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Th e form ation of human blood sediment by means of opti cal metho d
w as studied . Li ght was transmitted through a layer of blo od. The temp oral
changes of the transmitted light intensity along the sample w ere measured.

Samples of blo od from a healthy donor w ere investigated. T he optical metho d
p ermits us to distingu ish three phases of the blo od sediment. A t the top of the
container the w ell -know n supernatant plasma layer creates. In the sediment
of the red blo od tw o phases w ere distingu ished. T he rouleau formation phase

and the phase of demi xed blo od w ere found. T he two phases are separated
by the mo ving boundary . T he kinetics of this boundary w as determined.
T he optical data admit to a hyp othesis about the physical phenomena of
the sedimentation pro cess. T he spino dal decomp ositi on may b e one of the

mechanisms of the blo od sediment formation.

PACS numb ers: 42.25.Bs, 82.70.Dd, 87.19. T t

1. I n t rod uct io n

Bl ood consists of pl asma, gases, and cells. The com positi on of the com plex
Ûuid has a funda menta l physi ological signiÙcance [1]. A vi de vari ety of elements of
di ˜erent nature and di mensions m akes di£ cul t to model the system. As a conse-
quence of these di£ cul ti es appro xi m ate appro aches in the study of blood are nec-
essary . In the bio-col loida l model we assumetha t bl ood consists of plasma and ery-
thro cytes. Accordi ng to the classical deÙniti on the erythro cyte is a non-Bro wni an
parti cl e. The di ameter of the erythro cyte is 8 ñ m so tha t i t is to o large to exhi bi t
therm al m oti on. Ho wever, m ixing or an oscil lato ry shear Ûow causes an erra ti c
m ovement of the parti cles. Intercel lul ar bri dges consti tute attra cti ve intera cti ons
between erythro cytes. The intera cti on causes tha t erythro cytes coalesce to f orm
roul eaux [2{ 4]. W i th ti me the rouleaux bui ld a chaoti c three- dim ensional netwo rk.
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The intensi ty of the l ight tra nsmi tted by a bl ood sam ple increasesthe result of the
roul eau form ati on [5, 6]. The obta ined curves are Ùtted by a sum of exponenti al
functi ons and received parameters are used in the analysis of thi s roul eau form a-
ti on ki neti cs. The attra cti ve intera cti on between erythro cytes pro vi des a necessary
condi ti on for a phase separati on of the bi o-col loidal system [7].

The sedim entati on can be observed when a col lo ida l system is under the ac-
ti on of an externa l Ùeld. The tra nslati onal vel ocit y of Bro wni an parti cles is a m an-
i festati on of thi s phenom enon. The m ovement of the parti cles can be a˜ected by
intera cti ons. Sedim enta ti on process of an ideal ized col loidal system adm i ts physi -
cal m odel ing. Ma ny theo reti cal techni ques can be used to analyze the e˜ects tha t
intera cti ons have on the sediment form ati on [8].

The bl ood sedim entati on phenom enon is uti lized in clinical diagnosti cs since
1894 [9]. The m oni to ri ng of blood/ pl asma bounda ry positi on in ti m e is the base of
conventio nal investigati ons of the phenomenon. These conventi onal investigatio ns
deal wi th a global e˜ect of the sedimenta tio n process. In thi s way the erythro cyte
sedim entati on rate curve can be obta ined [10]. Usual ly two stra ight l ines Ùt thi s
curve. It was shown tha t the second stra ight l ine of thi s curve corresp onds to the
sedim entati on of al ready form ed aggregates [11]. R ecently the opti cal coherence
to m ography has been used in the study of blood sedim ent form atio n [12]. Cha ng-
ing the compositi on of the pl asma one can obta in nonaggregati ng erythro cytes. In
thi s case a deposit of erythro cytes occurs in the lower region of the blood sedim ent.
In the upp er reg ion erythro cytes are in the errati c m oti on. Concentra ti on proÙles
of the sediment and the ki neti cs of the movi ng boundary between the deposit and
the phase of di ˜use erythro cytes were experim ental ly and theo reti cal ly inv esti -
gated [13, 14]. The theo reti cal m odels of thi s sedim ent form ati on are insu£ cient
to highl ight the process even for the sim pl iÙed system [10, 14].

T o recogni ze physi cal phenom ena associ ated wi th the blood sedimenta ti on
we have carri ed out the opti cal inv estigati ons. Blood of heal thy vo lunteer was in-
vesti gated. Mea surements of the tra nsmi tted light intensi ty were perform ed. The
recogni ti on of m echanisms of bl ood sedim entati on and properti es of the bl ood
sedim ent is achi eved from the qual i ta ti veanalysis of the opti cal data . The hyp oth-
esis about the phase separati on associated wi th the sedim entati on is ta ken into
considerati on.

2. M at er ial an d m et hod

Bl ood from heal thy volunta ry was obta ined by a venous puncture. T o avo id
coagulati on the bl ood wa s trea ted wi th sodium citra te. The hem ato cri t of the
ori gina l blood was 40%. The sam ples wi th hemato cri t 33% and 57% were obta ined
by the change of the am ount of the plasma. Sampl es of uni form ly distri buted
erythro cytes were obta ined by gentl e mixi ng before experim ent. Thi s blood was
conÙned between tw o glass plates distanced by the teÛon spacer. The thi ckness of
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the conta iner was Ùxed to be 0.2 m m and the height was 20 m m. The m easurem ents
were perf orm ed at room tem perature. The exp eriment wa s carri ed out accordi ng
to the ethi cal gui delines laid down by the Bi oethi cal Com mission at The Ludwi k
R ydyg ier Medi cal Uni versi ty in Bydg oszcz.

Fig. 1. Schematic diagram of the exp erimental set-up used in the study of the blo od

sediment formation.

The experim ental set-up used for the m easurements is shown in Fi g. 1. The
m easurements were m ade usi ng He{ Ne laser as the source of l ight. The laser beam
after passing thro ugh the coll im ato r was focused by the lens L 0 . The conta iner
wi th the bl ood was placed at the beam waist positi on. The step moto r m oved
the blood sampl e verti cal ly wi th the constant vel ocit y of 2 cm/ min. The lens L 1

col lim ated the tra nsmi tted l ight and the lens L 2 focused the l ight in the plane P .
The intensi ty of the tra nsmi tted l ight wa s obta ined wi th a photo mul ti pli er P h .
The circul ar stop Ùlter was situa ted in front of the lens L 1 to reduce the high
intensi ty specular com ponent of the l ight tra nsmi tted by pl asma. The reference
intensi ty was obta ined wi th a photo mul tipl ier P h r . The ti m e varyi ng signals were
stored in the com puter.

3. R esul t s

Pl ots of the intensi ty of the l ight tra nsmi tted by the blood sam ples are given
in Fi g. 2. Co ordi nates of the hori zonta l pl ane of a parti cul ar plot determ ine the
instanta neous locati on of the inci dent l ight beam along the sam ple. The dim ension-
lessvari abl ex = l i s the positi on coordi nate in uni ts of the height l of the conta iner.
In these uni ts 0 indi cates the to p of the conta iner and 1 represents the botto m.
The verti cal axi s represents the tra nsmi tted l ight intensi ty . Pl asma and two pha ses
of the red bl ood can be disti ngui shed by a vi sual inspection of the plots. The high
values of the intensi ty registered at the to p part of the conta iner are the opti cal
representa ti on of the supernata nt plasma layer. The blood/ pl asma boundary is
cl earl y seen. The random intensi ty Ûuctua ti ons m ani fest a phase of the red blood.
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W e wi l l show tha t in thi s phase the roul eau form ati on process occurs. The rows
of the intensi ty proÙles characteri ze the other phase of the red blood. These rows
reÛect large wa vel ength density vari ati ons of the bl ood. Ini ti al ly the bl ood was
hom ogeneous thus the rows m ani fest a demixi ng pro cess. The boundary m ovi ng
from the botto m to the top of the conta iner separates the two pha ses of the red
bl ood. From Fi g. 2 we also can see tha t the opti cal properti es of the blood are
dependent on the hem ato cri t. The repeata ble features of the opti cal representati on
of the blood sedim entati on process are clearl y seen.

Fig. 2. Intensity pro Ùles of light transmitted by the blo od samples as a function of

time at hemato crit 33% (a ), 40% (b), and 57% (c).
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Fi gure 3 shows the tem pora l changes of the tra nsmi tted l ight intensi ty reg-
istered at a positi on x = l = 0 : 2 . The relati vely small values of the intensi ty are the
resul t of the scatteri ng by the red blood. The sudden increa se in thi s intensi ty
indi cates tha t at the m oment the l ight starts to pass thro ugh plasma. The high
tra nsparency of plasma results in high values of the intensi ty . The instanta neous
positi on of the blood/ plasma bounda ry can be found wi th a relati vel y high accu-
racy. Thi s Ùgure shows also tha t the opti cal properti es of the plasma change wi th
ti m e.

Fig. 3. T he intensity of light transmitted by the blo od sample as a function of time at

a position of x =l = 0: 2 . T he hemato crit of the blo od is 33%.

Fig. 4. T he intensity of light transmitted by the blo od sample as a function of time at

a position of x =l = 0: 7 ( ) and x =l = 0: 55( 2 ) . The hemato crit of the blo od is 33%.

T o recognize the properti es of the red blood the intensi ty proÙles are ana-
lyzed. Fi gure 4 shows the changes of the tra nsmi tted l ight intensi ty as a f uncti on of
ti m e. At a positi on of x = l = 0 : 7 thi s intensi ty Ùrst increases, next reaches a sharp
m axi mum and Ùnal ly decreases. The increasing intensi ty reÛects the presence of
the rouleau form ati on phase of the red blood. Thi s tem pora l increase in the tra ns-
m i tted intensi ty is the well -known f eature of the roul eau form ati on process. The
obta ined data are insu£ cient to determ ine the ki neti cs of the rouleau form atio n.
The sudden decrease precedes the slow decreasing of the intensi ty . Thi s slow de-
crease corresp onds to the dem ixed pha se of the bl ood. At a positi on of x = l = 0 : 5 5

the intensi ty maxi mum becomes bro ad and a sudden decrease is not observed.
Thus the tem poral dependence of the intensi ty perm its us to Ùnd the bounda ry
between the two pha sesof the red blood in the earl y stages of the sedimenta ti on
pro cess only. Fi gure 5 shows the intensi ty of the tra nsmi tted l ight as a functi on
of the positi on received at 26 m in from the beginni ng of the sedim entati on pro-
cess. Thi s intensi ty proÙle can be Ùtted wi th two stra ight l ines. Thi s Ùt represents
a Ùrst appro xi m ati on of the opti cal representa ti on of the pro cess. The Ùrst l ine
corresponds to the roul eau form atio n phase. The process of the rouleau form ati on
occurri ng in thi s phase pro duces large intensi ty Ûuctua ti ons. The intensi ty has a
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Fig. 5. Intensity proÙle of light transmitted by the blo od sample. T he hemato crit of

the blo od is 33%. The straight lines represent the Ùt describ ed in the text.

Fig. 6. The kinetics of the boundaries found in the human blo od sediment at hemato crit

33% (a), 40% (b), and 57% (c).

constant value along the region occupied by thi s phase. The second l ine corre-
sponds to the demixed phase of the red bl ood. The decrease in the intensi ty along
the region occupi ed by the second phase reÛects an increase in the concentra ti on
of the scatteri ng uni ts of thi s phase. The two l ines join at a positi on. Thi s positi on
deÙnes the instanta neous positi on of the boundary between the two phases. Thi s
sim ple scheme is appl icabl e to the obta ined intensi ty pro Ùles. By the peak to peak
analysis we have found tha t the di stance between the rows of the intensi ty proÙles
ranges from 0.7 m m to 1.6 mm . No relati on was found between thi s distance and
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the hemato cri t of the blood.
Fi gure 6 shows the ki neti cs of the bounda ries found in the sedim ent of the

bl ood. The bounda ri es separate the pl asma and the two pha sesof the red blood.
For the bl ood wi th the hem ato cri t 57% we were able to determ ine a part of the
ki neti cs onl y. In the Ùrst period of the sedimenta ti on process the plasma, the
roul eau form ati on phase, and the dem ixed phase are present in the sedim ent. W ith
ti m e the rouleau form ati on phase reduces and disappears. In the second period of
the pro cess the sediment consists of the pl asma and the dem ixed phase. The ti m e
at whi ch the roul eau form atio n phase disapp ears increasesas the bl ood hem oto cri t
increases.

Fig. 7. Correlation coe£cients of the intensity proÙle deviati ons at hemato crit 33%.

W e have analyzed dependences between the intensi ty proÙles corresp ondi ng
to the roul eau form ati on phase and the proÙles of the demixed phase to veri fy tha t
the sam ple preparati on does not a˜ect our resul ts. Averaged intensi ti es of the pro-
Ùles were calcul ated and subtra cted from the signals. In thi s way we have obta ined
a set of series of the intensi ty devi ati on. The correl ati on coe£ cients £ ( § ) calcul ated
from the Ùrst and successive series of the intensi ty devi ati on are a measure of the
sim i larit y of the Ûuctua ti ons. Obta ined in thi s way tem pora l dependence of the
correl ati on coe£ cient is shown in Fi g. 7. From thi s Ùgure one can see tha t the
intensi ty devi ati ons are uncorrel ated. It conÙrm s tha t the blood dem ixi ng is the
resul t of the sedim enta ti on process.

4. D iscu ssio n

In thi s paper we have extended the conventio nal appro ach in the study of
bl ood sedimenta ti on by the analysis of the opti cal pro perti es of the blood sedim ent.
Thi s study permi ts us to grasp some physi cal m echani sms of the blood sedimenta -
ti on pro cess. Indeed, we have arri ved at the set of experim enta l resul ts tha t suits
an approxi mate and quali ta ti ve analysis of the bl ood sedimenta ti on m echanisms.
Our experim enta l data are an opti cal representati on of the blood states however we
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are unable to adopt some laws to supp ort the analysis. D espite the l im ita ti ons the
received data are adm ission to the di scussion of the blood sedimenta ti on pro cess.

The opti cal properti es of the sampl es perm i t us to di stinguish three pha ses
of the sediment. The supernatant plasma layer creates at the to p of the conta iner.
The pl asma is not hom ogeneous and in the phase a ti me dependent pro cess occurs.
The pl asma and the red blood are separated by the well -known blood/ pl asma
bounda ry. In the sedim ent of the red bl ood we have found the phase of rouleau
form ati on and the phase of dem ixed blood. The boundary m ovi ng from the botto m
to the to p separates the two phases.

The positi on of the bl ood/ plasma boundary can be obta ined wi th a rel -
ati vel y hi gh accuracy from the opti cal data . The tem pora l dependence of the
bl ood/ plasma bounda ry positi on gives the wel l -known erythro cyte sedimenta ti on
rate curve. Hua ng et al . described thi s curve wi th two stra ight l ines and found tha t
the second stra ight l ine corresponds to the phase of al ready form ed aggregates [11].
W e have found the another one boundary m ovi ng in the red blood sediment. The
appro xi m ate ki neti cs of the bounda ry wa s determ ined. The ki neti cs shows tha t
since the ti me when the two boundari es m et, the dem ixed phase of the red bl ood
exi sts in the sediment only. On the other hand, we have found tha t the second
stra ight l ine of the erythro cyte sedim entati on curve corresponds to the phaseof the
dem ixed blood. There is no contra dicti on between the Ùndi ng of Hua ng et al. [11]
and our result. In thi s paper the phase of al ready form ed aggregates is cal led the
phase of the dem ixed bl ood, because the opti cal data exhi bi t the dem ixi ng pro cess.

Free erythro cytes, achi eved by the m ixing pro cedure, coalesce in the con-
ta iner to form rouleaux. The ti me necessary to an ini ti al roul eau form ati on is of
the order of 1 m in. Thi s short- term pro cess can be modeled by means of Smolu-
chowski ' s theo ry [6, 15]. Ho wever, wi th ti m e the f orm ed roul eaux can dissociate
and associ ate. An equi libri um state of the blood can occur as a result of the
reversi ble reacti ons. Sam sel and Perelson found the equi l ibri um soluti on of a re-
versibl e ki neti c equati on tha t describes the rouleau form ati on [3]. W e have found
tha t in the course of the sedim enta ti on pro cess the bl ood of the roul eau form ati on
phase does not reach equi l ibri um . At the botto m part of the conta iner the rouleau
form ati on pro cess is suddenl y stopped and the demixed start to develop. W ith
ti m e the region occupi ed by thi s phase of the red blood reduces and disappears.

Fi nal ly let us consider the hyp othesi s about the phaseseparati on of the bl ood
duri ng sedimenta ti on. W hen an ideal ized col loida l system is quenched from a stable
state to an unstabl e long ranged correl ati ons start to devel op. T o reach the unsta ble
state the system crossesthe spinodal l ine. The spi nodal decompositi on ki neti cs can
be described by the Cahn{ Hi l lard theo ry . Demixi ng of the ini ti al ly homogeneous
system is a resul t of thi s decom positi on [8, 16]. The blood is a bio-col loida l system
thus we hyp othesi ze the fo llowi ng scenari o for the sedimenta ti on pro cess. Ini ti al ly
hom ogeneous blood consi sting of f ree erythro cytes reaches a quasistabl e state.
Fri cti on forces reduce the veloci ty of erythro cytes and the attra cti ve intera cti on
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between erythro cytes causesthe rouleau form ati on. At the botto m of the conta iner
the system is quenched to the unstabl e region of thei r phase diagram . As the resul t
of the quench the long ranged correl ati ons start to develop and the dem ixi ng of
the bl ood occurs. The chaoti c netwo rk form ed by the roul eaux reduces the growth
of the blood density Ûuctua ti ons. In the next part of the blood thi s scenari o is
repeated. The phase separati on of the who le red bl ood is Ùnished when the highest
part of the blood is quenched. The sedimenta ti on of the demixed blood occurs vi a
destructi on of the netwo rk. Thi s m odel of the blood sedim enta ti on is m ayb e to o
sim ple to be accurate, however highl ight the experim enta l data .
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