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Effect of Blood’s Velocity on Blood Resistivity

Tugiang Xie, Swee Chuan TjizMember, IEEE Qingping Yang,Member, IEEE and Seng Lee Ng

Abstract—Blood resistivity is an important quantity whose
value influences the results of various methods used in the study
of heart and circulation. In this paper, the relationship between
blood resistivity and velocity of blood flow was evaluated and
analyzed based upon a probe using six-ring electrodes and a
circulatory model. The experimental results indicated that the

change in blood resistivity was only+1.1% when the velocity of «————— §0um ——————>
blood flow changed from 2.83 to 40 cm/s and it rose to 23% when
the velocity was lower than 2.83 cmis. Fig. 1. The red cell in cross section and its nominal dimension.

Index Terms—Blood flow, blood vessels, electrodes, resistivity
measurement, velocity.
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HEN impedance method is applied to determine theument N
cross-sectional area of a blood vessel, an accurate < A “k"‘jwasmmg t
value of the patient's blood resistivity is required. In fact, ‘ l [}y clectrodes nput
the velocity of blood flow in human body varies from patient ! @ Q’DEL] L, R electrodes
to patient and even for the same patient. It is very important : M. nner measuring
to understand how the velocity of blood flow influences the Y ' clectrodes L
blood resistivity and consequently the measurement accuracy ] o
of cross-sectional area, so that a compensation scheme may € - ’

be implemented.
Blood is a suspension of erythrocytes (red cells) of a lofig- 2. The six-ring electrodes probe.
electric conductivity in plasma which has a high electrical

conductivity. At low frequencies the blood resistivity is &ne-dimensional situations, it is possible to define an effective
function of .the resistivities of erythrocytes and plasma, ari@sistivity [2]. Such a situation exists in a circular tube
of the relative red-cell volume. _ _ . with axisymmetric flow and a uniform electric field in the
Mammalian red cells, human erythrocytes in part'cmafongitudinal direction.
exhibit q.simple grchitecture. _They hav.e.no .nuclei,l and their oy, the other hand, various mechanisms have been proposed
composition of minerals, proteins, ‘Z‘”d lipids is relatively well, account for changes in the electrical resistivity of blood with
known [1]. They contain about 34% hemoglobin by weightjoy rate. The changes have been attributed to disaggregation
Under normal physiological conditions they have the shape & erythrocytes [3], to electrical “conversion currents” arising
an axisymmetric biconcave disk-shaped body, with an outsiggm " the electrical charge on the erythrocyte surface, to
diameter of about @m and a thickness of 25m at the edges gxial accumulation of erythrocytes [3], to reduction-oxidation
and 1um in the center [1]. One human red cell in cross sectiQf¥tects at electrode interfaces, to electrokinetic potentials be-

and its approximate dimensions are shown in Fig. 1 [1]. Thgeen the measuring electrodes, and to expansion and contrac-
biconcave shape and the surface area—volume relation allgyy, of an jonic atmosphere’ surrounding the erythrocyte [3].
the membrane to deform without stretching while maintaining The maximum velocity of blood flow in the artery is

a constant surface area. normally about 27—28 cm/s, but for patients the blood velocity
Because of their biconcave shape and the shape and OrigRAy be out of this range [4]. In order to evaluate and

tation of the erythrocytes, blood is electrically anisotropic. Unalyze the changes in blood resistivity in relation to blood
is isotropic only when the erythrocytes are homogeneousf¥|ocity, a probe with six-ring electrodes (shown in Fig. 2)
distributed and in random orientation. In nonhomogeneoys,s employed. The probe was placed within a tube where the
. . , . blood is flowing at various controlled speeds.
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Fig. 3. Setup for measuring the resistivity of flowing blood. Blood velocity(cm/s)

Fig. 4. \oltage change as a function of blood flow velocity. Solution: pig’s
. . . . blood. Direction: forward flow.
through the tubes without creating excessive turbulence in the

flow. A speedometer with error of 1.2% was included in the

system to measure blood flow rate. The velocity of blood flow

was calculated based upon the volume flow and tube diametelt was pointed out above in Section | that the blood resis-

(15 mm). The probe with six-ring electrodes was inserted inftyity depends on a number of factors, such as the orientation,

a tube in the setup. A sinusoidal current of a frequency 3 kH§saggregation, and axial accumulation of erythrocytes. Here,

and a peak amplitude of 17,8A was applied to the input only effects of blood flow velocity on measurement of cross-

electrodes of the probe. Two potential differences betweg&fctional area will be discussed due to resistivity change. The
the outer and inner two measuring electrodes were amplifiégSults were obtained from the experiments on a large number
filtered, and measured. These two potential differences aPidsamples, and may therefore be considered as typical. When
their difference are proportional to the resistivity since th&e€ pig's blood in the circulatory model flows in the forward
distance between the electrodes, driving current, and the crgdection, the potential differences (output) are proportional to
sectional area all were fixed. The relationship amongst théh¢ blood resistivity, as shown in Fig. 4. In order to eliminate
can expressed as follows: the interface impedance on the surface of electrodes, the output
in the Fig. 4 is the voltage difference between the two pairs of
measuring electrodes, i.e., the outer measuring electrodes and

(Ly—Ly) -1 the two inner measuring electrodes.

- a (1) Fig. 4 indicates that when blood changed from the stationary
state to the moving state, the output varied significantly. The
potential difference declined abruptly from 168.74 mV at

whereV;, V, are two potential differences between the outestationary to 133.9 mV at 2.83 cm/s. This is in agreement with

and inner two measuring electrodes; the blood resistility the findings of Dellimore and Gosling [4]. In stationary human

L, are the distances between outer measuring electrodes hlwd rouleaux formation occurs [4]. The rouleaux break up

inner electrodes, respectivelyt is the cross-sectional area ofat high shear stresses. Dellimore and Gosling suggested that

plastic tube where the probe was located, arig the current rouleaux formation possibly influences the electrical conduc-

in input electrodes. tivity of blood at velocities below 0.2 cm/s (average shear rate
Pig’s blood was obtained from the slaughterhouse ard2.7 s!) [3]. This velocity of rouleaux formation is below

heparin was added to it before storing in refrigerator @.4 our measurements range due to the limitation of the velocity

Prior to experiments, the blood was allowed to warm up tegulation of the heart-lung machine used. This phenomenon

the room temperature (2€). It was then poured into the can be ruled out, however, as an important cause of blood

circulator as depicted in Fig. 3. The pig's blood sample wassistivity changes in the flowing blood. Another main cause
circulated for a short period to ensure that the blood was well blood resistivity has been contributed to two physical
mixed. The pump was then turned off and the differentialterations in distribution of the red blood cells, namely the
potential, which represents the resistivity of pig’s blood iaxial accumulation and the orientation of the axis of symmetry
stationary state, was recorded. The velocity of the blood flosf the cells in the lines of flow. Both of these geometrical
was then increased gradually up to 84.92 cm/s (9 L per michanges are functions of the blood velocity. It is obvious that

(the normal human blood flow is around 3 L per min) [4]greater changes in the blood resistivity occurred in the velocity

Next, the velocity was decreased gradually and the differentrange between 0 cm/s and 17 cm/s. An increase in blood

voltage recorded. The experiment was then repeated with theocity above 20 cm/s did not cause a noticeable change in

fluid flowing in the reverse direction. blood resistivity. This is because there were less geometrical

Ill. RESULTS AND DISCUSSIONS

(Vi—=Va)=p-
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Output(mv) — : flow channel in three mutually orthogonal directions during
—a— Velocity inceasing acceleration are generally more than those during deceleration

L —e— Velocity decreasing at the same velocity [3]. In addition, the output voltage
of stationary state was higher than that when the blood

1664 velocity decelerated from the motion to the stationary state.
The observation showed that this difference decreased and

150! disappeared with the time after the velocity of blood was

adjusted to zero. This is probably due to the fact that the
distribution of the blood and orientation of cells in the tube

1404 gradually recovered some time after the moving blood had
1 come to rest.
1304 oo ....t:;'._.-_—.zl?-—" When the direction of blood flow changed from the forward
to reverse, the relationship between the output voltage and
120, r r T . the velocity changes little. Although the difference of output
b % To o y chang J P

_ voltages during acceleration and deceleration in Fig. 5 are
Blood velocity(em/s) greater than those in Fig. 4, this is insignificant compared

Fig. 5. The voltage change as a function of blood flow velocity. Solutiotith measurement errors.
Pig’s blood; Direction: Reverse flow.

. o V. CONCLUSIONS
changes and hence they contributed less to blood resistivity

[5]. On the other hand, as the shear force increased due to th&N€ experimental results have shown that the blood resis-
mechanical blood handling in the heart-lung machine used, fhdy decreases with the increasing velocity of blood flow. It

red cell deformed from a biconcave shape to prolate spherdf@s observed that the largest change of the blood resistivity
gcurred in the flow velocities from 0 and 2.83 cm/s and the

or sphere. With increasing blood velocity, this spheroid sha R, ; -
lpod resistivity also changed in the velocity range between

erythrocytes has less influence on the blood resistivity due N -
the symmetry of its shape [6]. 2.83 and 17 cm/s. No significant change, however, was noticed

From the experimental results, the relationship between tig Velocities above 17 cm/s. o
output(V; — V2) and the velocity of blood flowjv), except at The relationship between the blood resistivity and blood

the stationary point, may be approximated by a second-ordi@w velocity was established by curve fitting the experimental
polynomial results, as shown in (2) and (4). The analysis has shown that a

relative change of:1.1% in blood resistivity corresponded to
(Vi1 — V) =132.629 — 0.147 - v + 0.001382¢2 a velocity change of 40 cm/s. But when blood flow velocity
(n =27, = 0.84004). (2) changed from O to 2.83 cm/s, the maximum change of blood
resistivity may be 23.02%. As a result of this, a compensation
From (1), the Ohm’s law as applied to the six-ring electrodegheme may be necessary for blood velocity less than 2.83
probe, can also be expressed by cm/s.
A The results also indicated the significant effects of accelera-
p= m("l — V) (3) tion and deceleration on blood resistivity, but the forward and
reverse flows produce the very similar effects.
where L; — Lo, A, and I are the constants. Hence, the
percentage change of blood resistivity due to the velocity
change is approximated by
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