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Dependence of Shift Tension on Hematocrit During Erythrocyte
Suspension Flowing Through Narrow Channels

HpI/IBCHeHH PE3YyNbTATHI pa6OTI>I I10 UCCICNOBAHUIO HANIPAKECHUS CABUTA ITPU IIPOTCKAHUHU CYCIICH3UU SPUTPOLUTOB YEPE3 y3KUC
IIJIOCKHUEC KaHaJIbI. Honyqua 3aBUCHUMOCTD HAIIPSAXKCHUA CABUTA OT IIOKA3aTC/IsA Ir€MAaTOKPUTA U [TIOKa3aHa BO3MOKHOCTb IPUBEACHUA
BCJIMYMUHBI HAIIPAKCHUSL CABUIA IIPU HSMCpeHHOﬁ BCJIMYUHE I'C€MAaTOKpUTAa K HANPAKCHUIO CABUTA NPHU 3aJaHHOM I'€MaTOKPHUTC

CYCIICH3UHU.

Knioueswie cnosa: CYCHICH3UsA SpUTPOUUTOB, ITEMATOKPHUT, IIeJIeBOM KaruJuigp, HalIps>KCHUC CABUTA.

HaBeneno pe3ynbraru poOOTH MO JOCITIHKEHHIO HANIPYTH 3CYBY IPH MPOTIKaHHI CyCIEH3ii epuUTPOLUTIB KpPi3h BY3bKi IUIOCKI
kaHanu. OTPUMAaHO 3aJIeKHICTh HAIPYTH 3CYBY Bijl IOKa3HUKA EMAaTOKPHTY 1 IIOKa3aHO MOXKIINBICTh IPUBEICHHS BETMYMHH HAIIPYTH
3CYBY IIPU BEJIMYKMHI TEMaTOKPHUTY, 1110 OyJia BUMipsIHA, 10 HAIIPYTH 3CYBY IIPH 3aJaHOMY '€MaTOKPHTI CYCIIeH3ii.

Knrouosi cnosa: cycrieH3is epuUTPOLUTIB, TEMAaTOKPUT, IUIHHHUI Kanijisip, Harpyra 3CyBy.

The paper covers the research results on shift tension during flowing of erythrocyte suspension through narrow flat channels. The
dependency of shift tension on the hematocrit was obtained and there was shown the possibility to reduce the tension value at
measured hematocrit value to the shift tension with the set heamocrit of suspension.

Key-words: erythrocyte suspension, hematocrit, slit capillary, shift tension.

N3BecTHO, 4TO IPH yBETUYEHUH CPOKOB XPAHEHUS
KPOBH B YCIIOBHSIX TUIIOTEPMHUH BO3PACTAET JKECTKOCTD
MeMOpaH 3pUTPOUHUTOB [3], 4TO BBI3BIBAET POCT
MOIYJIeH ciBura mx mMemOpaH. Ha maHHBIH MOMEHT
CYIIIECTBYET O4Y€Hb HEOOJBIIOE KOJINIECTBO TaHHBIX
[0 OMpEENeHUI0O MOAYNel ynpyrocTu MemMOpaH
SPUTPOLIUTOB, MOABEPTaBIINXCA 3aMOPaKUBAHUIO.
[TosTomMy 15t KpUOOMOJIIOTUH SIBJISIETCSI BaXKHBIM
pa3paboTKa METOLOB MCCIEAOBAHUS KECTKOCTH
MeMOpaH KJIIETOK.

[IponaBnuBaHue CyClEeH3UU KIETOK 4Yepe3 y3Kue
KaHaJIBl — OJMH M3 METOAOB OIpPEAEIICHHUS MOy
cJABUra MeMOpaH 3puTpoiuToB. [Ipu 3TOM CHIIOH,
nebopMmupymomieil KIeTKy B KaHalle, sSBISETCS
HalpsoKeHHWe CIBHUTA, BOZHHUKAIOIIEE B PE3yNIbTare
TEYEeHHS CYCIEH3WH OTHOCHTEIHHO CTEHOK KaHala.
Hanpsoxenune cnBura — 310 QyHKIUS Hepemnazna
JaBJIEHUS 10 JJIMHE KaHalla, a mepemnaj JaBIeHUs
M3MEHAETCSl ¢ U3MEHEHHEM IeMaTOKpHUTa CyCIEH3UU
SPUTPOLUTOB IS MOAAEP>KaHUS TOCTOSHHOM CKOpPOC-
TH Te4eHHd cycneH3uu. [loatomy, ecnu onpenenarsb
MOJlyJIb CIBUTA IPU MPOTEKAHUH CYCIIEH3UU KJIETOK
OJHOW M TOM K€ KPOBH, HAXOASIINXCS B OAMHAKOBBIX
YCIIOBHSIX, HO TIPH Pa3JIMYHBIX T€MaTOKPUTAaX, OyIyT
MIOJTyYEHBI Pa3HbIe BETUYUHBI MOIYJIS CIBHTA.

Bsi3K0CTB CyCIIeH3UH 3pUTPOLIMTOB YBETHIUBACTCS
C POCTOM TOKa3aTelsss reMaTokpuTa cycrnensuu [1].
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Prolongation of terms for blood storage under
hypothermic conditions is known to cause the increase
of erythrocyte membrane rigidity [3], leading to a raise
of membrane shift module. There are only few data
on determination of membrane elasticity modules in
eryhtrocytes after freeze-thawing. Hence the
elaboration of methods for investigation of cell
membrane rigidity is of great importance for
cryobiology.

Pressing of cell suspension through narrow
channels is one of the methods of finding the
membrane shift module of erythrocytes. In this case
the force deforming a cell in channel is the shift
tension, resulting from flowing of the suspension
regarding channel walls. Shift tension is the function
of pressure gradient along the channel length and
pressure differential will be changing with alteration
of erythrocyte suspension hematocrit to keep constant
rate of suspension flowing. Therefore when deter-
mining the shift module during flowing the cell
suspension of the same blood under similar conditions
but with various hematocrit values there will be obtained
different ones for shift module.

Erythrocyte suspension viscosity increases with the
rise in suspension hematocrit index [1]. However there
was reported [2] that during flowing of the erythrocyte
suspension through narrow flat channel the dimension
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Onnako B pabore [2] ObIIO TTOKAa3aHO, YTO IPH
MPOTEKAHUU CYCIIEH3UU DPUTPOIUTOB Yepe3 Y3KHi
IUIOCKUH KaHall, pa3Mep (BBICOTA) KOTOPOTO MEHbIIE
UM CpaBHUMA C Pa3MEPOM KIIETKH, 3aBHCHMOCTb
BA3KOCTH OT FeMaTOKPHUTa UMEET SIPKO BbIPaKEHHBIH
MUHUMYM B AnamnasoHe 2,5+5%.

Lens paboTsl — onmpenencHne 3aBUCUMOCTH
HanpsDKEHUS CIBUTA OT TeMaTOKPHTA.

Matepmnanbl 1 meToabl

B skcnepuMeHTax MCHONB30BAIH IPUTPOLHUTEHI,
[IOJTyYeHHBIE U3 BEHO3HOM KPOBH 3/I0OPOBBIX IOHOPOB.
Jns ymaneHus miaa3Mbl, CTYCTKOB, JEHKOIMTOB U
Ipyrux (OpPMEHHBIX AIIEMEHTOB KPOBBH TPEXKpPATHO
OTMBIBAJIM B M30TOHHUYECKOM (PU3HOIOTHUECKOM
pactBope (0,15 M NaCl + 5 MM ¢docdarnoro Oydepa)
¢ pH 7,4. Ins1 npoBeneHus UCCaeN0BaHUI DPUTPO-
KOHLIEHTpAT pa30aBisuid W30TOHUYECKUM (U3UOIO-
THYECKUM PAcTBOPOM 0 MOJyYeHHUsI HEOOXOIUMOT0
IoKasarens reMatokpura. KpoBp ncnonbs3oBanu co
CpoKamHu XpaHeHus oT 2 10 9 cytok npu 4°C.

CycrnieH3Hio 3pUTPOIUTOB MPOJAABINBAIH Yepe3
IUIOCKHWE IIEeNIeBbIe KaHaJbl ¢ BEICOTOM 1,8+3,6 MKM.
Iupuna xanana cocrasmsuia 0,8+0,9 mm. JnuHa
KaHaJja JJIs BCeX KalmUIIPOB paBHsIachk 2 MM. Takue
pa3Mepsl MIIOCKOTO KaHala MOTy4aloT IIPH IepeaaB-
JIMBAHUU CTANBbHBIX WHBEKIMOHHBIX MIJI C BHYTPEH-
HuM guameTpom 0,5+0,6 MM (BHEITHUN AuaMeTp
0,8+0,9 mm). Crioco6 onpeneseHns pa3MepoB KaHaia
mo/ipoOHO onucaH B [2]. YkazaHHas BhICOTa KaHala
Obla BbIOpaHa a7 TOTO, YTOOBI rapaHTHPOBAThH
nedopmanio MeMOpaHbl 3PUTPOLIUTA, TPOXOSILETO
MEXIy CTeHKaMH KaHasla, IIOCKOJIBKY pacyeT IMoKa3bl-
BAaE€T, €CJIM PPUTPOIUT B MOTOKE MPH BBHICOKUX
CKOPOCTSIX CIIBUTa HMeeT (hOpMY IUTUTICOUIA, TO €TO
Majas OCh paBHa 3,65 MKM IS 3pUTPOIINTA CPETHETO
pa3Mepa Mpu OTCYTCTBUHU PACTSIKCHHS MEMOpaHBbI.
Jns cpaBHEHHS HCIOJIb30BANM KaHAIBl BBICOTOU
6,5+6,9 n 11,3+14 MxMm.

Bce sxciepuMeHTh! TPOBOAMIIN IIPU TEMIIEPATYPE
25°C. Ilpu sTOli TemmepaType, COTIACHO NAaHHBIM
muteparypsl [4], MOxynb caBHra MeMOpaH 3PUTPO-
LUTOB SIBJISETCS] HAUMCHBLINM.

Pe3yAbTatbhl M 00CyXXA€HHe

Hamu ObliM TMpOBEIEHBI DKCIEPUMEHTHI IO
OTIPE/ICIICHUIO HAIIPSHKCHHUSI CIBUTA TIPH TIPOTEKAHHUH
CYCIEH3UU IPUTPOLIUTOB YEPE3 Y3KUI IIIOCKUIN KaHa
(TmenmeBoi KammLIsip) B 3aBUCHMOCTH OT ITOKA3aTelIs
reMaTOKpUTa CYCIEH3UH.

Ha puc. 1 mpencraBieHa 3aBHCUMOCTh Hampsi-
YKCHUH C/IBUTA OT [TOKA3aTellsl FeMaTOKpUTa CyCIIeH3UH
SPUTPOIUTOB MPH PA3IHYHBIX CPOKAX XPAHCHHS U
pPa3HBIX pa3Mepax KamuwuisipoB. Y OOJBIIUHCTBA
KPUBBIX HaONIOJAaeTCsi MUHUMaJIbHOE 3HAYEHUE
HaNpsDKEHUS CABUTra B paiioHe 3HAYCHUH TeMaTOKpUTa
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(height) of which was less or comparable with that for
a cell, the dependence of viscosity on hematocrit had
a vividly manifested minimum (2.5+5%).

The research aim was to find-out the dependence
of shift tension on hematocrit.

Materials and methods

In the experiments there were used erythrocytes
obtained from venous blood of healthy donors. To
remove plasma, clots, leukocytes and other form
elements the blood was thrice washed-out with isotonic
physiological solution (0.15 M NaCl+5 MM phosphate
buffer) with pH 7.4. To perform studies the erythrocyte
concentrate was diluted with isotonic solution up to
obtaining a necessary index of hematocrit. There was
used the blood with storage terms from 2 to 9 days at
4°C.

Erythrocyte suspension was pressed through flat
slit channels with a channel height of 1.8+3.6 mm.
Channel width made 0.8+0.9 mm. Channel length was
similar for all capillaries and made 2 mm. These
dimensions of flat channel are set when clamping steel
injection needles with inner diameter of 0.5-0.6 mm
(outer one was 0.8-0.9 mm). The way to determine
channel sizes is reported in details in the paper [2].
The mentioned height of the channel was selected in
order to guarantee the deformation of erythrocyte
membrane, passing between the channel walls,
because the calculation shows that if erythrocyte
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Puc. 1. 3aBUCHUMOCTB HaNpsHKEHUS CABUra OT T€éMaTOKPHUTA:
1 — BeIcoTa mienu 3,4+3,6 MKM; 3 CyTOK XpaHEHUS! KPOBH;
2 — BbICOTA 1IeNHu 2,5+2,6 MKM; 4 CyTOK XpaHEHUS! KPOBH;
3 —BbIcoTa mwenu 1,8+1,9 MkM; 8 CyTOK XpaHEHUS KPOBH;
4 —BpIcoTa mEeH 6,47+6,9 MKM; 2 CYyTOK XpaHEHUS KPOBU;
5 —BeicoTa wenu 11,3+14 MxM; 9 cyTOK XpaHeHHsI.

Fig. 1. Dependence of shift tension on hematocrit: 1 — slit
height 3.4+3.6 um; 3 days of blood storage; 2 — slit height
2.5+2.6 pm; 4 days of blood storage; 3 — slit height
1.8+1.9 pm; 8 days of blood storage; 4 — slit height
6.47+6.9 um; 3 days of blood storage; 5 — slit height
11.3+14 pm; 9 days of blood storage.
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Puc. 2. 3aBUCHMOCTD IPUBEJEHHOTO HAMPSIKEHUS CIBUTA
oT remarokpura. (O603Ha4eHHUS T€ Ke, UTO U Ha puc. 1).

Fig. 2. Dependence of reduced shift tension on hematocrit:
(legends are the same as in Fig.1).

2,5+5%. VcknroueHne cocTaBseT TONBKO KpUBas 5,
KOTOpas MOKa3bIBa€T PE3yJIbTAaThbl SKCIICPUMEHTOB Ha
KaUIIpax OTHOCHUTENIEHO OONBIINX pa3MepOB.

[IpencraBieHHbIe KpUBBIE aIPOKCUMHUPOBAIUCH
C IIOMOIIBIO PA3IMYHBIX (GYHKUWH, IPUHUMAS 32 TOUKY
OTCYeTa 3HAU€HHE MUHUMYMa Ha KaXKIAOW KpUBOII.
Oxa3zanocek, 4To Jy4IIUe pe3yabTaThl AaeT anpoKCH-
Mamus C NOMOLIBIO CTENEeHHOH (YHKUUU BUIA
Y=AXE.

YCTaHOBIEHO, UTO HaNpPSAXKEHUE CABHUIra Jis
CYCIIEH3UM C Pa3JIMUHbIM T'€MaTOKPUTOM MOKHO
IIPUBECTH K HAIIPSPKCHUTIO CIBUT'A TO IIPpU TCMAaTOKpPUTE
H, ¢ moMOMIBIO CIIETYIONIETO COOTHONIEHHS:

T,=T, (H/H)***%,

rae T, — HaNpsUKEHWE CABMra NMPH M3MEPEHHOM
nokasarese remMarokputa H..

Ha puc. 2 npencrasneHsl 3aBUCUMOCTH HaIpshKe-
HUS CIBUTA, IPUBEIEHHBIC K MOKAa3aTeNl0 TeMaro-
kpura H =10%. /lanHoe 3HaueHHE reMaTOKpHUTA
BBIOPAHO ITOTOMY, YTO IPH HEM BEIMYHHA HAITPSDKEHUS
CIBHUTa CTAHOBHUTCS MPUMEPHO PABHOW 3HAYCHHIO
HaIpsDKeHUS CABHUTA IS CyCIEHAMPYIOIMIEH Cpeisl
(puzmonornyeckoro pacTBopa) Mpu MajbIX pazMmepax
KaITUJUIPOB.

Kax BugHO M3 puc. 2, OTKIIOHEHHE HaNpPsHKEHUH
CABHIa OT CPEIHET0 3HAUEHUS HE IIpeBhIaeT 5% npu
yKa3aHHOM BBILIE cIT0co0e MPUBEACHNUS HANPSHKEHUI
C/IBUTa, TOYYEHHBIX AJISl PA3JIMUHBIX T€EMAaTOKPUTOB,
K HallpsDKEHUIO cABUTra mpu rematokpute 10%.

OmnbIT MOKa3bIBAET, YTO €CIIH PAa3BOAUTH IPUTPO-
KOHIIEHTpAT, Harpumep, B mpomnopiuu 1:8, To Oyzmer
TIOJTyY€HA CYCIIEH3HsI C TeMaToKpuToM 9+11%. UtoOs1
HE JOBOJUTH T€MATOKPHT 0 33JaHHOW BEMYHHBI U
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within a stream at high shift rates is of ellipsoid shape
then its small axis is equal to 3.65 pm for erythrocyte
of an average size if membrane extension is absent.
For comparison there were used the channel with the
height of 6.5+6.9 and 11.3+14 pm.

All experiments were performed at 25°C. At this
temperature according to the reports [4] the shift
module of erythrocyte membranes is the least.

Results and discussion

We have carried-out the experiments on the
determining of shift tension during flowing of
erythrocyte suspension via narrow flat channel (slit
capillary) depending on the index of suspension
hematocrit.

Fig. 1 shows the dependence of shift tensions on
erythrocyte suspension hematocrit at various storage
terms and different capillary sizes. For the majority
of curves there is observed minimal value of shift
tension in the area of hematocrit ones of 2.5+5%.

The only exception is the curve 5 which demons-
trates the results of experiments in capillaries with
the sizes more than 11 mm. Presented curves are
approximated using different functions assuming as a
starting point the value of minimum for each curve.
The best results occurred to be presented by
approximation of power function of Y = AX® type.

It has been established that shift tension for
suspensions with various hematocrit values may lead
to shift tension T at H hematocrit using the following
ratio:

T():Ti (HO/Hi)OA4956,

where T, — shift tension at measured index of
hematocrit.

Fig. 2 demonstrates the dependences of shift ten-
sion reduced to the hematocrit index H = 10%. This
hematocrit value is chosen because its value of shift
tension is getting nearly equal to the one of shift ten-
sion for suspending medium (physiological solution)
at small sizes of capillaries.

Fig. 2 shows that using such way of reducing the
shift tension the obtained for various values of
hematocrit to the shift tension at hematocrit 10% de-
viation of shift tensions from mean value does not
exceed 5%.

The experience demonstrates that if to dilute
erythroconcentrate, for example, in 1:8 ratio then the
suspension with 9+11% hematocrit will be obtained.
In order not to approach hematocrit to the set value
and do not carry out additional measurements one may
use the mentioned above dependence for reducing shift
module to the set value of hematocrit, that will pro-
vide slight deviation of shift module value. Resulted
dependence is recommended to be applied within the
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HE MPOBOJUTH €r0 JOMOJHUTEIbHbIE U3MEPEHUS
MO>KHO BOCIIOJIB30BAaThCS YKA3aHHOU BBIIIE 3aBUCH-
MOCTBIO JUIS IPUBECHIS MOIYJIS CIBUTA K 3a]JaHHON
BEIIMYMHE IeMATOKPUTA, YTO AAcCT OYeHb HE3HAYH-
TEIbHOE OTKJIOHEHUE BEJIMYMHBI MOJYJISI CIBUTA.
[TomydeHHy 0 3aBUCHUMOCTh PEKOMEHYeTCs MpUMe-
HATH B IMATa30HE BEIMYNH reMaTokputa 5+30% mis
pa3MepoB KaHAJIOB, YKa3aHHBIX BBIIIE.

BbiBOAbI

Takum 00pa3zoMm Hpu CpaBHEHUH H3MEHEHUS
HaINpsOKeHHs! CIBUTA C 3aBHCHUMOCTBIO M3MEHEHUS
BSA3KOCTH OT FéMaTOKpUTa MPH MalblX pa3sMepax
Kanujisipa MOKHO YBHUIIETh, YTO BSI3KOCTb H3Me-
HSIETCSI aHAJIOTMYHO U3MEHEHMIO HAIIPSKEHUS CIIBUTA.
[IppuMeHeHNEe MOTyYeHHON BBIIIE 3aBUCHMOCTH
[TO3BOJIUT ONPENEIATh HE TOJNBKO 3HAYECHMS Hamps-
YKEHUS CJIBUTA, HO M BA3KOCTH CyCIIEH3UH 3PUTPOLIUTOB
Ut TpeOyeMoil BETWYMHBI TeMaTOKPHTA.
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range of hematocrit values 5+30% for the sizes of
channels mentioned above.

Conclusions

Thus if to compare the diagrams of dependence of
shift tension (Fig. 2) with the data of viscosity changes
on hematocrit [2] under small capillary sizes one can
see that the viscosity alters in the same way as the
change in shift tension. This helps to conclude that
application of obtained dependence mentioned above
will enable of determining not only the values of shift
tension but also viscosity of erythrocyte suspension
for a certain hematocrit value not reducing the latter
to the value set.
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