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A new estimation method of clinical blood indices based on the flow characteristics 
of unadjusted whole blood is proposed, such as red-cell deformability and plasma vis- 
cosity. Parameter values of Bingham and power law models were calculated based on 
the measured flow characteristics. Red-cell deformability was measured by the method 
of laser difiactometry. The clinical indices were related with the non-Newtonian model 
parameters by a feedforward neural network (NN). Inputs of the N N  are the parameter 
values and hematocrit, Outputs are red-cell deformability and plasma viscosity. It was 
verified that estimated values agreed well with those measured values after sufficient 
learning. By applying this method to 20 healthy persons, it was confirmed that the 
estimated values by N N  were within normal range. According to these experimental 
results, this estimation method can be applied to clinical use. 

Introduction 
It is well known that the physical and biochemical proper- 

ties of whole blood and its composition vary with health con- 
dition. Therefore, these properties have been treated as clini- 
cal indices. Whole blood is roughly divided into two compo- 
nents, red cells and plasma, whose volume fractions are usu- 
ally around 0.4 and 0.6, respectively. Although under no 
stress, red-cell shape is like that of a flat and biconcave disk, 
its shape is considerably changed by small amounts of stress, 
thus allowing it to flow in a capillary whose inner diameter is 
smaller than that of the red cell. This ability is called de- 
formability. It should be noted that this ability contributes to 
the achievement of the incredibly low viscosity of whole blood 
in spite of its high concentration. 

It is reported that red-cell deformability is decreased in 
connection with some diseases such as sickle cell disease 
(Green et al., 1988; Clark et al., 1980; Evans et al., 1984; 
Keidan et al., 1989; Schmalzer et al., 1989), hereditary sphe- 
rocytosis (Ikemoto et al., 1998; Nagasawa, 19921, iron defi- 
ciency anemia (Yip et al., 1983; Ikemoto et al., 19891, dia- 
betes (Maeda et al., 19901, and so on. Therefore, there is a 
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large amount of literature on its measuring techniques, such 
as the micropipette technique (Evans and La Celle, 19751, 
filtration (Usami et al., 1975), rheoscope (Schmid-Schonbein 
and Wells, 19691, centrifugal elongation (Nagasawa, 19811, 
laser diffractometry (Bessis and Mohandas, 1975), and so on. 
All this attention is clearly because red-cell deformability is a 
very important clinical index. Plasma viscosity is also consid- 
ered an important clinical index, since it plays an especially 
important role in microcirculation. 

To our knowledge, however, there is no practically estab- 
lished measurement technique for both indices, which meets 
such clinical demands as easy handling and quick measure- 
ment, since the procedures are usually rather tedious. For 
instance, the separation of red cells and plasma by a cen- 
trifuge and the wash of red cells with a physiological saline 
are very time-consuming steps as performed in this study for 
the preparation of test fluids. 

Since the two main components of blood are red cells and 
plasma, as just mentioned, it is reasonable to assume that the 
flow characteristics of whole blood are determined mostly by 
hematocrit (volume fraction of red cells Hct) and its afore- 
mentioned properties, namely, red-cell deformability and 
plasma viscosity. If the relation is elucidated, therefore, there 
is a possibility that those indices could be predicted from the 
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flow characteristics of whole blood. Actually, Chien (1978) 
suggested that the measurement of red-cell suspension vis- 
cosity is useful as an indirect measurement of cell deforma- 
bility. In his study, however, it is strongly recommended that 
the hematocrit should be adjusted to a constant level and 
that red-cell deformability tests should be performed on sus- 
pensions of red cells in a buffered Ringer’s solution (pH 7.4) 
rather than the whole blood, to avoid the changes of other 
parameters. The tedious procedures associated with his 
method have therefore undoubtedly prevented its practical 
clinical use. From a clinical viewpoint, the authors argue that 
it is preferable to estimate the red-cell deformability from 
the flow characteristics of unadjusted fresh whole blood 
rather than from the recommended suspension. 

At present the relation between the flow characteristics of 
whole blood and such factors as the hematocrit, the deforma- 
bility of red cells, and plasma viscosity has not been clear 
enough. However, the causes are probably because the exper- 
iments are time-consuming, that there is no way to express 
the relation, and that there is no correlation method for the 
expected complicate relation. 

In this study, we prepared proper blood samples, and the 
hematocrit, red-cell deformability, and plasma Viscosity are 
artificially adjusted to elucidate the relation experimentally. 
The flow characteristics of these prepared blood samples were 
measured by using a capillary-type viscometer that we had 
developed in our previous works (Ogawa et al., 1991; Ogawa 
et al., 1994). Its superior features as a clinical viscometer, 
which meets the clinical demands just mentioned, strongly 
support the realization of the method proposed in this study. 
We applied Bingham and power law models for extraction 
and to quantify the features of the measured flow character- 
istics. By drawing contour maps of these non-Newtonian pa- 
rameters on plasma viscosity-deformability index plane, we 
investigated the relation and the possibility of prediction. 
Based on the results obtained from comprehensive experi- 
ments, we correlated these indices with the flow characteris- 
tics, by using a feedfonvard artificial neural network that was 
proven to approximate any function with a finite number of 
discontinuities with arbitrary accuracy (Demath and Beale, 
1994). The feasibility of this method was tested by applying it 
to 20 healthy donors. 

Experiments and Results 
Preparation of blood samples 

Blood samples were collected from two donors who were 
healthy adult males. After collection, these blood samples 
were properly treated with anticoagulant and immediately 
packed into the blood transfusion bags. A preservative solu- 
tion of citrate-phosphate-dextrose (CPD) was used as an an- 
ticoagulant in this study; it contains 2.630 g of sodium citrate, 
0.327 g of citric acid, 2.320 g of glucose, and 0.251 g of sodium 
dihydrogenphosphate dihydrate per 100 mL. Fifty-six mL of 
the preservative was added to 400 mL of fresh whole blood. 
These blood samples were separated into blood cells and 
plasma by a centrifuge (1,500 g, 10 min). The plasma viscosity 
pp was decreased by diluting with a physiological saline and 
increased by adding the proper amount of dextran (molecular 
weight = 40,000). The adjusted plasma viscosity values were 
approximately 0.9, 1.2, 1.5, 1.8X10-3 Pa-s. On the other 
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Figure 1. Apparatus for the laser diffraction method. 

hand, the separated red cells were washed with a physiologi- 
cal saline three times and they were heat-treated for 10 min 
in bath maintained at 48°C and 49°C (Nagasawa, 1992) to 
obtain three types of red cell samples: two different levels of 
decreased deformability and normal. By blending one of three 
red-cell samples and one of four plasma samples, we pre- 
pared blood samples with adjusted levels of hematocrit of ap- 

Figure 2. Minor axis length B and major axis length L 
of diffraction image measured in this study for 
the calculation of the DI. 
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proximately 27, 37, 47 and 57. Finally, we obtained 48 sam- 
ples that combine all of them. 

Measurements of red-cell deformability 
In this study, the laser diffraction method (Bessis and Mo- 

handas, 1975) was used to measure the deformability of red 
cells. Figure 1 shows the apparatus, which consists of coaxial 
cylinders and a He-Ne laser. The gap between the two cylin- 
ders is 0.5 mm, and it is filled with dilute red-cell suspension. 
The medium is 20 wt. % of the dextran phosphate buffered 

saline (PBS) solution whose viscosity is about 0.020 Paas at 
ambient condition. The inner cylinder is fixed and the outer 
one is rotated at a given speed by a motor so that red cells 
are exposed to adjusted shear stress, 7. By means of two 
prisms set inside the inner cylinder, the diffraction image of 
red cells is obtained on the screen, which is recorded on 
videotape. The interaction between red cells in a test fluid is 
expected to be negligible, since the hematocrit of all samples 
is adjusted to 8 x 

In this study, the minor axis length B and major axis length 
L of the diffraction image recorded on videotape were mea- 
sured on a personal computer, as shown in Figure 2. Subse- 

Figure 3. Change of diffraction images with the 
increase in shear stress to whlch red 
ceils are exposed: (a) I = 0; (b) T = 4.14; 
(c) 7 = 28.6 Pa. 
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quently, a deformation index (DI) was calculated from these 
values to evaluate the deformability of red cells based on the 
following equation: 

L - B  
DI = - 

L + B '  

The DI value reflects the degree of cell elongation caused by 
a given shear stress, and it increases with the degree of defor- 
mation in the red cells in the suspension. The deformability 
of red cells is often evaluated by this value in the literature. 

Figure 3 shows the obtained diffraction images of red cells 
on the screen. Under no shear stress, a circular image is ob- 
tained, as shown in Figure 3a. The shapes of these images 
change from circular to oval with increasing shear stress, as 
shown in Figures 3b and 3c. These changes are caused by 
elongation of the red cells. Figure 4 shows the relation be- 
tween the shear stress and DI of each red-cell sample. In this 
figure, curve (A) shows the DI of a normal red cell, while 
curves (B) and (C) show the DI of heat-treated red cells at 
48°C and 49T, respectively. It can be seen that the deforma- 
bility of heat-treated red cells is apparently decreased with 
the treatment temperature compared with the normal de- 
formability. Ikemoto et al. (1998) and Nagasawa (1992) exam- 
ined the red-cell deformability of hereditary spherocytosis, 
and reported that the DI measured by laser diffraction meth- 
ods varies around 0.05 to 0.3 and 0.16 to 0.43 in the shear- 
stress range of 7.7 to 68 and 4 to 22 Pa, respectively. There- 
fore, it  can be said that the experimental conditions of this 
study sufficiently covered the clinical range, though it is 
thought that different factors result in the same range of de- 
creased deformability in the cases of heat treatment (Ham et 
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Figure 4. DI change with shear stress to which red cells 
are exposed. 

al., 1968) and heredity spherocytosis (Mohandas and Chasis, 
1993). 

Measurements of flow curve of whole blood and plasma 
viscosity 

The flow characteristics of whole blood were measured in 
the shear rate range of 100 to 10,000 s K 1  by the clinical blood 
viscometer developed in our previous works (Ogawa et al., 
1991,1994). Since plasma is usually known as Newtonian fluid, 
only viscosity was measured by the viscometer (Ogawa et al., 
1991). Figure 5 shows typical relations between the shear rates + and apparent viscosity pa of the blood samples. It can be 
seen in these figures that the individual dependency of flow 
characteristics on the deformability, plasma viscosity, and 
hematcrit are apparently different. If the deformability and 
plasma viscosity are normal and constant, the rise of appar- 
ent viscosity with the increase of hematocrit can be seen over 
the entire shear rate range (Figure 5a), and especially in the 
lower shear rate range. On the other hand, in the case where 
the hematocrit and the deformability are fixed as normal, the 
flow curves appear to show upward parallel translation with 
the increase in plasma viscosity (Figure 5b). When only the 
deformability is decreased with constant hematocrit and 
plasma viscosity, which are in the normal range, the apparent 
viscosity increases in the lower shear rate range, though not 
in the higher shear rate range. Consequently, the flow curves 
appear to rotate clockwise around the axis that seems to exist 
in the highest shear rate range with the decrease in the de- 
formability (Figure 5c). 

Analysis of Flow Curve 
Adopted non-Newtonian modeks for the analysis 

Clinical indices such as red-cell deformability and plasma 
viscosity p p  have been considered to be useful but practically 
difficult to be measured because of the tedious measurement 
procedures. The flow curve of whole blood in the shear rate 
range of 100 to 10,000 sK ' ,  however, can be easily measured 
without hemolysis by the viscometer developed in the works 
of Ogawa et al. (1991, 1994), as shown in Figure 5. Therefore, 
it is extremely useful from a clinical viewpoint to estimate 
red-cell deformability and pp based on the flow characteris- 
tics in the shear rate range discussed earlier. However, if the 
Newtonian model is applied to describe the measured flow 
curve and the Newtonian viscosity pN of a blood sample is 
related to red-cell deformability and p,, with constant hemat- 
ocrit, it is impossible to predict red-cell deformability and p p  
from pN, since a different combination of red-cell deforma- 
bility and pp could result in the same value of P , ~ .  There- 
fore, Bingham and power law models (Eqs. 2 and 3) were 
adopted as non-Newtonian models to describe the flow char- 
acteristics of all prepared blood samples in the shear rate 
range of 100 to 100,000 s-', which were measured in this 
study. The least-squares method was utilized to determine 
the four parameter values, Bingham viscosity pB, yield stress 
T~,, fluid consistency k ,  and behavior index n: 
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r = k j " ,  ( 3 )  

+p = 1.33 XlOS3[Pa -s] 
P 

+p = 1.79 xm3[pa .s] 
P 

where r and j are shear stress and shear rate, respectively. 
The authors expect that the values of those four parame- 

ters and those combinations could contain the necessary 
amount of information to predict the values of those factors 
that decide the flow characteristics, namely, red-cell de- 
formability and plasma viscosity. The reason two models are 
needed is discussed later. 

: 

Contour map of flow curve parameters 
In this study, the contour maps of the four parameter val- 

ues of prepared blood samples are drawn based on the exper- 
imental data calculated as described before. Figure 6 shows 
the typical dependency of each parameter value on the red- 
cell deformability and plasma viscosity p p  with a constant 
hematocrit of 47. In this study, the deformability was evalu- 
ated by the DI value at the shear stress of 30 Pa, D13,,. In 
these figures, horizontal and vertical axes represent the 
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Figure 5. Dependency of flow characteristics on 
(a) hematocrit (normal deformability and 
p,, = 0.00133 Pass); (b) plasma viscosity 
(normal deformability and hematrocrit = 
38); (c) deformability (hematocrit = 37.5 
and p,,=0.00127 Pass). 
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Table 1. Measured Parameter Values for Normalization Table 3. Coefficient Values of W:(k, j )  

Parameter Xm, X m i n  k = l  2 
p B  [pa - sl 0.00753 0.00173 

n 0.97 0.56 
Hct 57 27 
p/> [Pa * sl 0.0018 0.0009 
DI 10 0.51 0.25 

T,, [Pal 4.12 0.12 

plasma viscosity, and the defined deformability DI,,. From 
these figures, it can be seen that Bingham viscosity mainly 
depends on plasma viscosity, but also on DI,, in the smaller 
DI,,, range. This tendency was consistent at any hematocrit 
level. While three of the values-yield stress T ~ ,  index n, and 
consistency k -strongly depend on DI,,, and the dependen- 
cies of these three parameter values differ slightly from each 
other at hematocrit 47. Figure 7 shows that the contour maps 
of n vary with the hematocrit. The pattern seems to rotate 
clockwise. It is verified that contour maps of three parameter 
values-T,, n, and k -show a similar rotation of the pattern 
with hematocrit. From these figures, it can be seen that each 
parameter value shows a different dependency on the plasma 
viscosity and DI,, under the constant hematocrit, and that 
the dependencies are relatively monotonous. Therefore, a 
combination of measured flow-characteristics parameter val- 
ues gives a unique set of plasma viscosity and DI,, values 
under the assumption that the hematocrit is known. This 
finding confirms the possibility of a quantitative prediction of 
DI,, and p o  from the flow characteristics and hematocrit. 

Prediction of Deformability and Plasma Viscosity 
Artificial neural network 

In this study, a feedforward artificial neural network, shown 
in Figure 8, was utilized for the correlation of the flow char- 
acteristics with the clinical indices such as red-cell deforma- 
bility and plasma viscosity. The artificial neural network, 
which has sigmoid functions in a hidden layer and linear 
functions in the next output layer, has been proved to be 
capable of approximating any function with a finite number 
of discontinuities with arbitrary accuracy (Demath and Beale, 
1994). 

Based on the preceding discussion, the Bingham viscosity 
p B ,  yield stress T ~ ,  behavior index n, and hematocrit are se- 

Table 2. Coefficient Values of Wl(j, i) 
i = l  

j = 1  
2 
3 
4 
5 
6 
7 
8 
9 

0.56 
- 3.94 

0.37 
- 1.43 

2.55 
0.22 

- 1.02 
- 0.46 
- 4.54 

2 
- 6.00 

1.39 
1.65 

- 3.57 
1.86 

- 0.53 
1.21 

-3.15 
2.64 

3 
0.95 
2.31 

- 0.45 
-0.11 
- 1.64 
- 1.34 
- 1.78 

0.43 
2.26 

4 
- 1.56 
- 1.61 

0.67 
0.53 

0.65 
-3.26 

-0.67 
- 3.62 
- 1.90 

j = l  
2 
3 
4 
5 
6 
7 
8 
9 

0.50 
- 2.40 
- 1.86 

1.56 
2.76 
0.73 

2.73 
- 2.08 

- 3.09 

5.12 
-2.12 
- 0.61 

2.55 
- 0.52 

1.37 
1.36 
2.59 

- 3.29 

lected as inputs of the network. Since the measurement of 
the hematocrit is a routine procedure for blood tests and very 
easy in a hospital, it is possible that the value is used as an 
input of the network from the clinical viewpoint. Including 
the n value gave a better correlation than excluding it. Our 
interpretation was that this supplemental information is 
needed since the tendencies of pB and ry are too similar in 
the lower DI,, range for some hematocrit level to determine 
the unique set of DI,, and p p .  The outputs of this network 
are plasma viscosity p p  and the deformability D130. This net- 
work, shown in Figure 8, contains 9 units in a hidden layer. 
In the figure, I(1), I(2), I(3), I(4), 0(1), and O(2) are the nor- 
malized input and output parameter values of p B ,  T ~ ,  n, 
hematocrit, p p ,  and DI,,, respectively. The range of those 
values, normalized by Eq. 4, are 0.1 to 0.9: 

(4) 

where X and X' are the measured and normalized parame- 
ter values, while X,, and Xmin are the maximum and mini- 
mum measured parameter values for each parameter listed 
in Table 1. The inverse of Eq. 4 makes the predicted parame- 
ter values from the output O ( k ) .  Equation 5 shows the rela- 
tion between the inputs and outputs of the network: 

r 

+ B 2 ( k ) .  (5) 

Table 4. Coefficient Values of B , ( j )  and B , ( k )  

j =  1 
2 

B,( j )  
- 1.10 k = l  

0.28 2 
0.04 
1.33 
1.90 
0.90 
0.08 
1.86 

- 0.42 

B , ( k )  
0.29 

- 0.24 
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Figure 6. Contour maps on fip-DI plane of (a) f ie ,  (b) T,,, (c) k, and (d) n (Hct = 47). 

Optimization of coefficients W and B in Eq. 5 gives the cor- 
relation function of this relation. This optimization process is 
called leaning, and the so-called backpropagation method was 
employed. MATLAB performed all the processing in this 
study. The coefficients obtained are shown in Tables 1-4, as 
are the values used for normalization in Eq. 4. It is not diffi- 
cult to utilize the network as an empirical formula by using 
the values in the lists, and so the authors could distribute its 
BASIC program by e-mail for the convenience of other re- 
searchers. 

Correlation accuracy 
Figure 9 shows the correlation accuracy after enough 

learning. Horizontal and vertical axes represent the mea- 
sured and the predicted values, respectively. Broken lines in 
the figure show the range plus/minus the 10% relative error. 
It can be seen that both indices could be correlated accu- 

rately enough by means of an introduced feedfonvard artifi- 
cial neural network. After reference to the coefficients listed 
in the tables, it is concluded that the equation presented in 
this study can be utilized as an empirical formula. Further, it 
should be noted here that the authors confirmed the inaccu- 
racy of the linear correlation. 

Validation of the proposed method 
For the purpose of validation, the new estimation method 

was applied to 20 whole-blood samples collected from the 
personnel working in the hospital and some of the authors. 
Figure 10 shows the comparison between the measured 
plasma viscosity and predicted values by the network. It can 
be seen that the predicted values are somewhat higher, but 
almost in the normal range. Figure 11 shows the relation be- 
tween the hematocrit and predicted D130. As shown in the 
figure, the DI,, values are also slightly higher than the nor- 
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Figure 7. Change of contour map of n with increase of hematocrit: (a) Hct = 27; (b) Hct = 37; (c) Hct = 47; (d) Hct = 

57. 

ma1 value shown by the line, which is the value of the un- 
treated red cells. Although the DI,, values of those samples 
were not available, they distribute sharply in the normal range 
even though the hematocrit values vary widely in the physio- 
logically normal range. Therefore, it is expected from these 
figures that the proposed method can be practically applica- 
ble to clinical usage. 

Discussion 
Although both of the predicted values are relatively high, 

this seems to be because of the difficulty in keeping blood 
fresh for the experiments. Therefore, there is a possibility 
that the properties of plasma and red cells are somewhat dif- 
ferent from the fresh samples in spite of the usage of antico- 
agulant. This problem could not be avoided since all test flu- 
ids were prepared from the blood samples collected from only 
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two donors. Instead, however, it should be noted that this 
fact made it possible to investigate the interactive influence 
of each factor, that is, the red-cell deformability, hematocrit, 
and plasma viscosity, while independently excluding other 
factors as much as possible. Further, the authors argue that 
the appropriate arrangement of discrete data is absolutely in- 
dispensable for obtaining a correlation function that is widely 
valid. Fine-tuning of the present neural network based on the 
data obtained using fresh samples is the work pursued in the 
future. 

Since there are several definitions for the red-cell de- 
formability, and different factors result in the same range of 
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Figure 10. Comparison between measured and pre- 
dicted p p .  

decreased deformability by a different mechanism, the pro- 
posed DI,, cannot be unique for all clinical purposes. An- 
other definition might be preferable for a specific disease. 
The authors believe that the frame of this work can be appli- 
cable to other definitions, namely, another index for the de- 
formability can be substituted for the DI,, used in this study. 
Further investigation will be needed to extend this study to 
other definitions and to utilize this method as a test for a 
particular disease. 

Conclusion 
A new estimation method of clinical blood indices such as 

red-cell deformability and plasma viscosity is proposed in this 

Hct [-I 
Figure 11. Predicted DI,, and hematocrit. 
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study. This method is based on the relation between the 
flow-characteristics parameters and the clinical indices that 
were obtained by comprehensive experiments. Bingham and 
power law models were adopted as non-Newtonian models to 
extract the features of the flow curves efficiently. A feedfor- 
ward artificial neural network is utilized to predict the red-cell 
deformability and plasma viscosity from hematocrit, Bingham 
viscosity pB, yield stress T,,, and fluid behavior index n. It 
was confirmed that the network gave good agreement with 
measured values. Further, this method was applied to 20 
healthy people. It was concluded that this method was practi- 
cally applicable to clinical usage, since the predicted values 
were in a reasonable range. By performing more detailed ex- 
periments on fresh blood and fine-tuning the coefficients of 
the network based on the present work, the accuracy is ex- 
pected to be improved in the future. 
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