absence of complete vessel occlusion, the thrombus eventually embollzes Qr 

sheds fragments once an unstable size la reached. The same process 18 

often repeated continuously at a glven'slte of vessel ln jury. If 8uen a 
, 

process were occurring ln the tube ln the present experlments there would 

have been large fluctuatlons ln bath the number and size of aggregates et 
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a given mean transit time instead of the obeerved continuous increase in 

the concentration of aggregates of progressively increasing size. 

2. Plate1et size 

The mean p1atelet volume after p1ate1et extraction from WB through 

Percol1 waB the sarne as that in FRP prepared under standardized conditions ..... 
(Chapter III, this thè!Jis). A mean value of 7.5 IJ.m 3 , uncorrected for 

particle shape, was obtained that is consistent with previous estimates of 

uncorrected mean p1atelet volume obtained using electronic partlcle 
, 

countere (Nakeff and Ingram, 1970; Paulus, 19~5; Mundschenk ~!!., 1976; 

Ho1me and Murphy, 1980). The descriptive,statistics of the distribution 

of p1ate1et volume were vlrtually identical for the two methods of 

harvesting p1ate1ets. In both cases platelet volume c10sely follows~a 

single log-normal model as previously reported for the distribution of 
4;'> 

p1ate1et diameter, ma'ss, and volume (von Behrens, 1972; Bahr and Zeit1er, 
q" 

1965; Paulus, 1975). Due to the high density of the Percoll suspending 

phase, not only does the present technique not extract a subset o~ 

p1ate1ets based on density, it demonstrates that on1y one continuous 
1 

population of plate1ets exista with respect to aize and density, and that 

this same population ia normally retrieved in PRP. 

Numerous reports of plate1et size and density heterogeneity have 
> 

indicated that a aubset of large ~ense, more reactive p1atelets exists 

(Booyae et al., 1968; Karpatk1n, 1969a,b; Co rash et al., 1977). It 1s -- --
further contended that the large variance in p1atelet aize ia determined 

by platelet 8,g108 in the circulation and that the larger platelets .are 

younger (Karpatkin, 1969b; Coraah.!!.. .!!.., 1978; Rand ~ al., 1981). The 
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increased reactivity of large platelets may primarily reflect thelr hlgher 

conten~ of dense bodies and a-granules (Thompson ~~., 1983; Corash~ 

~ al., 1984-). It has a1so been suggested that platelet heterogeneity ta 

determined by the factors controlling platelet production in the b0ge 

marrow (Paulus, 1975; Pennington.!!.. aL, 1976). The log-normal Bize 
~ 

distribution has been modeled mathematically ln terme of random factors 

controlling the rates of megakaryocyte membrane demarcation and platelet 
',1 

fragmentation (Paulus, 1975). 

The converse of the hypothesis of a subset of more reactive 

plate1ets wou1d suggest that some platelets within a normal population 

typically do not aggregate (Born and Hume, 1967; Nichols and Bosmann, 

1979; Gear, 1982). The present work shows clear1yr that given a sufflcient 

collision frequency and degree of platelet açtivation aIl plate1ets will 

aggregate. Neglecting the influence of mlcroaggregates, the shape of the 

single platelet log-volume distribution remained aymmetrical about the 

initial modal volum~ during aggregation in9icating that aIl aingle 

platelets were being recruited equally-well into aggregates, as also 

observed by Belval ~ al. (1984) for shear-induced asgregation. The same 

extent and pattern of single platelet aggregation W8S als~ demonstrated at 

room temperature in citrated PRP at 1 ~ ADP at G • 1800 a:1 (Chapter III. 

thls thesis) and ln heparlnlzed PRP at 0.2 ~ ADP at G • 314 8-1 (Chapter 

IV, this thesis). That ~his ls 80 with ADP at room temperature where 
'> 

serotonin release from plateleta ls inhibited in cltrated plasma 

(Valdorf-Hansen and Zucker, 1971) and often absent ~n heparinized plasma 

even at 3 iOc (Mustard ~.!!.. 1975; Skoza !!..!!.., 1967) 8uggest8 t~at lIore 
\ 

...1 

patent platelet sgoniste such as throllbin and col1agen would a180 eau •• 
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aIl platelets ln suspension to aggregate. Whatever the source of size 

heterogeneity, the present data confirm that platelet volume follows a 

single unimodal log-normal distribution, and that a1l\ p1atelets appear to 

aggregate with equal ability in the absence of release. 
~ 

3. Shear-Induced and Spontaneous Platelet Aggrégation 
; 

...... 
The higher degree of plate1et aggregation in the controis in WB 

than in PRP indicates that some prior platelet activation may have been 
, 

present in WB. At a plasma viscosity of n - 1.8 mPa s at 22°C and at 

exposure i::imes of 43 s, the maximum mean tube shear stress, 1: ... nG, of 

3.2 N m- 2 in the present experiments is below the threshold for 

shear-induced platelet aggr'egation and release in PRP (Brown.!!. al., 1975; 

8rIva1 ~ al., 1984) and WB (Dewitz!:!. al., 1978; Jen and Mclntire, 1984). 
\ 

FurtherlDore, no shear-induced plate1et aggtegation or release was present 

in PRP at the same shear rates and exposure times using the same flow 

system and method of meas~ring the concentration of single plate lets and 

aggregates (Chapter III, this thesis). Since aggregation in the controls 

was greatest at G • 39.3 s-l, where t - 0.07 N m- 2, it ls highly unlikely 

that shear-induced p1atelet activation contrlbuted signifif~ntly to 
} 

platelet activation in the controls or the ADP-infusion runs. 

lt has been proposed that the transient accumulation of ADP as a 

result of rbc damage- or ly,sis is responsible for both spontaneous 

aggreg8tion in vitro (Hellem, 1-960; Gaarder !:!. al., 1961) and normal 

hemostas1s .!!!..!!!.2. (Born and Wehmeier, '1979). The extension of this mode 

of platelet activation to thrombosls has given impetus t9 this hypothesis. 

However; in the present experiments the maximum mean tube shear stress i8 

,./ 

/ 
1 
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well below ~he threshold for shear-induced hemolysis at equivalent 

exposure times (Nevaril et al., 1968; Leverett et al., 1972). Hemolyai. -- ---
due to the interaction of rbc with surfaces (Bernstein ~!l., 1967) le 

only ,important at exposure times on the order of several minutes (Leverett 

~ '1., 1972; Rellums and Hardwick, 1981). Measurement of plasma TXB 2 and 

LOR concent rat:f.c=-.,; .... ".~:.:.t·~ that ADP from platelet release or lys ls, 8S 

weIl as hemolysis, did not contt'bute to the induction of aggregation ln 

the present experiments. 

The possibiUt,y of sublytic adenine nucleotide leakage from 

damaged rbc ~t low shear stresses is still a subjlct of debate. 

Spontaneous aggregation in stirred WB (Burgess-Wilson et al., 198~) or ----
rotating plastic vials (Saniabadi ~ al., 1985) shows a positive 

correlation with hematocrit in the absence of detectable hemo1ysls, and 

can be reduced by the addition of enzymes that degrade AOP (Fox ~!!., 

1982; Saniabadi ~ al., 1984). Other groups have failed to detect 

signif~cant spontaneous aggregatlon in stirred WB (Riess ~ al., 1986; 

Abbate ~ al., 1986) and have reported instead diminished ADP-induced 

aggregation in WB compared to PRP. The discrepancy in reports of 
\ 

spontaneous aggregation may reflect dlfferences ln the method of 

extracting and han~ling blood. Spontaneous aggregation in.PRP has been 

shown to be greater in samples stored at room temperat~re than st 37°C and 

to ~each a maximum 2 ~ 3 hr.sfter blood withdrawal, but ls Inhlblted if t:r 
the pla,Sma pH is prevented:from fising (Breddin !!. !.!. .. ' 1976), Horeover,. 

• there wss no differenc~ if the platelets were stored in 'WB or PRP before 

-testing. 

'. 

~_. 

- / 
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Due ta the 10:1 ratio of ATP:ADP in rbe (Bishop, 1961), and the 

higher rate of dephosphorylatlon of ATP than ~P ln plasma (Holmse~, 

1982)~ the slow leakage of adenlne nueleotldes from rbe eou1d transfently 

generate enough ADP ta actlvate plate1ets. However, due to the short half 

1ife of both nue1eotldes (Holmsen, 1982), It ls not 11kely that,after the , , 

one hour Idcubatlon at room temperature sufflcient ADP remains to activate 

{) plate1ets. The accumulatlon of ADP ~~ aetuall~ promote a period of 

refractoriness to stimulation by exogenous ADP,as observed by Abbate 

!i!!. (1986). At shear stresses sufficient to g~nerate signific~nt 
, 

hemolysis and release large amounts of adenine nueleot~des, the ratio of 

ATP:ADP:AMP after 5 min. exposure was 1:2:20 with an ADP concentration of 

,9.6 llM (Reimers .!!. al.,' 1984). At 30 s exposure to flow through 

eollagen-eoated glass tubes at a wall shear rate of 320 s-l, Adams and 

Feuerstein (1981) did not measure any signiflcant release of ATP and ADP 

from washed rbc. The possibllity that sUght shea-,:-induced leakage ,of . 
, It • 

adenine nueleotides from platelets could generate sufficient ADP to induce 

aggregation durins the 43 s of flow 18 also unl1kely glven'the quantltles 
, 

released and half lives of ATP and ADP ln plasma. 

, . 
4. ADP-lnduced Pl,telet Aggregatlon 

'1 

(a), Physlcal. Effect of Red Cells on Platelet Aggregatlon 

The results of the present exp~rimentB eleàrly show that the rate 

of 81ngle platelet,aggregation i8 much g~eater in WB ~han in PRP at the 

same mean tube shear rate and ADP concentration. The effect of shear rate 

on plat'elet 8ggregation ,in 2RP 'and. in WB can be interpreted in terms of 

the number of collisions b~tween activated pl:atelets and 'the fr!ction of 

,collisions yielding stable agg~eg~te8. The kinettcs of single platel~t, 

G 
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aggregation in flowing suspensions has been previously deacrlbad for 

dilute suspensions such as PRP i~ terms of classical two-body collislon 

theory (Bell and Goldsmith, 1984; Chapter ill, this-thesls). The two-body 

collision frequency between spherical particles in Poiseuille flow 1. 

given by (Smoluchowski, 1917; Manley and Hason, 1952): 

J • ~2 G b3 N, (3) 

where N is the number concentration of spheres of radius b. Application 

of Eq. 13] to collisions between unactivated or activated plate1ets 

lN • Ni 30(0)] requires that the cells be treated as the equivalent , 
spherical particle. During the initial stages of single plate1et 

aggregation, the number of collisions resulting in stable doublet 

formation is J ~ Œ J, where Œ is the fraction of collisions yielding c 0 0 

stable doublet formation, or the collision efficiency. Thua, the two-body 

collision freqhency~inéreases in proportion to the mean tube shear rate 

and the cube of the particle radius, but would be expected to decrease . 
signiflcantly in the later stages of aggregatlon when the single platelet 

concentration i8 much reduced. The frequency of collisions between 

• particies of aIl sizes a180 decreases as the to~l particle concentration 

dimini8hes. The collision efficiency has been previously shown to 

decr~ase wlth increasing shear rate for both madel particles (CurtIs and 

Hocking, 1970; Zeichner and Schowalter, 1971; van de Ven and Hason, 

1977), and for human platelets stimulated by sh,ar rates greater than 

5000 8-1 (Belval and Hellums, 1986) ~nd by ADP at me~n tube shear rates 

lees than 2000 8- 1 (Bell and Goldsmith, 1984'; Chapter III, thi8 the.le). 
-' 

However, the hlgh collision frequencles accompanying high shear rates ean 
, 

often support a rate of aggregation that lncreases vith 1ncressing .bear 

rate despite the decrease in collision efflclency. ln Chapter 111 lt va. 
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shown that the average collision efficiencies for the male and female 

-donors measured over the first 4.3 s of flow at G • 39.3, 314 and 1800 s-l 

were 0.204, 0.013, and 0.001, respectively, and that the greatest extent 

of aggregation at t • 43 s occurred at G - 314 s-l. The collision 

efficieney between platelets, unlike that of inert spheres, is a1so 

... dependent on the time of exposure to the aetivating agent. Although 

collision efficieney showed a shear-dependent variation with time', in 

general at G > 39.3 s-l, it inereased between t - 8.6 and 21 s. (Chapter 
\ 

III, this thesis). 

In concentrated suspensions, rbc have been shown to increase th~ 

diffusivity of platelets in plasma by at least two orders of magnitude' . . , 

(Turitto .!t al., 1972) due to an increase in the lateral dispersion of 

platelets caused by the errati: motions of the rbe (Goldsmith, 1971~ 

'Goldsmith and Harlow, 1979). This could translate into a higher 

platelet-platelet collision frequency and, hence, a high~r rate of 

aggregation for activated cells, but,caleulation of the collision 

frequency between platelets in WB is not possible uslng Bq. [3J. However, 

if o~ assumes that at the same ADP concentration, mean transit time and 

m~n tube shear rate, the collisIon efficiency is the same in WB and PRP, 
\ 

then the collision frequency in WB can be estimated from comparison of the 

fnitial rates of single platelet aggregation. This approach assumes that 

multiple collisions between rbc, platelets and aggregates do not 

8ignifleantly alter the collision efficieney, -particularly with regard to 

the veloclty'of approach and time of interaction duting collision 

(Takaaura .!!:&., ~981), and to the stresses acting on the iriteract1llg 

cells. These aS8U11ptlons do not seM to be too restrict1v.e ln Ught ,of 
\ 
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the avidity with which platelets cohere. 

Conslderlng that in the flow tube the initial single platelet 

concentration pel' uait volume of WB was - 60% of that of PRP. calculation. 

uslng the initial rates of slngle platelet aggregation revesi that 
li 

collision frequencies in WB are from 7 to 15 tlmes greater than ln PRP at 

at G • 314 and 39.3 s-l, respectively, for both ADP concentrations. This 

corresponds to the levei of augmented piatelet dlffusion ln WB (Turltto 

~ al., 1972) and indicates that enhanced collision frequencies in WB are 

8ufficient to account for the higher rates of aggregation compared to PRP. 

Turitto and Baumgartner (1975) have used classlcal mass transport theory 

to show that -the greater adhesi~~ oi platelets to subendothelium in WB 

" than in PRP is due to the ~'!nhanced_ diffusion of platelets ln the former.' 

Higher collision frequenci~s could also be gener$ted in tubular vessels if 

st the periphery, where the sh~~r rAte ls hlghest, the platelet 

concentation is two-fold greater than at the center of the ve8&el, 88 

observed by Tangelder !!. al. (1985). lt 18 interestlng to note that in 

the present experiments the platelet concentrations pel' microllter of 

plaSMa were approximately equal ln WB and PRP. 

Comparison of the rate and extent of ADP-induced aggregstlon vith 

that in the controls supports the contention that platelet or l'bc-del'ived 

ADP did not contribute to aggregation in elther case. Sinee the infuslon 

of 0.2 ~ ADP indueed much greater aggregatlon thsn did modified Tyrodes, 

and 1.0 ~ ADP Inereased aggregation even further, the effeets of ADP 

relessed from plateléts and/or l'bc in the- -8ubmleromolar l'anJe would have 
" 

produced more marked effeets tbsn observed. lnsteàd, it 18 be11eved that 

\-

.. 
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s1ight platelet activation is the sarne in WB and PRP and typic~l of normal 

blood extraction ~nd handling where ~ 30% o~ plate lets exhibit some degree 

of shape change (Frojmovic and Milton, 1982). Slnce shape change ls 

generally considered a prerequisite for ADP-induced aggregation (Milton 

and Frojmovic, 1984), the high collision frequencles in WB enhance the 

formation of small weakly-bound aggregates at low shear rates that are 

easily disrupted at higher shear rates. The reappearance of aggregation 

ln the controls at G - 1800 s-1 may, however, represent a slight degree of 

platelet activation since the wall shear stress, - 6 N m- 2 , is near the 

threshold for shear-induced platelet activation. Reimers.~~. (1984) 

, reported that glutaraldehyde-fixed rbc depleted of ADP could augment 

shear-induced platelet aggregation over that in PRP after 5 min exposure 

to 5 N m- 2 but only to ~ 50% of that bytnative rbc. Although the lateral 
) 

dispersion of platelets, and hence the collision frequency, would~be , 
~ 

expected to be ~gher in suspensions of rigid rbc than of deformable rbc, 

this work is supp~ti~e of a mechaniea! effect of rbe on ADP-induced 

plate let ag&regaii~n. 

(b) Low Shear Rates 

At low levels of platelet activation (0.2 ~ ADP), the primary 

determinants of the ràte of single platelet aggregation are the collision 

frequency and the fluid shear stress inhibiting stable aggregate 
, ' 

formation. At low shear r~tes, G - 39.3 s-l, the rate ~f aggregation in 

both PRP and WB decreased steadily with time. ln PRP this was due ,to the 

inability of the low collision frequency to sustain a high rate of 

aggregation (Bell and Goldsmith, 1984; Chapter Ill, this thesis) despite 

inltial ~olllsion efficlencles of ao • O.~04. Even at high levels of 
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platelet activation where the mean a la 0.505, the low collision a 

was unsucçessful in sustaining a hig, rate of a8sregation. 

collision frequencies 1n WB prodUCed~igher initial rates of single 

platelet aggrega~ion but in this case the rapid formation of large 

aggregates led to an enormous depletion of particles and a steady decre8se 

in the rate of aggregation wlth time. Mean tube shear stresses GE 
, 

0.07 N m- 2 did not appear to Interfere with aggregate growth. At hlgher 

levels of platelet activation in WB (1.0 ~ ADP), the rate of single 

plate let aggregation increased but followed the same pattern. The 

combinat ion of a high collision frequency, low shear stress and the 

incorporation of red cells in ta plate let ag~re8ates led to the formation 

of aggregates much greater than 10 5 ~m3 within 1.7 8. 

Cc) "igh Shear Rates 

The rates of s~ngle plate let aggregatlon in WB at low ADP 

concentrations support the finding in PRP of a two phase process of 

aggregation at higher shear rates. The sigmold sIngle plate let 

aggregation curves in PRP at G ) 314 s-l were previously eKplained in 

terms of time-dependent bond heterogeneity with an initial weak bond 

gradually reinforced by a stronger bond (Chapter III, thls thesls). This 

explains the absence of sigmold aggregation curvee at G • 39.3 s-1 where 

the shear stress ls not sufficlent to break the weak bond. At hlgher 

shear rates the latency of the expression of the stronger bond was 

revealed through the progresslvely increasing lag phase wlth 1ncreasing 

mean tube shear rate. Despite high collision rates, the initial rate of 

aggregation decreased wlth increasing mean tube shear rate due ta the 

decrease in collision efflclency. 
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The sigmoid aggregation curves found in PRP at G ) 314 s-1 are 

still present in WB but are much less pronounced. The higher collision 

frequency in WB partially compensates for low collision efficiencies at 

early exposure times. The similar rates of aggregation at G = 314 and 

1800 s-1 indicate that the collision frequency in WB is high enough not 

to 11mit the rate of si'!8le platelet aggregation despite the decrease in 

collision efficiency at the higher shear rate. This effect is missing in 

PRP. even at high levels of activation where. in the absence of collisions 

induced by the motion of rbc. the platelet collision frequency is more 
.t 

sensitive to single platelet and aggregate concentration and ls not 

sufficient to override the effect of low collision efficiencies. The 

constant rate of aggregation up to t m 8.6 s at 1.0 ~ ADP may reflect the 

presence of a higher concentration of a~gregates of smaller size than at 

G - 39.3 s-l. Although the rates of single platelet aggregation were 

rapid at the higher shear rates. aggregate size was severely limlted from 

" the outset. At G .. 39.3 s-l small aggregates were rapidly incorporated 

into larger aggregates; however. a time-dependent inhibition of aggregate 

growth was apparent at G - 314 s-l (~ ... 0.6 N m- 2). and extremely marked 

at G • 1800 s-1 (~ - 3.2 N m- 2). At low levels of platelet stimulation 

the size range of aggregates decreased with increasing mean tube shear 

rate at exposure times less than 8.6 s. Even at high levels of platelet 

-stimulation the high collision frequency at G - 1800 s-1 allowed a very 

high rate of single plate let aggregation but aggregate size was pot 

signlflcantly greater than that at low levels of platelet activation until 

longer exposure times. The eventual growth of aggregates later in time at 

high shear rates coincides with the in~reas~ in collision efficiency 

discussed above, and l1kely reflects the expression of a more 
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shear-resistant bond. 

5. Summary 

The data of the present experiments indieate that red cells at 

normal hernatoerits can increase the frequency of collisions between 

platelets by an order oi magnitude at physiologieal shear rates. The 

enhaneed collision frequeneies lead to a high rate of single platelet 

aggregation but the shear-dependent kineti~s of aggregate growth 

ultimately deterrnines the extent of single platelet aggregation. Shear \ 

stresses of .... 0.07 ri m- 2 do not inhibit aggregate growth; however, the 

rapid formation of large aggregates decreases the number of collisions 

between single cells and aggregates and limits the rate of aggregation. 

Higher shear stresses ('t > 0.6 N m- 2) limit aggregate Bize at short 

exposure times and, by rnaintaining relatively high particle 

concentrations, sustain a higher rate of single platelet aggregat ion. At 

longer exposure tirnes, the eX'Pression of st ronger bonds allows aggregates 

to grow to larger s!zes. The incorporation of rbe into aggregates at 

shear rates found in the venous side of the vasculature (Turitto, 1982) 

8uggests a more active role for rbe in promoting the growth of red thrombl 

in the veins than simply through the passive entrapment of rbc into a 

growing platelet-fibrin mesh. Although the involvement of wbc in platelet 
4. 

aggregation cannot be excluded in the present work, these eells were not 

significantly incorporated into platelet aggregates. 
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GENE~L CONCLUSIONS 

This thesis has examined the effect of shear rate on the 

ADP-induced aggregation of human platelets in suspensions flowing through 

tubes. Analysis of the complete particle volume distribution from 

1 - 10 5 I-lm 3 allowed the slmultaneous measurement of the rate of change ln 
\ 

the concentration of single platelets and aS'8regates. The kinet lcs of 

aggregation were eltplained in terms of the product of the frequency and 

efficiency of collisions between activated cells. The cpUlsion frequency 

is dependent on the shear rate and particle concentration whlle the 

\. 

collision ef ficlency ls governed by the magnitude of the fluid shear 

stress ln relation to the level of platelet activation and the tlme after . 
stimulation. This work provides the first rheological evldence for 

/ 
J 

heterogeneity in the bonds mediatlng stable aggregation at physiologica1 

shear rates. It 1s a1so quite appar~mt that the conditions which lead to 

1 
the greatest aggregation of single platelets d.o not necessarily produce 

the largest aggregates. In the following discussion low, moderate and 

high shear rates refer to G - 39.3, 314, and 1800 8- 1, respectlvely, and 
.... 

low and high levels of platelet stimulation refer to 0.2 and 1.0 IJM ADP, 

respectlvely. 

, It was found that at the low concentration of ionlzed calcium, 

[Ca2+], in citrated PRP, the formation of stable aggregates W8S highly 

;: dependent on mean transit time and mean tube shear rate. At low sltesr 

rates and low levels of platelet stimulation, the rapid formation of a 

relative1y weak bond 1ed to high initial rates of aggregation and the 

formation of aggregates having a br.oad distribution ôf size. The 8trength 

of this bond gradually diminlshed wlth Ume, and the rate of aggregation 

1 

r- I 
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decreased steadUy due to the inability of the low collision frequency ta 
r 

t, sustain a high rate of aggregation. The weak strength of the early bond 

was revealed by a progressively increasing delay in the onset of 

aggregation with increasing shear rate. The collision efficiency at early 

exposure times decreased with increasing shear rate in accordance with 

established theory for colloidal-sized particles. At longer transit 

times, however, the rate of aggregation at higher shear rates increased 

due to an increase in the efficiency of collision. This may reflect the 

graduaI expression of a more shear-resistant platelet-platelet bond, 

perhaps through an increase in the number or affinity of fibrinogen 

binding sites. The maximum extent of aggregation was reached at 

G - 314 s-1 as a result of the combinat ion of a sufficiently high 

collision frequency and collision efficiency. The magnitude of the 

collision efficiency at high shear rates, however, was much less than at 

early exposure times at low shear rates and, consequently, a high 

collision frequency was required to support a high rate of aggregation. 

The induction of aggregation at G - 1800 s-1 after an ~ 11 s delay 

illustrates the emergence of the stronger platelet-platelet bond. Due ta 

the extremely low collision efficiency only a high collision frequency was 

able ta support a high rate of aggregation. At this level of platelet 

stimulation aggregate growth rate decreased with increasing shear rate. 

At high levels of platelet stimulation, the rates of aggregation 

were generally much higher than at low levels of stimulation, as reflected 

ln the much higher collision efficiencies. As observed at low levels of 

platelet stimulation, the rate of aggregation at low shear rates exhibited 

a steady decresse with time due to a steady dec-reaBe in collision 

/ = 

.' 
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efficiency. Aggregate size W3S on1y marginally greater than at the lower 

level of platelet stimulation. The maximum rate of single platelet 

aggregation, however. occurred at the highest shear rate, G • 1800 8- 1• 

The effect of even a small increase in collision efflciency ia readlly 

apparent ln the presence of a high collision frequency. Even though all 

platelets were observed to aggregate, aggregate size waB severely-limited 

at the mean tube Bhear stress of 3.2 N m- 2 with aIl aggregateB between 104 

and 105 ~3 after 43 s of flow. At hlgh shear rates, a sllght lag phase 

preceding aggregation remained and the collision efficiency increased with 

time indicating that the time-dependent expression of stronger 

platelet-platelet bonds persists at high levels of platelef stimulation. 

The high rate of 'aggregation in whole blood was attributed to an 

enormous increase in the platelet-platelet collision frequency caused by 

the erratic motions of the red cells. As a consequence, the rates of 

aggregation in whole blood are much less affected by decreases in 

collision efficiency and particle concentration. Thus, despite the 

decrease in the collision efficiency with time at low shear rates in PRP, 

a high rate of aggregation was maintained at this shear rate in whole 

blood. At high shear rates the initial lag preceding aggregation in PRP 

was almost absent in whole blood and aggregation proceeded st a hlgh 

initial rate. At high levels of platelet stimulation, the extent of 
~ 

single platelet sggregstion increased with increaslng shear rate. At 

G • 1800 s-1 fewer than 5% of the initial single platelets remalned after 

only 8.6 s. Moreover, the much higher collision frequency could 8ustain a 

high rate of aggregation despite the enormouS depletion in the 81ngle 

platelet concentration. This effect a180 promoted collisions between 

( 
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aggregates, and consequently thelr growth to much larger sizes than at the 

same shear rate and ADP concentration in PRP. The work in whol~ blood 

demonstrates the ability of a high collision frequency ta produce a high 

rate of aggregation in the presence of a small collision efflclency. The 

increased platelet-platelet collision frequency caused by red cell~ at aIl 

shear rates and the incorporation of red cells into aggregates at low 

shear rates suggest a stronger role thàn generally considered for red 

cells in promoting platelet aggregation in regions of the v8sculature 

where shear rates are low. 

A steadily increasing rate of aggregation and a time-dependent 

increase in the collision efficiency was also observed in heparinized-PRP 

and hirudinized-PRP. The much higher rate of aggregation at physiological 

[Ca 2+J, may have reflected a higher initial rate of fibrinogen binding. 

However, the steadily increasing collision efficiency suggests the 

continued expression of binding sites at high [Ca2+]. Aggregate size was 
., 

also much greater than in citrated PRP, and this suggests a role for .- , 

ionized calcium in both the initial fibrinogen binding and stability of 
\ 

large aggregates. A persistent se~ dlfference in citrated PRP was shown 

ta be due to an artifact of platelet preparation. Because of the 

consistently lower hematocrits for female donors, the dilution of èitrate 
) 

ln plasma~s greater, and the [Ca 2+] correspondingly higher, than in the 
'~ 

plasma of male donors. Platelet aggregation was shown to be very 

sensitive to small changes in [Cal+) in the low range of [Ca2+] normally 

present in citrated PRP. 

Single platelet volume in citra~edt heparinized, and hirudinized 

-
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plasma, and in citrated whole blood followed a single unimod.l log-noraal, 

distribution. Under conditions of hlgh platelet' at imulat ion or high 

[Ca 2+) in PRP. or the high collision frequencies in whole blood at low 

platelet stimulation and low [Ca2+J. aIl piatelets vere observed to 
r 

sggregate equally weIl and no platelets remained una8gregated after 43 • 

of flow. Finally, the results in citrated whole blood shdw that white 

blood eells are not signifieantly ineorporated into platelet aggregates. 

, ' 
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./ 
CLAlHS TO ORIGINAL RESEARCH 

These _re summarlzed as follows: 

1. A mixing chamber and flow system were designed to a110w the 

rapid exposure of aIl platelets ln suspension to an aggregatlng agent 

prlor tio flowlng through fixed lengths of polyethylene tubing 
i 

çorres~nding to preset me an transit tlmes, t, from 0.2 to 86 s. The flow 
1 

rate and agonist concentration were adjusted independently to cover the 
, 

range of mean tube shear rate, a, from 39.3 to 1800 s-1 at both 0.2 and 

1.0 ~ ADP. 

2. A particle counting and sizing technique were developed that 

allowedithe measurement of the continuous distribution of single platelet 
1 

and aggregate volume over the range 1 - 10 5 ~3 in the fixed effluent 

suspensions. 
(~ 

Statistical analysls of the partlcle volume histograms 

al10wed the characterization of the distribution of single plate let volume 

in terme of the log-normal model, and the detection of contaminating 

microaggregates. 

3. A large group of blood donors was tested over a large range of 
- il ~ 

mean tube ahear rate at several mean transit times. As a consequence, 

average log-volume histograms were generated for multiple donors at each 

mean transit ti~e ~y first transforming tbe individual histograms into 

standard normal deviates of their respective mean single platelet volume 

and standard deviation. As such, th~e of tbe individual histograms 

wal pres~rved during the averaglng procedure. 

! -
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4. In citrated PRP at 0.2 pH st room temperature. the rate of 

aggregatlon was dependent on mean transit time and mean tube shear rate. 

A progressively increasing lag phase with increasing mean tube ahear rate J 

. 
preceded sggregation. The maximum extent of aggregation wss,reached st 

) G • 314 s-1 but aggregate aize decreased from G - 39.3 to ~800 s-l. The 
/ 

< increasing rates of aggregation and coillsi?n efficiency with time st high . 

~; 

shear rates were explained in terms of s heterogeneity in 

plstelet-platelet bonds. 

5. At 1.0 ~ ADP the lag phase was still present. The rate of 

sggregation increased with increasing mean tube shear rste up to 

G a1800 s-1 but aggregate size was severely limited. 

6. A strong sex difference was found in citrated PRP over , 

range of G from 39.3 to 1800 s-1 and t from 0.2 to 86 8. This was 

to be an artifact introduced by the citrate anticoagulant. The sex 

difference was reversed by accounting for the differences in donor 
1 

the 

shown 

hematocrit that generate small but significant differences in plasma 

7. No sex difference was found 1n the physiologieal range of 

[Ca2+) in heparinized or hirudinized plasma~ , In both cases the rate of 

aggregation and size of aggregates were much greater than in citrated 

plasma. 

# 

8. A method of extraeting single pl~telets and aggregates,froa 

glutaraldehyde-fixed whole blood was 4eveloped in. which the ref! celle vere 

1 removed by centrifugatl~n through Pereoll. 
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9. The rate and extent of aggregation wa8 much higher in whole 

blood than in PRP due to much higher platelet and aggregate collision 

frequencies caused by the motion of the red cells. At 1.0 IJM ADP an1 at 

G • 39.3 s-l, red celle were incorporated into agg-regates. At h!gher -

shear rates red cells were excluded frolll aggfegates. Wh! te blood cells 

were not lncorporated into aggregates. 

10. Under the appropriate conditions in c1trated, heparinized and 

hlrudinized PRP, 8S well 8S in c1trated whole blood a11 platelets were 

observed to aggregate and no population of nonaggregating platelets W8S 

detected. 

, 

.. 
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SUGGESTIONS FOR FURTHER won 

1. Dy udog washed platelet 'suspensions the effecta of fibdno •• n 

concentration and of pUTified von Willebrand factor at high and low lC.~) 

can be Investlgated ln terms of the time- and shear rate~dependency ln the 

expression of stable bonds between platelets in flowlng luapenaion •• 

2. The effects of shear rate on platelet 'Bggregation in 

heparinized and hirudinized PRP can be tested to determlne if the same 

'" shear-dependent de1ay precedes aggregation at high [Ca2+) and to see if 

aggregste Bize is also limited under these conditions at high shear ratel. 

Platelet ag~regation in heparinized and hirudinized whole blood can alao 

be examined to measure the effects of high (Ca2+) and high ~ollision 

frequencies at low and high shear stresses. 

, 
3. The effects of red ce1ls in augmenting the colliison 

frequency between platelets can be further exal1l1ned by adjuBting the ' "l' 

hematocrit over s large range. Speclfl~ platelet release inhibitora ., 

weIl as enzyme systems that degrade ÀDP can be used to establish if the 

greater platelet aggregation in the controls in whole blood 18 due to a 
\ 

mechan1cs! effect or due to leakage of ADP from platelets and/or red 

ce11s. 
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APERTURE-IMPEDANCE PARTICLE COUNTERS 
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. NOMENCLAtURE 

seml-axls of revolutlon, semi-equatorlal axil of 

eillpsold of revolution 

equatorial dlameter of right cylinder 

aperture current 

cyl1nder, aperture length 

spheroid axis ratio, a/b 

cross-sectiona! area normal to aperture axls of the 

face of right cylinder 

cross-sectional area of aperture 

radial distance, aperture radius 

tube Reynolds number 

voltage increment 

aperture volumej partlc!e volume 

axial distance 

GREEK 

fractional particle volume, bv/V; 61(6-1) 

shape ractor for el1ipaoid of revolutlon wlth a-ax!s 

aligned with ap~rture axis, vith b~axi8 allgôed 

\ 

, 
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shape factor for sphere 

av~r~ge shape factor 

effective suspension, particle, electrolyte 

re~1stivity 
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Proper rize and concentration mea&urement of particle! IR 

suspension using an aperture-impedance particle counter require. knowledae 

of both the underlying theory and the limitations of the instrument. tn 

light of these considerations a specialized technique was developed to 

derive a continuous size distribution of single platelets and aggregatee 

from measurements of a single suspension. The following i8 a description 

" of the sizing and counting principle leadlng to the design of the present 

technique. 

THEORY 

1. Principle and General Description 

The aperture-impedance counter la essentially an electrical 

transducer for detecting and sizing particles suspended in an e1ectro1ytic 

medium. This tranaducer consists of a cylindrical aperture separatlng two 

electrode chambers filled with electrolyte (Fig. 1). The aperture 1. 

commonly fabricated from ruby or glass wlth a diameter, 2R t between 3 ~ o 

and 1 mm, and a nominal length, L, .-2R • 
o 

When a constant cu~rent d.c. voltage ls applied between the 

electrodes, the aperture and a small.hemispherical volume at elther end of 

it provide the major electrical resis~ance. A known volume of electrolyte 
~ 

contalning the particles to be measured Is drawn through t~e ap~rture fram 

the outer e1ectrode chamber. As a particle passes through the aperture lt 

displaces electrolyte, producing a change in electrical resistance 

observed as a voltage pulse. Voltage pulses 

electrodes are then amplified ~nd fed circuit -vith AR 

adjustable level. Pulses reaching or exceedlng tbls level are counted. 
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Figure 1: Aperture-Impedance Particle Counter 

Schematic of a conventiona1 counter showing the mercury 

manometer, as weIl as- the glass aperture anQ.electrodes Im~ersed in 

electrolyte. Preset independent lower and upper voltagé-thresholde 

select a particle size wlndow (from Jones', 1982). 

COUNTER 
DRIVER 

DIGITAL 
READOUT 
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#' Particle volume vs frequency distributions can be generated vith the ald 

of multichannel pulse-height analysera. Here, the voltage pulael ~re 

collated into a opeetr .. of PUI.e-h.i8ht.~ which the cha ••• l ... "'~ 
(voltage increment) 19 proportional to the volume of the particle aene.d. 

2. Pulse Height vs Particle Volume 

f, 

f 

Originally, the theory of the relationship between pulse height 

and partiele volume relied on the following assumptlone: 

(a) The passage of individual particles occura at random and 

the particies are evenly distributed across the aperture cross-section. 

(b) The eleetrically effective volume of the particle in the 

aperture is that of a right cylinder of length < L and of 'the S8111e 

resistivity 8S the partiele and aligned with the aperture axls (Flg. 2). 

(c) The aperture forme a cyl1ndrieal res1stor ln whleh eurrent' 

denslty is uniforme 

",.t. 

The voltage pulse height produced by a partlcle ln the aperture, 

AU, was given by (Kubitschek, 1958): 

where 

6U 
• [ 1 ] 

1 

1 • constant aperturè current 

llV • partiele volume 

Pl • effective particle res1stl'tity 
~ 

P2 • electrolyte reslatlvlty 

ql • cross-sectional area normal to aperture axis of the face of the 

equivalent right cylinder of a partiele 

q2 • cro8a~!ectlonal area of aperture. 

-
• 
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l 

Figure 2: Particle within Aperture 

Mathematical model of â particle as a right cylinder suspended 

withl'" the aperture at moment of sensing (from Jones, 1982). 
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If ql«q2 and Pl»P2' then the response becomes independent of ql llnd Pl 

and Eq. [ 1] reduces to: 

bU P2~V 

2 
[2] 

i q2 

However, for given electrical conJuions and aperture size, _ the 

relationship between voltage pulse height and particle volume cannot be 

explained simply by the volume of elect(~lyte displaced in the aperture by 

the particle. Particle shape and the orientation of nonspherica1 

particles with respect to the lines of current determine the extent to 

which partic1es disrupt the electrical field within the aperture. Rigid 

latex spheres, with diameters accurately measured by optical or scanning 

electron microscopy, generate pulses that are about 50% higher than the 

amplitude predicted by their geometric volume (Gregg and Steidley, 1965). 

Hardened re~ blood cells (rhe) also give volume measurement s eonsiderably 
, , . 
different from those determined by centrifugation and measurement of the 

packed cell volume for a known concentration of the same cells. Fluid 

shear stresses in the flow field can also cause the deformation of 

nOllrigid particles and the rotation of nonspherical particles, lead ing to 

variations in particle shape and orientation, respeetively. 

(a) Shape Factor and Conductivity 

Distortion of the electrlcal field in the aperture by a partlcle 

causes the lines of current to follow the essential surface' of the 

particle rather than each crevlce and wrinkle, thu8 sendng the "envelop.e 

volume" (Berg, 1958). When the electrlcal field does not conforrn to the 

partic1e shape an "electrical shadow" 15 formed which makes the partlcle 

1 ( 
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appear to displace a volume larger than !ts actual volume (Fig. 3). The 

shape factor for a sphere Is 1.5 (Grover ~ al., 1969a; Grover ~ al. J 

1969b; Hurley, 1970) which is the ratio of the pulse height produced by a 

sphere to the minimum pulse height produced by a particle of the same 

volume. 

Equations relating voltage pulse height to particle volume which 

account for particle shape and reeistivity have been derived for both 

spherical and ellipsoidal conducting particles. For spheres, the 

following equatlon 1s used (Maxwell, 1883): 

2Pl + P2 + o{Pl - P2) 

P • P2 ' 
2Pl + P2 - 2ô(Pl - P2) 

[3] 

where ô .. 6V/V, V .. aperture volume, and P .. effective resiBtivity of the 

suspension. Assuming ô « l, Eq. [3] reduces to: 

ÂV • J 

where the shape factor for spheres, 

y .. 
s 

3( (P2/ PI )-1) 

(P2/Pl )+2 
• 

[4 ] 

For' nonconductlng spheres the magnitude of y .. 3/2. lt 1& assumed that 
s . 

the electrical field wlthin the aperture ls unlform and the part ic1e 

diameter ls «2R. Hlgh partlcle-to-aperture diameter ratios re'sult in o 

overestimates of partlcle volume which depend on particle shape (Fig. 4aj 

Smythe, 1961). However, for particles moving near- the aperture axis, this 

error does not exceed 1% if the ratio 18 below 0.2. 

'r rirll 
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MATHEMATICAL 
ASSUMPTION ' 

SPHERICAL , 
EQUIVALENT 

è 

C MEASURED SHAPE 

3: Electronically Sensed Partic1e Volume 
~ , 

AIl particles were 1nlt1al1y treated matheœatical1y 88 r1ght 

cylinders, A. 'Shown 18 the overestlmaqon, C, of the measured volume of 

the equlvalent sphere, B (from Jones, 1982). 
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Figure b: Partic!e Shape Factor 

(a) Shape factor as a function of the particle 

dlameter to aperture diameter ratio for spheres and elllpsoids 

of rcvolution (from Smythe, 1961). 

(b) Shape factor for oblate (solid 1~~) and prolate 

(dashed Une) spheroids in relation to the spheroid axis ratio,' 

a!b for oblate and bl a for prolate, _snd the orientation of 

the spherold axis~wlth respect to thé aperture axis. y: 
e 

a-axis paraUe! to aperture axis. y' : either b-axls ,. e. 
parallel to aperture axis (from Grover et al., 1969a). 

, --
(~) Shape factor for oblate spheroids as a function of axis ratio 

for several partlcle reslstivltles (from Kachel, 1979). 

(d) Shape factor for oblate spherolds as a function of partlcle 

reslstiv1<y for severa! axis ratios (from Kachel, 1979). 

o 

o 
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Equation [3) has been extended to ellipsolds of revolutlon of 

principal axes a and b, where a is the semi-a~is oi revol~on and b the 

semi-equatorial axis (VeUck and Gorin, 1940; . Grover et al., 1969a): , 

p - Pl + (Ye- I)P2 + (Ye - l)(PI - P2)O 

Pl + (Ye- I)P2 - (Pl'" P2)Ô 

where y Is the shape factor for ellipsoids of revolution. e 

When Pl » YeP2 ' Eq. [6] reduees tOI 

6p 

Y ô' 
e ' - -

wheré 6p - P - P2' and 6' - ô/(6 -'.,1). 

[6] 

(7] 

Equation [7J can alao be expressed in the fonu of Eq. [4J assuming 
r-' 

ô « 1: 

6V - -- {BJ 

WnÈm the a-axis is allgned paraI leI ,to the aperture axis the 

factor for oblate elllpsoids of revo1ution (m - a/b < 1) 18 given b'y ~ 

1 meos-Im m2 - (1 - m2 )372 
[9] 

Ye 1 - m2 
~ -

whUe for prolate elllpsoids of revo1ution (m - a/b > 1), 

l mcosh-1m: 

shape 

(m2 _ 1)372 • 
[10] • - . 

Ye m2 - 1 

/ 

'\ 
'1 

, ' 
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If the b-axis is aligned paraUe!' to the aperture axis, y 1s replaced by 
e 

l ' = 2y /(2y - 1). e e. e 

Equations (4] and [8] are identical except for the shape factors 

le and Ys' Figure 4b shows the calculated shape factor for fixed 

orientations of both oblate and prolate ell1psolds of revolution as the 

axis ratio approaches 1. The orientation of the spheroid aIso has a 

strong effeet on the shape factor. For nonconducting prolate spherolds 

aligned with the aperture axis, Figure 4e shows that at hlgh particle axis 

ratios, Y ~ l.0. It Is evident that the Ideal partie le la a slender, e 

tapered body aligned wÙh the aperture axis. 

a/b = l, l = l • e s 

Here, l • 1.0. e With 

The effect of partiele conductivity is shown in Figure 4d. / For 
\ 
v 

Most axis ratios le and le' are constant as long 8S P2!Pl <; 0.01. Thus, 

the partic1e resistivity ls only lll\portant if it 18 less than 100)( the 

resistivity of the electrolyte. The resistlvity of Most partic1es 18 many 

orders of mflgnitude greater than that of the electrolyte. ln fact, It ls 

difficult ~o find particles which do not behave as perfect insuhl;orB 

(Jones, 1982). Even for metal particles, a high field strength Is 

required before ionie conduction through the partiele occurs. ThIs ls 
\ 

hypothesized as being due to oxide surface films and Ionie Inertla of the 

Helmholtz eleetrical double layer and assoeiated s~vent molecules at the 

surface of sueh particles. Electrleal charges on the part ides have 

otherwlse no effect (Berg, 1958; Grover~. al., 19698). Biologieal 

partieles behave as noncondueting particles (Kachel, 1979). 
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(b) Partic1e Orientation and lIydrodynamic Field 

Assuming a uniform eleetrical potentiel through the aperture, the 

effeet of the eleetrical field on partic1e rotation and deformation is 

negUgible (Grover ~!l., 1969a). For suspensions of biologiea1 ceny 

sueh deformation shouid be Iess than 1% for cells below 10 !lm diameter. 

A1though the electrical Heltl is not uniform, the major factor determinlng 

part le le orientation and/or deformation is the hydrodynamic field within 

the apertur(!. 

At distances > 2R from the aperture entrance, the fluid Is 
o 

essentially at reste Hence, the fluid accelerates from rest to lts 

average velocity at th,e aperture entranee in the spaée of 2R. Because of o 

this /acce1eration nonspherical particles tend to align with the aperture 

axis and nonrigid partlcles may deform. 

The tube Reynolds numbers in the aperture, Re, are be10w 1,000 for 

pressures and aperture diameters commonly uSJ!d (Grover ~ al., 1969a). 

This lndicates that the flow is laminar; howeve'r, the distance for 

parabolic (PoIseuille) flow to fulty develop Is usual1y > L. Assuming the 

axial velocit{-ls unlform across th(! entranée of the aperture an:f zero at 

a radial dIstance from the tube axis, ~ m R , the radial velocity profile 
1 0 

through the length of the aperture can be constructed (Fig. Sa). Due to 

the flnite viscoaity of the f~uid electrolyte, the thickness of ~he 

vlscous bOQndary layer orig~nating at the aperture wall increases 

downstream until, .for 8ufficlently long tubes, it becomes equal to R , at o 

which point there is ful1y-developed ,Poiseuille flow. As the velocity of 

the fluid ln the boundary layer decreases, the-central core acce1erates to 
.::,,, 
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Figure 5: Fluid Veloèity Profile in Aperture 

(a) ve(ocity profile as a function of axial distance, x, and tube 

Reynolas n~ber, Re. Numbers represent dlmensionles8 axial distance, 

xl (2R Re). 
o 

(b) Celle travelling through the central core-of the aperture 

do not rotate but ~hose contacting the encroachlng boundary layer rotate 

continuously. 
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preserve the mass balance. For the apertures and flow rates usually 

employed, the exit flow ia not fully developed, falling somewhere between 

profiles 3 and 4 of Figure Sa (Grover .!:!..!!.., 1969a). Therefore, a 
'; . 

c~tral core of uniform velocity exista in which particle8 experience no 

shear and hence do not rotate. lt 18 in the viacou8 boundary layer that 

the shear rate i8 sufUcient to rotate particlea t\\.tough more th an 90° 

(Grover ~.!.!.., 1969a). ) 

The previous treatment of particle shape factor considered only 

finite fixed orientations with respect to the electrical field. Rotation 

of nonspherical particles passing through the aperture, however, will lead 

to continuously changing shape facto'rs. The native, undeformed rbc 

approximates an oblate spheroid and in its minimum and maximum 
~, 

orientations has a calculated shape factor of 1.174 and 3.365, 
. 

respectively (Velièk and Gorin, 1940). Theoretical analysis of 

nondeformab1e rbc at the moment they enter the aperture shows the shape 

factor to vary cyclically with particle orientation (Breitmeyer et ~., 

1971). The orientation of rigid rbc entering, the-aperture i8 not random 

but, due to the orienting effect 'of fluid acceleration, most cells enter 

with their major axes alig~ed with the aperture axis (Goldsmith and Mason, 

1967; Thom et al., 1969; Grover .!:!. al., 1972). In transit through the' 

central core there is general agreement that cell rotation is negligible. 

Cells within the boundary layer, however, will rotate and, depending on 
( ; 

their initial orientation, the shape factor may continuously change 

throughout much of their transit (Fig. 5b). Thua, in the outer region of 

,-the aperture, identlcal particles can produce voltage pulses of widely . -, 

varylng height because of differences ln thelr orientation at the moment 
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they are sensed. 

The residence time of partlcles within the aperture ls 8180 

radially dependent. ln the central core region particle transit time 

through the aperture la constant but increases sharply at R > O.SR • 
o 

Thus, the duration of pulses in the outer region of the aperture la aleo 

longer., 

3. Electrical Field 

The previous analys18 of the relationshlp between pulse height and 

particle shape and orientation has assumed a uniform electrical field 

aeross and through the aperture. Actually. the field becomes unlform only 

at L/2Ro > 1 (Fig. 6; Grover ~ aL, 1969a). Slnce L/2R (1 for moat o 

apertures, no homogeneous eleetrical field exists and the field strength 

at any poInt in the aperture depends on both the axial and radiaL 

coordinates of the par~lcle. 

, 
The potential drop between exit and entrance planes of the aperture 

la" <; 60% of the total potentla1 drop between electrodes for L/2R :> 1. 5 
o 

and, due to symmetry, the 50% equipotential area Is in the middle of the 

aperture. The remalning potential dlfference extends into the eleetrolyte 

in a hemisphercal manner diminlahing to 2% of the total ~t 6R. ln the o 

region of R < 0.6R , the fIeld atrength ateadlly Increases frOID the 
a 

entrance of the aperture to the Middle, and reaches a rs_dially unlform 

value wh~n li/2R > 1. Hence, particles travelling through the central 
o 

core region experience fields of successively increasing and decreaslng 

;ttrength. and p~oduce bell- or trapezoldal-shaped yoltage pulses that. ln 

long apertures, are of equal height for particles of equ1valent shape and 
~ 
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Figure 6: Electrical Field within Aperture 
t 
Electrical field is symmetrical with respect to the Middle of the 

aperture and only becomes uniform in both axial and radial directions at 

x > 2R. The sensing zone of the aperture extènds in a hemispherical o 
manner into the bulk electrolyte at both aperture entrance and eKit. 

[ [ 



o 

o 

A19 

orientation. 

Ilowever, if the assumption of an equal distribution of p8rtlcles 

across the aperture i9 correct, 35% of the particlee will enter the 

aperture at R ) O.SR. ln thls region, high c\'rrent densities near the o 

aperture waÙ ..... -and distortion of the field by edge ef fects at the aperture 
'\ 

entrance and exit Pfoduce altered voltage pulses (Fig. 7). Sinee voltage 

pulse height la pr1ortional to current denslty, partlcle patha nenr the 

aperture wall produce large, 'M '-shaped voltage pulses that tend to give 

volumes greater than determined on the basis of part icle shape and 

orientation alone. Hence, in short apertures such particles produce a 

pronounced positive skew in volume distributions. 

For the special case of rbc, the siz~ distribution of native cells 

15 strongly blmodal ln contrast to the much lees skewed dlstrlbutlon of 

fixed cella. It has been proposed that the nature of the hydrodynamlc 
-; 

field preceding entry ioto the aperture may cause a greater fract ion of 

the deformable cella to select trajectorles through regions of hlgh 

current dens1ty, as opposed to trajectorles selected l'Jl:nply on the basis 

of a uniform distribution of particles acrOS8 the entrance of the aperture 

(5hank et aL, 1969; Akeson and Mel, 1986). 

~urrently, there la no mathematical analysls to calculate the 

vol.ume-pulse-height relatlonship for nonholDogeneous electrical fields. 

Bowever, several methods have been developed for Improvlng the shape of 

particle size distributions by removing the artlfacts in pulse size and 
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AXIAL PATH 
"STANDARD" PULSE 

OBLIQUE APPROACH 
NON-AXIAL PATH 

h RE - ENTRANT J__ PARTICLES 

Figure 7: Voltage Pulse Shape 

1 
1 

.j 

Particlea sensed whlle travelling through the core reglon produce 
1 

symmetrical "bell"-shaped voltage pulses as the field strength 

successlvely increases and decreases. Particles near the aperture wall 

w.here the f~eld strength 1s stroqger at the entrance and exit produce 

large "M"-ahaped pulses. 
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shape induced by the hydrodynamic and electrical fields. Since bath 

effects are most prominent at R > O.8R , they are often reduced o 

concomitantly. Pulses of longer duration produced by slower movlng 

particles in the outer region of the aperture can be electronically 

filtered (Fig. 8). The shape factor then becomes les8 varlaole since 

particles in this region of the a~erture a180 exhibit large rotations. 

Aberrant pulses produced by partlcles that reenter the sensing zone 

because of a region of fluid recirculation immediately dowust ream of the 

aperture exit are also removed.. Other electronic editing devlces re1y or. 

the suppression of the first peak of fast-dsing 'M'.;-iShaped pulses by slow 
, 

rise-time amplifiers or the rejec~ion of pulses with more than one peak, 

and the selection of uniform ratios of pulse height-to-wldth or, tlme from 

pulse initiation-to-peak. 

It is possible to reduce the positive skew of volume distr Ibut ioft8 

through the use of longer apertures. A delayed sensing circuit can also 

be added ln which pulses are evaluated only in the region where the 

electrical field has become more uniformly dist r:ibuted. Longer apertures, 

however, lncrease particle coincidence and generate greater electronic 

noise. 

l'he skew Can also be removed by focusing a narrow stream of 
v 

particles into the core of the aperture (Spie1man and Coren, 1968; Kachel, 

1979). This technique 18 very efficient a1 removing the electrical field 

and viscous boundary layer artifacts wlthout the use of complicated 

electronic circuitry. By movlng the focus of the stream of part icles, the 

change in pulse shape, and corresponding volume, for partlcles measured in 
'-... -

-- -) 
'--
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Figure 8: Electronic Filtration of Voltage Pulses 

Reduction in the- positive skew and in particle counts of native , 
rbc by rejection of pulses of long duration. 
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the outer layer of the aperture was readily demonstrated. Since both 

electrical and hydrodynamic artifacts are aigniflcantly reduced in 8ueh 

systems, the shape factor for native rbe ia very close to 1.0 (Kachel. 

1970; Waterman ~ al •• 1975), indicating that Most of the cells messured 
. 

are defarmed into elongated t spindle shapes. 

Vsing either s~andard or deep-bore apertures without electronlc 

editing or hydrodynamic focusing, an average shape factor, Y. accounting , 

for all particle orientationa and positions in the aperture can be 

calculated by independently determining the true mean or modal particle 

volume. Hence, 

y _ measurtd volume 
true volume [11 ] 

Due to their ease of de formation , the average shape factor for native rbc 

\ 

1s 1.18 (Graver ~ al., 1972). In the core the cells stretch because of If 

fluid acceleration and approach the Ideal spin~le shape with y • 1.0. 

High current densitles and the rotation and ~ending of rbc within the 

fluid boundary layer contribute to a~highe~ mean y - 1.18. 

4. Summary 

The major influences altering the I1near relationship between 

particle volume and voltage pulse height are particle shape and the . 
hy~rodynamic and electrical fields ln and around the aperture. Â 

correction factor can be determined which accounts for partlcle shape 
• 

while the hydrodynamic and electrical effecta are mainly important at 

R > 0.8R. The alignment with the axis and neglfgible rotation of 
o 

nonspherical particles in the central eore region, 88 weIL 88 the unlfora 
l' 
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radial veloclty and the homogeneous electrical field in thia region for 

L/2Ro > l, produce voltage pulses of relatively unifor~ shape and height 

for equ1valent particles. Approximately,~% of a11 partic1es are measured 
, ......... ( 

under these conditions. The major sizing artlfact affecting the remaining 

partlcles is induced by entrance and wall effects where perlodically 

varying shape factors and trajectories through regions of high current 

density lead to overestimates of partlcle volume. Such partlcles 
( 

contribute to a broadening of volume distributions in the directIon of 

larger volume. 

PRACTICE 

The present technique ls designed to measure the size and 

concentration of glutaraldehyde-fixed single platelets and aggregates in 

suspension. A dual aperture counting and sizing procedure was necessary 

to minlmize errors introduced by variable shape fa~tors, and to compens8te 

for the subst.antial-decrease in particle concentration with increasing 

aggregate size. The dynamic working range of eac_~ aperturè was increased 

by logadthmically amplifying voltage pulses originating from the Coulter 

ZM pre-amplifier. As explained in the METHODS section of Chapter II of 

this thesls, the scale was calibrated with a range of polystyrene latex 

spheres and the amplifier was found to respond logarithmically over the 

size range used on each aperture (Fig. 9a,b). A logarithmic expansion was 

also chosen because numerous studies have established a log-normal 

distribution of p1ate1et size, whether determined by diameter, ma~s, or 

volume (von Behrens, 1972; Bahr and Zeitler, 1965; Paulus, 1975). Single 

p1ate1ets and aIl other partic1es from 1-102 ~m3 were measured uging a 50 _ 

~m diameter x 60 ~ length aperture, and particles from 102-105 ~m3 were 

• 
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Figure 9: Coulter ZM Calibration 

(a) 5~ x 60 ~m {length/diameter} aperture: measured 

volume range 1-102 ~3. Dashed line denotes maximum 

volume measured in present exper~ments. Polystyrene spheres of 

smaU c. v. have a narrow distribution on a logarithmlc 

scale. Given are the meaBured modal volume. modal channel 

number of the pulse-helght analyzer and the mean Bphere 

diameter stated by the manufacturer. Doublets of 

the 2.02 ~m diameter spheres are almost completely 

separated from the single partlcles. 

(b) 100 x 120 ~m aperture: meaéured volume range 

102-105 ~m3. The 5.00 ~m dlameter spheree are ueed to match 

the scale of the 50 x 60 ~m aperture to that of the 100 x 

120 ~m aperture. Dashed line denotes minimum volume 

measured in present experiments. 
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measured using a 100 ~m diameter x 120 tlm leogtn aperture. 

1. Aperture Length 

Deep-bore apertures were employed to enhance the development of a . 

homogeneous electrical field in the middl~ of the aperture. At 

L/2R - 1.2, the resolutlon of particle size W8S coosiderably itnproved by o 

greatly reducing the p<!1sitive skew (Fig. 10). Although hydrodynnmlc 

focusing might better reduce the positive skew, the present technique W8S , 

more convenient for processlng the large number of samples to be couoted 

ln each experiment. The Coulter CIOOO pulse-height analyzer is equipped 

with an electronic editor which rejects voltage pulses that do not 

adequately match the pulse shape of an internally generated standard. The 

editor 18 intended for re1atively monodi8perse systems, however, and 

cannat be used with a logarlthmic amplifier due ta the large varlat ion ln 

voltage pulse size and shape generated by particles of widely varying Bize 

and shape. 

Sin~e the volume of deep-bore apertures is larger than that of 

standard apertures of the same diameter, low particle concent rat lons were 

required to minimize paitiele coineidence within the sensing Zone of the 

aperture. Low particle concentrations were also required ta prevent the 

concentration-dependent shift in volume distributions caused by the slow 

respon.se Ume of the the log amplifier. As explained in ~.he METHODS 

section of Chapter II of this 'thesis, sample dilution was adjusted to 

count an equivalent nurnber of particles in each sample after 100 8 of 

counting. 

\ 
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Figure 10: Deep-Bore Apertures 

Standard 50 x 50 ~ aperture (broken line) showing the large 

positive skewand sh1ft of 'the volume distribution of the 2.02 and 5.00 ~m 

spberes, and the concomitant loss of resolution of multiplets compared to 

tbat for the 50 x 60 ~m aperture (solid line). 
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2. Background Counts 

For a given particle, aperture and electrieal conditions, voltage 

pulse helght Is proportional to aperture enrrent. Thus, high currants 

produce h1gh voltage signaIs and high 'signal-to-noise ratlos~ 81gh 

currents, however, produce excessive hesting of the electro1yte ln the 

aperturè (Berg, 1958; Kachel, 1979). An aperture current and 

amplification were empirically determined which minimized background 

electronic noise yet provided sùfficient separation of the single platelet 

volume distribution from the baseline. 

At an electrolyte reslstivity of 62.4 ohm-cm for 0.9% NeCl (Samyn 

and McGee, 1965), background counts in toe electrolyte alone never 

Il exceeded 0.5% and 0.05% of the total counts on the 50 x 60 and 100 x 

120 ~m apertures, respectively. A higher background was produced by ,...---, 
platelet-poor pl~s~a fixed in 0.5% glutarald~hyde~when measured on the 50 

x 60 ~m aperture and was proportional to the volume of the fixed plasma 

added to the electrolyte for counting. The details of the 8~btraetion of 

this background from the single platelet volume distributions ia glven ln 

the METHODS section of Chapter II. ~ 

3. Shape Factor 

Good agreement was found wlth the log-normal mo?e1 for the 

distribution of single platelet volumes. 80th native and fixed platelet. 

behave as rigid discs and, therefore, do not éxhibit the 

deformation-dependent bimodal volume distribution typical of native red 

blood cells, but their volumes have a greater natural variance. ln shear 

• flow unactivated, single platelets behave a8 oblate elllp8o~ds of 
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revolutLon with a Mean axis' ratio of 0.36 (Frojmovic ~ al., 1976), an.d 

hence y - 1.2 (Fig. 4b; Grover et al., 1969a). Since the major axis of 
e --

Most discoid p1atelets will be aligned with the aperture axis in the 

central core region of deep-bore apertures where the electrical field has 

become radially homogeneous and cell rotation ia negligible, an 

8pproximatc abaolut~, mean volume of the unactivated cells can be 

determlned. by applying this y uniformly to aIL single platelets measured 
e 

in the aperture. Furthermore, since the radius of the largest equivalent 

spherical particle measured on the 50 x 60 ~m aperture Is on1y 0.12R , Y 
o e 

ia independent of partic1e size. An additional correction factor of 1.5 

must be applied since the scale was calibrated with spheres. Th us , the 

final shape factor for single, unactivated platelets meaSured on a scale 
c 

callbrated with spherical particles is y Iy - 1.25. The Mean volume of - s e 

actlvated cells can also be measured as the equlvalent spherical particle 

in suspensions in which the concentration ai multiplets is Low. 

Since a unique shape factor ls requ~red for each aggregate shape 

and orientation in the 100 x 120 ~m aperture, aggregatlon is' expressed as 

the t~\atlve fraction of single cells and aggregates of a given equivalent 

Bphe::e volume. However, the radius of the largest equivalent sphere 

me8sured on the 100 x 120 ~m apertures was 28.8 I1m (10 5 11m3 ), 
~. 

corresponding to O. 58R 0. Consequently,. on this aperture, the shape factor 
. 0 

for partie tes of > 10 IlIÙ radius will increase with increasing particle 

Bize. Although the absolute size measurement of particles of this 

diameter is not exact, aIl platelet suspensions were measured under the 

same conditions. 
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.AVERAGE LOG-VOLUME HISTOGlWtS 

--As described i~ Chapter Il of this thesis, a plate let coullttng and 

slzing technique was developed that generated continuous 250 claas 

log-volume histograms over the range of particle volume from l - 10 5 !-Lm3. 

In ordér to follow the time-dependent changes in particle volume dudog 

the aggregation of plateleta from aIl the donors at each mean tube shoar 

rate, i t 18 necessary to average the histograms. However, due to the 
, 

natural variation in mean platelet volumè and standard deviation, a 

str-aight forward scheme of averaging each histogram class would bronden 

the average log-volume histogram and reduce the resolution 0 f changes in 

single ceU and aggregate volume (Fig. 1). This effect can he minimlzéd 

by first eKpreasing the particle log-volume fdr each dOllor at al1 mcan 

transit times in terms of the fIIean single plate let log-volume and standard 

-
deviation of the same donor at t .. 0 s. At this mean transit tlme the 

\ 

influe,ce of microaggregate contamination on the mean and standard 

deviat ion i8 minimal. The transformed log-volume histogralDs are then 

standardized to the average of the mean single platelet vo lurne and 

standard deviation of a11 donors concerned. After correc~ f.ng for changes 
• j 

in class width introduced during transformation, the contents of the 

individual classes can then be averaged. The ultimate effect of titis 

procedure i8 to provide an estimate of the changes in partlcle volume ln 

relation to mean single p~atelet volume and standard deviatlon, as opposed 
" 

to simply av~rkging changes in ahsolute volume. 

1. Standard Normal DeviateL 

Prior to averaging all the histograms at the same mean transit 

time at each mean tube shear rate, the histograms frOID each individusl 
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Figure 1: Broadening of Single Plate1et- Log-Volume Histogram by Averaging 

Histograms' of two normal distributions of xi with separate mean, 

x, and standard deviation, 8. The contents of each of the i classes, 

N(xi ), were normalized to the r.espective c1ass, m, of maximum content, 

N(x ). The normalized average of the two hlstograms' (cross-hatched) is m 
much broader than either of the original histograms. 
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donor were treated independent .:'If those from the other donors st tbe same 

shear rate. ln accordance with tne nomenclature of Chapter II, the 

normalized content of the i th clase of the histogram of the jth dOllor st 

-mean transit time, t, is given by: 

... 
(1) 

where N( j, t,xi) ls the corresponding absolute content, xi the mark of this 

-class, and m, the class of maximum content at t • 0 s. For each donor the 

mark of the i - 250 classes -ôf the histogram at each mean transit time was 

transfo -med to a standard normal deviate of the mean, i<), and standard 

deviaHon, s(j), at t - 0 s, and then expressed in terms of the average 

l h '. 1 h 
mean, xav '" hj~lX(j), and standard deviatlon, sav - h L s(j), of all h 

- j-1 -

dq,nors, according to: 

x' • i 

[Xi - x(j)]s av 
s(j) + x av ' (2) 

where xi la the transformed mark of the {th class. 

2. Standard Log-Volume Histogrsms 
,r , 

, -
Due ta variation in the histogram range and class width after 

Il 
-"-. 

S -av 
transformation, 6X(j! - s(j)âx, prior to averaglng each hlstogram was 

mapped back ont'o the standard 250 class histogram of equal class width, 

âx III 0.02, over the range 1 - 105 j.lm3• 

(a) ~x(;J) III âlt ." -"~ 
In tbe case where the clasf.es oi the transformed histograll are of 

\ 

,1. 
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width equal ta those of the standard histogram, a straight forward 1:1 

mapping is used: 

1 ( i ( 250. [3 ) 

• 
( b) flx (j ) < flx 

'" 

S1nce the class widths of the transformed and standard histograms 

are not equal, the respective class numbers w11~ not c01ncide at the same 

point on the absc1ssa. Consequently, the classes of the tansformed 

histograms are mapped onto those of the standard histogram at equivalent 

log-volume. The class numbers at this point on tpe absc~ssa are 

determined by the multiples of class widths at th1s log-volume. 

The contents of multiple classes of the tranfor~ed h!stogràm 

that fell within the limits of a single class,~i, of the standard 

histogram were averaged '(Fig. 2a): 

q 

~' (j,t ,xi) • q:p L N' (j,t ,x~), 
o·p 

(p ( 0 ( q) 

where p and q are _the respect,ive lower and upper classes of the 

transformed histogram w!thin the bounds of class i as given by: 

(i - l)Ax < x' < iAx o 

[4 J 

[5 ] 

Vacant classes in the standard h!stogram between 1 ~3 and the first 

occupied ilass of the transformed hi8to~ram'were assigned ~alues based on 

a log-normal volume distribution accord!ng to: 

,{ - " , 
< , , 



- AJ8 -

Figure 2: Mapping of Transformed Histograms onto Standard Histograms 
_ ,. 

T{ansformed histograms were mapped onto the standard histogram of 

equal class width, 6x • 0.02. The changes in cIas8 width after 

transformation have been exagerated to 11lustrate the mapplng procedure. 

In actuallty, due to the narrow raRge of the standard,deviatlon~of 

platelet log-volume among donors, class widths vsried by·at most 17% after 

transformation. The vertical dashed lines designate the class limits ~f 

the standard histogram. 

(a) 6x(j) < 6x: Vacant classes st the ends of the narrower 

transformed histogram were assigned values (solid dots) as described 1no 

the texte The contents of multiple classes of the tran~formed hlstogram 

that fell within the limits of a single class of the qtandard histogram 

as shown by similar shading were averaged. 

(b) 6x(j) > 6x: Arrows show the assignment of classes of t-he 
-

transformed histogram into the corresponding class of the standard 

histogram accordlng to the location of the transformed class mark, x', 
/ 0 

between the lower and upper class limlts of the standard histogram as 

given by Eq~ [~]. The content of vacant classes formed between occupled 

classes were assigned a value that WâS the-average of the lower and upper 

adjacent classes. 
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-O.S(X
i 

- X )2/s2 
av av 

• e [6 ] 

\ 

&nd the contents of classes of histograms that fell short of 10 5 Ilm3 were 

assigned a value...f zero: 

t71 

(c) t.x(j) > t.x 

Transfonned histograms that extended below l j.1m3' [x' < OJ or 
o 

beyond 10 5 Ilm3' [x' > 5] were truncated at these respective limIta while 
() 

vacant classes in the standard histograms were aasigned contents trlat were 

the average of the lower and upper' adjacent occupied classes (Fig. ~b): 

[8 J 

3. Average Standard Histograms 

Once transformed- into standard format, the log-volume hi8tOgr8~ 

at the sarne mean tube shear rate were averaged over aIl donors a,Y'each 

mesn transit tlme. The average, normalized content of each of the 250 

-,classes at mean transit tlme, t, is given by: 

and the cIas8 content standard·deviatlon by: 

• [1°1 ~ 
h - 1 

- { 
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At each mesn transit time, the average normalized volume fraction 

per 

[11 ] 
'-

where N(O,x ) and v(O,x ) are the respective average, m m norma1ized content--

:nd p.rticle vol ... e of ~ ... cl ••• of Jl8XimUDI 

t • 0 s~ 

content, m, at 

In the experiments of this thesis, the average-values of the mean 

log-volume and standard deviation for aIl donors were 0.79 and 0.25, 

rep.ectivc1y. The standard deviation ranged between 0.22 and 0.30, leading 

toOrespective transformed class widths that were 14% larger and 17% 

smal1er than the s~andard class width •. Conseqüently, few classes had to 
.~ 

be estimated or de1eted in order to average the'transformed histograms, 
o 

and aoy error introduced by these procedures would be slight. 
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