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Summary

The science of rheology deals with the general flow and deformation behavior of all types of
materials. There are two important properties of blood which characterize its rheological be-
havior, the blood viscosity function and the blood yield stress—shair rate. The whole blood vis-
cosity shows the characteristics of a non—-Newtonian fluid. These characteristics is necessary
to understand the intricate peripheral blood flow function. Recently, the accumulated rheologi-
cal knowledge is very vigorous applied in clinical medicine. Therefore, a brief review of blood
rheology with fundamental theory on its application in surgery are present, and a some data
which obtained by our experimental studies concerned with the blood viscosity on the circula-
tory system of the body, especially the microcirculation, the relationship between the viscosity
characteristics and the peripherat tissue blood flow is shown with respect to blood rheology.

Under the circulatory system in mongrel dogs, the peripheral tissue blood flow increase with
Het (systemic hematocrit) at all sites of measurement in the high Het group, reached a peak
of 1. 39+ 0. 24 at point where Hct was reached 1. 14 £ 0. 08 relative control values. At higher
Hct levels, the blood flow decreased ; it was 0. 66 = 0. 14 at a maximum increase in Hct of 1. 43
#+0.13. In the low Hct group, the blood flow tended to decrease with Het. These results sug-
gest that an increase in Het to 1. 14+ 0. 08 as compared with a control value has a favorable ef-
fect on the microcirculation despite a increase in the blood viscosity and that a decrease in the
blood flow of the microcirculation in spite of a decrease in both the whole blood and plasma vis-
cosities. As the effect of Prostaglandin E; (PGE,) to the tissue blood flow, PGE,: improves the
blood liquidity in the microcirculation system due to the membrane transmutability of the red
blood cell, but that, in an ischemic lesion such as intestinal membrane, the blood flow more af-
fected by the reduced mean arterial pressure than by the effect of low blood viscosity.

Blood rheology is an interdiciplinary field, involving the application of knowledge derived
from many disciplines of basic sciences to understanding of the pathophysiological roles and
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the therapeutic implications of blood rheology in clinical disorders or emphasis. Further ad-

vances in research on hemorheology requires an interdisciplinary approach.
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Fig. 1  Correlation of the whole blood
viscosity to the various shear

rate (n—D curve)®

The whole blood showed the viscosity
characteristics of non—Newtonian fluid. The
viscosity was very high in the low shear rate
range in the n—D viscosity curve. Compared
with the control viscosity curve as a stan-
dard (Hct, 44.38%), a right upward shift
was observed with an increase in Hct to
62.5% (3.5655 cp at 5rpm, 2.5630cp at 10
rpm, 2.1145¢p at 20rpm, 1. 9629¢p at 50rpm,
and 1.6022 cp at 100rpm) and a left down-
ward shift with a decrease in Het to 15.0%
(3.9275¢cp at 5rpm, 3.1267cp at 10 rpm,
2.6132cp at 20rpm, 2.1942cp at 50rpm, and
1. 8086¢p at 100 rpm).
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62.5%~® L5 12 X D, 5 rpm3.5655¢cp, 10
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1.9629 cp, 100 rpm 1.6022 cp ® 45 £ FH D shift
WA b, Het15.0%~DEKTIZ & D, 5 rpm
3.9275 cp, 10 rpm 3.1267 cp, 20 rpm 2.6132
cp, 50rpm 2. 1942cp, 100rpm 1. 8086cp DT
FHAD shift BHx SNz (Fig.1).
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Fig. 2 : Correlation of the plasma blood
viscosity to the various shear

rate (n—D curve)

The plasma showed the viscosity charac-
teristics of Newtonian fluid except for very
low shear rates (less than 5 rpm = 37.5
sec”'). Compared with the control viscosity
curve as a standard (Hct, 44.38%), an up-
ward shift was observed in the high Hct
group (0.1825cp at 5rpm, 0.1725 cp at 10
rpm, 0. 1595cp at 20rpm, 0. 1607¢cp at 50rpm,
and 0.1701cp at 100rpm) and a downward
shift in the low Hct group (0.1449cp at 5
rpm, 0. 1184cp at 10rpm, 0. 1117cp at 20rpm,
0.1040cp at 50rpm, and 0.0919cp at 100
rpm). However, the shift was slight in both
groups.

bi7z. F7-, High Het group Tid, Low Hct
group IZX L3 _XTOF D HETHERE 1 %UT
ODEEL LAPRD LN (Table 2). 13D
HERER, n-DAEMFII SV TR I
W EE (5 rpm=37.5sec” 'L F) LLALiE
Sa— b UVREORERRL, WIRIEOR
(Het 44. 38%) OEHEZ# LT, High Het group
TlX, 5 rpm 0.1825¢p, 10 rpm 0.1725 cp, 20
rpm 0.1595 c¢p, 50 rpm 0.1607 cp, 100 rpm
0.1701 cp @ LH~Dshift A& 5N, Low Het
group Tif, 5 rpm 0.1449 cp, 10 rpm 0. 1184
¢p, 20 rpm 0.1117 cp, 50 rpm 0.1040 cp, 100
rpm 0. 0919 cp O F JF~D shift A& & 7278,
W& & HICFD shift iZb T THo72 (Fig.2).
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Fig. 3 : Correlation of Hct to the peripheral blood flow in low Hct group

In the low Hct group, the tissue blood flow decreased with a decrease in Het at every measure-
ment site, showing a high correlation (r=0.726-0. 829, p<0. 001). The maximum rate of change in
tissue blood flow was 0. 31 in the messentery, 0.50 in the tip of the tongue, 0. 42 in the tip on the
medial side of the auricle, and 0. 41 in the gingiva on the buccal side of the maxillary anterior teeth.
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Fig. 4 : Correlation of Hct to the increased peripheral blood flow in high Het group

In the high Hct group, the tissue blood flow increased with an increase in Het before reaching a

peak at every mesurement site, showing a high correlation (r=0.848-0. 886, p<0.001).

Table 1 : Peak blood flow and minimum blood flow in high Het group {change in blood flow)*®

Blood flow Hct HR MAP
Peak blood flow
Mesentery (n= 6) 1.59+0.12 1.19+0.12 0.82+0.08 1.11+0.15
Tongue (n=6) 1.22+0.14 1.10+0.03 0.89+0.10 1.04=0.11
Auricle (n=6) 1.41+0.32 1.13+0.08 0.87+0.10 1.04%0.11
Gingeva (n=6) 1.34%+0.22 1.13+0.08 0.89+0.10 1.10+0. 09
Average (n=24) 1.39+0.24 1.14+0.08 0.87+0.09 1.07+0.11
Minimum blood flow
Mesentery (n= 6) 0.60=0.09 1.42+0.16 0.77+0.07 1.05+£0.18
Tongue (n=6) 0.75+0.13 1.42+0.16 0.77 =0.07 1.05+0.18
Auricle  (n=6) 0.59+0.13 1.41+0.15 0.790,09 1.04+0.18
Gingeva (n=6) 0.72+0.19 1.47+0.11 0.76+0.08 1.10+0.16
Average (n=24) 0.66+0.14 1.43+0.13 0.77+0.07 1.06+0.16
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Fig. 5 : Correlation of Het to the decreased peripheral blood flow in high Hct group

In the high Hct group, the tissue blood flow after reaching a peak decreased with an increase in
Hct at every mesurement site, showing a high correlation (r = 0.603-0.867, p<0.001 or p<
0.01).
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* % P<0.01 vs Low Hct group
* P<0.05 vs Low Het group
T 1 P<0.01 vs Control
T P<0.05 vs Control

Srpm 10rpm 20rpm 50rpm 100rpm
Shear rate

Fig. 6 : Hct/cp of whole blood (index of
oxygen transport)*”

The index of oxygen transport (Hct/cp)
was significantly higher in the low Hct group
than in the high Hct group in a shear rate
range of 5-50rpm (37.5-375.0sec™)

DWA (Fig.5) FRD LNz, ThiX, Het D
LRIZEIMBHEEO LRI ZbDEEZ L
N, Hat DEBOLLWEEZONBET ) EE
(100 rpm) 2B W T b, Hct 4540%5* H50%~
DLERT, MEHEICIES1Icp D LAXED S
hiz. Zhods, MERRICTIRmEL + 1
T—mizid, Het O#20% 0%, Mg o
EREHEST, BMMEBCRTOBRAT OFE
RAZRLTWEBEEZLONS,
MELMINCA S &, MEEDS LB ERAL
Th LHBHEEAS, Het @ LRI X BIMGEROH
AR dKREL, BV THPEENEESNTH S
HAThol. Ht D LRI X 2 MEROKT
b, BREESE BEAomESa clo BT
KEDo7z. Het O EFITHES MM R~DE
X, MEROBELHN LY L, BHEHERSH
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N EOMBEOL L WERN, Thbbh, MR
REEBEHHOZ LS ~DOREIRKENER
bhs., 7, Het OERTICEZHBMERE~D
HEL, MRERPLKEERE L D L EIMERED
BTICEBRENITREVWILERLTWES,

4) BEFEHfE (Het/cp)

M OBEFHEREAEIL Het/cp HTHT Z AT
% %", Het/cp ®ZALid, High Het group Tid,
HREICH LIRToOT I HEICBWTHEER
Lo 7245, Low Hct group Tik 5 rpm, 10
rpm, 20rpm TXHEBIIH LAZELEALTE
0, £7-, WFELKE$T S E, 5 rpm, 10 rpm, 20
rpm, 50 rpm T, High Het group Tid Low Het
group I2xF LEABE LRI TARESD S N7298, iz
100 rpm T, Het/cp X% # L High Het group
ODHEEBE LR EA»ZD SN (Fig.6).

Utkn1l) ~4) oHER, Het 0EfIck 2
BUMERBR~NOFREIL, Het © LA ClImMikE
DWMAH 500, RMIZHT 2HEMmMEL
4 £0.08E TOHANTIHTFHELZ LT EEX
bz, —F, Het DT, 2M¥EE & miEts
EEBHIKTE2LA56L, LAuady—gicidimi
WEIE OB EZ R L7225, EROBUMERTRZT
&, VAo Y- migik et oz b 2
HoF, EHMEGMEE I Ht DETE LB
B TBHILERELTNS.

FRMEREF:
EDIER

\

el BT RR4TS5L

AN

IRAE, AR IREE R BEEE T R A1 X B H)
FFRREARFOMBNLEEFRCZ AL hTHS
TRAy 75 I VE (BWTFPGEET5) i,
A M VR VERINC & 2 ik B o> 35 502 %o g it
RERUEEA?EALTWS I B RT
VWa, HH¥IE, IRIUEREOBMCHER SRS
PGE:;, & & CHIRFEMNFOMGMKHERFOR
WCTHERAINSL PGEDZENRZFhDE5EETO
PGE.%%, SUMERRICRIZTRE LML F 0
MR L. T U REE T QMR L
1658 ((FE7~13kg) 2HRELT, BHECS
WCHIBM RO BT S h a5 &

(0.025 pg/kg/min) TPGE2 &5 L-b D%
0.025 vy#¥ (63H, k& 8 ~13kg), fKIJE KRA:
DHEFODICHCLENEHS5E (0.1pg/ky/
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min) TPGEZX5 L7-bD%0.1vE (105,
RE7~13kg) L LT, WELLIZHEREED
RELIZZRE»S PGEE ) ¥ VR YT (TOP
—5200 bv ) FHWTI05 S LT, B
FLAER,

1) L% HR) &PFHEHRE (MAP)

xf BB @ HR o F 3 45 120, 025 v B T137.5%
17.1081/57, 0.1y# T157.4+21.8[/5 T & -
7z. #HR O MAP OF#{#i0. 025 y B T109. 3
+16.8 mmHg, 0.1y# T106.2+12.9 mmHg T
Hof:. HRBLXUMAP &S ICHEHICHES
BHoNLdo7. HR & MAP & {E 0 xR
ROEZ100& LAEHSE (%) OoBfbs LTk
L7, HRIE, WEELHIZPGEHRLGIZL DA
BELBibided o7z, MAP I, 0. 025y BT,
xR 90.2~90. 9% D FEPHTEE L 2255, 0.1
Y BT IREDT0. 1~71L.5% 2T L, 0.025y
B LTHRIZETLTYS (Fig.7).

2) &MksE

B O BEE D Het 1340.4%3.3%Tdh - 72
A, HEHUER Lo M E (8 #) % Het
40.0% T O BEMHEICHIE L TR L 7 (Table
2).

0.025 y#Tid, PGE#S-HIZ, xHHRERICH L
T3 YHE18.8 sec™ (2.5 rpm) T 0.2068 ~
0.3217 cp, 37.5 sec™' (5 rpm) °T0.0263 ~
0.1968 cp, 75sec™ (10 rpm) TO0.0599~0. 4160
cp, 150 sec”’ (20 rpm) T 0.0475 ~ 0. 3566
cp, 375sec” (50 rpm) T0.0716~0.2934 cp @
HPACEH L. T2, £MEER PGERSH
2Ly, £@COTHHETER L.

0.1y#FTid, PGEARGIZ & ) MBIz
L T9 ) #EFEE18.8sec™ (2.5rpm) TO. 8390~
1.0085 cp, 37.5 sec”’ (5 rpm) C0.5437 ~
0.6157 cp, 75sec’ (10 rpm) T0.4225~0. 5560
cp, 150 sec™ (20 rpm) "C0.3715 ~ 0.4207
cp, 375sec” (50 rpm) TO0.3120~0.3689 cp N

BERETH»RDOLN, PGEES iz & b,
ETOTHHEETLEA L.

PGEd% 5605 OB i COMBORESE % R
T, HE - EEMB (n-Dcurve) % Fig.8
IR L7z 0.025yBETIE, PGEdREIZ & b #ifE
~F D EEMBE m—Decurve) 1%, HIEBEIZH
LThH T TFTHAOD shift 25 S izht, Hir
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—O— 0.025y group —@— 0.01ly group

* % P<0.01 vs control
%  P<0.05 vs control
T T P<.01 vs 0.1y group

200

cont 30 60 90 120

after

cont 30 60 90 120
Blood Flow in Tongue

after

Fig.7 : The changes in heart rate, mean arterial presure and peripheral tissue blood flow™

There were no differences in the heart rate between the two groups at any measurement point.
The mean arterial pressure slightly fluctuated between 90.1 and 90. 5% in the 0. 025 y group, but
not significantly ; that in the 0. 1 y group significantly decreased to 70. 1~71. 5% of the control dur-
ing PGE, administration. The average blood flow in the tip region of the tongue was 128.2~
145. 6% of the control (100%) during the administration of PGE, in both groups, with no differ-
ences between the groups. In the intestinual membrane, the blood flow increased to 124.6~
140. 1% in the 0. 025 y group, but decreased to 77. 3~84. 6% in the 0.1y group ; the difference was

significant.

B EETR e, o7, 0.1yBETIE, PGE#%
BAC X D HE - FBEMB m—Dcurve) i,
HHEEF IR L CHRSETICL 5 T H~O shift
MBRDH LNz,

3) MAEHEEE
0.025yBEL0. 1y HELDICETOT YHET,
MAEAEEE I B L TR ERELIEZD O h
ol ¥, £TOVHIEET, BEFEEHOM

BRECHEERRRD O e o 72,
4) MR MR
xF I8 B o) 4 0% I 5 B, BB E 8 T0.025 ¢ BE

34.79 +14.79 ml/100 g/min, 0.1y #49.53 =
11.52ml/100g/min"Cd - 7z. \EIMmH T, 0. 025
v #52.88+8.94 ml/100 g/min, 0.1y #48.34=
18.01 ml/100 g/min TH - 2. BEXB L UF
FrER e DICHBERICEBEEEAON o7,
MFHER I EOHEEEIKE V2D, SEEKO
BEEOMER %1002 LAESE (%) O&fLE
LTHRET L 7=,

B EROMMIMERIL, PGESESICX D0.025
yHTIE, TFHME124.6~140.1% & WFERIF I L
THEREAXALRN, 0.1y CIXTFHMH.3
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Table 2 : The change of the whole blood viscosity at various shear rates (at 37°C, Hct : 40%)%

shear rate

control

Continuous administration of PGE;

30 min

60 min

90 min

120 min

after 60 min

0.025y group (n=6)

2.5rpm
5rpm
10 rpm
20 rpm
50 rpm

5.0193%0. 3978
3.7017£0. 6307
3.2603£0. 4160
2.9578 0. 3998
2.6606+0.4030

0.17 group (n=10)

2.5rpm
51pm
10 rpm
20 rpm
50 rpm

4.9996 0. 1426
3.9302+0. 6722
3.3518+0.5611
2.8770+0.4734
2.5509+0. 3276

4.6976£0. 9245
3.6754+0.6283
3.1867£0.4751
2.9103%0. 5300
2.5841+0.5217

4.0393 0. 7644
3.3865£0. 3387*
2.9293+0. 3050*
2.5055+(.1922*
2.2256+0. 2698"

4.7691+0.5245
3.6280+0. 6436
3.2004+0.5847
2,8395+0.5378
2.5890+0. 4895

3.9911+0.7968*
3.3150£0.5453*
2.8925+0.3168*
2.4968+0.2115*
2.2389%0. 2422*

4.8125+0. 6618
3.5049%0.5036
3.1206+0.4340
2.7482+0.3752
2.5568=0, 3865

4.1606 0. 3599
3.3643+0. 3981"
2.88000. 3468"
2.4563+0. 2567*
2.1820%0. 2840

4.7415%0.0658
3.5371+0.1120
2.8443£0.9323
2.6012+0.8741
2.3672£0.7723

4.1034 0. 6158
3.3291+0.4699*
2.7958 £0. 3466*
2.4619£0.2646"
2.2313£0. 3013

4.9066 0. 4542
3.5456£0. 5155
3.1318+0.4693
2.8732+0.4301
2.5925+0.4189

4.4192+0. 4631
3.5585+0.5018
3.0782 0. 3886
2.6377£0. 3500
2.2873£0. 3006

% P<0. 05 vs control
shear rates : 2.5 rpm=18.8sec™, 5rpm=37.5sec”’, 10rpm="75sec”’, 20 rpm=150sec™, 50 rpm=2375 sec™’

mean = SD

The whole blood viscosity tended to decrease slightly compared to the control in the 0. 025 v
group. The viscosity in the 0. 1 y group decreased significantly at all shear rates. In both groups, the
whole blood viscosity returned to the control level at 60 minutes after completion of PGE, admini-

stration.

4.5+

Viscosity (cp)
[d
wm
L

2.5

* control

s 0.025y group

®m 0.1y group

0.1y

~84.6% L FHBHIN LTHERETEA LR,

T T
100 200

Shear rate (sec™!)

Fig.8 : 1—D curve®

WHEIZOARENBD LNz,

TR B oML ME =L, PGEAZSIZ LY
0.025 v BT, FIY{H128.2~135.5% & & HE S
I LTHELR EAMA SR, 0.1yBETIEY

400

groups.

(n=cp, D=shear rate)

control :n—pD{(n~1), u=8.393 E-03, (n—-1) =

0.208, r=0.998

0.025y:m—uD(n-1), p=7.541 E-02, (n-1) =
0.191,r=0.998

:n-uD(n-1), n=6.650 E-03, (n-1) =
0.192,r=0.999

The graphs showed the relationship between the
shear rate and the viscosity in each group. The data
obtained from the mean values in each group (Ta-
ble 2) were analyzed by a conputed analysis sys-
tem (Top ver.3). The curve in the 0.1y group
obviously shifted downward against the other two

fl130.5~145. 6% & AT HEEF o0 L CH E L LR

otz (Fig.7).

5) BEEMERET B L UMmitEY
BEBERETB L CFRICEYT 2 MEEER
&, WEFLBIZPGEHRSICX W FELEIER

AboNi 7z, MHMIZBAEETRDLR
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HLURY 7HEFEL, Ca¥* — ATPase 255 LT
Wb, TORYTHREKRT 2 LRIMIR Ca™
ML, ZXELKT T 5. Alen™id, PGE
OFRMIRET A LAERIE PGEAC X D B3 5%
cyclic AMPIZ &k % L i LT3, $72, HBE?
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ATP/Hat BEFERICERH L2 & Hh 6, Ca7 —
ATPase # it L C Ca” R ¥ F 2 G b 8¢ 59
BEEAsH B & L, PGEAIARIMIRP cyclic AMP B
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Hhid B L HE LTW5A, SROMEHEZFMIC
Beat L7z 3, 0.025yRE T, B9 D EE, &
FTHOEEICHADPDLOLTEMGEDKTIEID 2
Eolh, 0.1yHETIE, STFVEES LIRS
DHEEE LIS, PGEARGIZL Y EMMAEIZHE
ZIETATHONL, 202k XY, PGEO. 1ng
/kg/min D 51%, RMEREIZ R LRI IR
ORETEM: B X ORMIRFE OB ENBIROYGE S
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