INFLUENCE OF ANAESTHETICS ON RHEOLOGY
OF HUMAN BLOOD*
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THE MPoRTANCE of the rheological properties of blood in maintaining circulatory
homeostasis during health and disease has recently been emphasized.!-> Flow rates
of liquids were first experimentally related by Poiseuille in 1842 to pressure
difference and tube geometry.® In 1860, Hagenbach showed that when a homo-
genous (Newtonian) fluid flows in a vessel, the tangential stress (shear stress)
between the adjacent laminae as they slip over each other is directly proportional
to the velocity gradient (shear rate) which develops across the adjacent
laminae.’

However, in a non-homogenous (non-Newtonian) liquid such as blood, 2-58
it has been shown that the shear stress is not a linear function of shear rate in the
region of low shear rate. Blood viscosity is markedly increased at low rates of
shear (Fig. 1). It is at the very low shear rates that the yield stress and cell
aggregation®® exert a major effect on the viscometry of blood (Fig. 2).

Yield stress is the measurement of the stress required to set static blood in
motion and appears to be related to breaking down these aggregates of red cells,
which are fibrinogen-linked. Yield stress, therefore, becomes of great importance
to flow patterns in the microcirculation where low shear rates are present, particu-
larly when reduction of blood velocity occurs. Previous reports'®!! concerning
influences of anaesthetics on blood viscosity are difficult to evaluate because these
studies were made at relatively high shear rates and the yield stress was not
considered.

The purpose of the present study was to determine the effects of halothane,
cyclopropane, and methoxyflurane upon the blood and plasma viscometry as
determined by shear rate-shear stress relationship, yield stress, and Casson vis-
cosity under rigidly controlled conditions.

MATERIALS AND METHODS

The fresh blood (type O, Rh+) used in this study was obtained from healthy
white male volunteers. Five hundred ml. of blood was collected from each subject
into the transfusion bag which contained 2,250 units of heparin buffered with
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Ficuge 1. Viscosity-shear rate diagram of blood and plasma. Ordinate: apparent viscosity,
7/, in centipoise; abscissa: shear rate, 4, in sec.—1. Note that viscosity increases markedly at
lower rates of shear,

sodium phosphate (4.5 units per ml. blood). The method of saturating blood
with anaesthetic agents having normal blood pH values and gas tensions was
similar to that described previously.’? In brief, the blood was transferred to a 2 L.
flask and equilibrated with a humidified gas mixture of 3.4 per cent CO; in O, at
a flow rate of 800 ml. per minute. The flask and humidifier were kept in a water
bottle at constant temperature (27° C. and 37° C.*). The equilibration usually
took from 45 to 75 minutes with gentle rotation of the flask in order to increase
the functional surface area. The blood gas tensions and pH were measured every
15 minutes by appropriate electrodes (Radiometer Gas Monitor with pH M 27,
Copenhagen). In some experiments, the concentrations of CO; and O in the gas
mixture were altered in order to obtain the normal values for the blood gas
tensions and pH (Poy: > 200 mm. Hg, Pco,: 40 = 4 mm. Hg, and pH: 740 =
0.04). For measurements of the rheological properties, the control blood samples
were taken from the flask into vacutainers containing no anticoagulant.

The remaining portion of blood was then divided into two parts. Each part of
blood was transferred to a 2 L. flask and saturated with a specific anaesthetic

*The experiments nos. C6, C7, C9, and C10 were equilibrated at 37° C., and the others were
done at 27° C., since metabolic acidosis occurred less frequently at the lower temperature.
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Ficure 2. Square root of shear stress, \/7, versus square root of shear rate, \/v, for whole
blood and plasma. The ordinate intercept is the square root of blood yield stress, \/C, in
v/ (dynes/cm.2). The slope of the straight line is the square root of the Casson’s viscosity.

agent. Different concentrations of an anaesthetic agent were used at the same
time for each part of blood in order to eliminate the possible effect on viscometry
due to prolonged exposure of blood to the anaesthetic agent. Cyclopropane was
added to the gas mixture from a Foregger anaesthesia machine; halothane or
methoxyflurane (penthrane) were added using appropriate vaporizers in series.
At the end of a one to two hour period of gas equilibration, the gas flow was
discontinued and the flasks were sealed.

Final blood anaesthetic concentrations ranged from 4 to 57 mg. per cent for
cyclopropane, 4 to 65 mg. per cent for halothane, and 8 to 143 mg. per cent for
methoxyflurane.

Samples were taken in duplicate into vacutainers from the flasks for measure-
ments of the Casson blood viscosity, blood yield stress, apparent plasma viscosity,
blood and plasma anaesthetic concentrations before and after the viscometric
procedures, haematocrit, haemoglobin contents in plasma and blood gas tensions,
and pH. Data were discarded when values of blood Pco,, Po,, and pH were not
within the normal ranges. In addition, plasma protein concentrations were
measured in nine studies. Haematocrit was measured by centrifugation for five
minutes at a speed of 11,500 r.p.m. in a micro-capillary centrifuge (Model MB
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with #275 head: International Equipment Co., Needham Heights, Mass.). The
haemoglobin content of the plasma samples was measured by the cyanmet-
haemoglobin method.??

The shear stress—shear rate relationship for whole blood and plasma samples
was determined in a series of three cone plate Wells-Brookfield Micro Viscometers
which cover the shear rate range from 6.75 sec.~* to 1,500 sec.—* (Brookfield
Engineering Labs Inc., Stoughton, Mass.). The operational principle of the cone
plate viscometers has been described elsewhere.’* The calibration of the visco-
meters was made before each study with the use of standard oils (National
Bureau of Standards, Washington, D.C.). Between each sample analysis, the
cone and plate were washed with a diluted solution of haemo-sol, rinsed
thoroughly with distilled water, and dried. All viscometric measurements were
made in duplicate at any given shear rate, and completed within four to six minutes
after the introduction of the sample to the viscometers. The error associated with
the Casson viscosity measurement was +2 per cent and with the yield stress
determination +23 per cent. In some cases, determination of plasma viscosity was
also done by the capillary viscometric method,'® using pressures ranging from 10
to 15 mm. H,;O per cm. tube.

Calculation of Viscosity and Yield Stress

The rheological properties of blood and plasma will be described in terms of
the Casson viscosity’® and yield stress for blood and of the apparent viscosity for
plasma (Figs. 1 and 2). The Casson viscosity and yield stress were determined
from the plotted relationship between the ordinate scale proportional to the
square root of shear stress and the abscissa scale proportional to the square root
of shear rate. It has been shown that the shear stress-shear rate relationship of
blood may be described by the Casson’s equation:*?

VT =VC + kVy

where 7 is shear stress in dynes per cm.2, C is the yield stress in dynes per cm.2,
k? is the Casson viscosity and 7 is the shear rate in sec.~!. The Casson equation
provides a straight line plot of the shear stress—shear rate relationship and permits
measurements of the yield stress as the value of the ordinate intercept at zero
shear rate!” In the present study, determination of the yield stress (C) and
Casson viscosity (k%) was made by the use of a high-speed digital computer
(IBM Model 7094) in order to determine the best straight line relating values of
V7 and Vy. It was also subsequently found that the values of yield stress
determined by the above method checked well with those by the direct rheogoni-
metric measurement. The data were analysed for statistical significance by
student’s t-test. Probability values below 0.05 were regarded as significant.

REesuLTs

Pertinent data related to the effect of cyclopropane, halothane, and methoxy-
flurane on the blood yield stress and the blood Casson viscosity and on the
apparent viscosity of plasma are summarized in Table I. The viscosity results
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were expressed in centipoises (1/100 poise). The average values of blood gas
tensions, pH, calculated total CO, content, and duration of exposure to anaesthetic
agents are presented in Table II. Table III summarizes the mean per cent changes
in the blood yield stress and Casson viscosity and mean values of haematocrit
before and after the exposure of blood to the anaesthetic agents. Average changes
in apparent viscosity of plasma exposed to anaesthetic agents are summarized in
Table IV.

Anaesthetic Concentrations in Whole Blood and Plasma Samples

The mean concentration of cyclopropane for blood samples was 19.4 mg. per
cent, ranging from 4 to 57 mg. per cent. The mean concentrations of halothane
and methoxyflurane were 22.1 mg. per cent. (4 to 65 mg.%) and 50.6 mg. per
cent (8 to 143 mg.%) respectively. In the present report, blood samples were
arbitrarily divided into two groups as shown in the following scheme.

cyclopropane halothane methoxyflurane
Group A <20 mg% <20 mg.% <40 mg.%
Group B >20 mg.% >20 mg.% >40 mg.%

Plasma anaesthetic concentrations were generally lower than those of the
respective whole blood samples. Cyclopropane retained in the plasma samples
was, on the average, 36 per cent of that of whole blood. The greatest retention
occurred in halothane samples (80%).

Average retention of cyclopropane in blood samples after the viscometric
procedures was 28 per cent with a Brookfield Model RVT viscometer, 44 per cent
with a Brookfield Model LVT viscometer and 52 per cent with a Brookfield
Model LVT 1/5 viscometer of the values obtained prior to viscometry. Average
changes in blood halothane concentrations with RVT, LVT and LVT 1/5 visco-
meters were 37, 54, and 60 per cent, respectively. Methoxyflurane retained in
blood after viscometric procedures averaged 35 per cent with RVT, 65 per cent
with LVT and 72 per cent with LVT 1/5 viscometers. Mean changes in per cent
retention of anaesthetics in plasma samples after viscometric procedures were
similar to those of whole blood samples.

Haematocrit, Plasma Haemoglobin Conceniration, Blood pH, Gas Tensions, and
Cdalculated Total CO, Content

The mean values of haematocrit before and after exposure to cyclopropane
were 44.6 = 1.2 and 44.6 = 0.7, respectively. The haematocrit in samples before
and after exposure to halothane averaged 44.0 = 0.9 and 44.2 + 0.5, respectively.
The mean values of haematocrit before and after exposure to methoxyflurane were
40.8 = 2.1 and 41.3 = 1.1, respectively. The changes in haematocrit after exposure
to the three anaesthetics were not significant (P > 0.5 for each anaesthetic).
Haemoglobin concentrations in plasma increased on the average of 37.1 mg. per
100 ml. with cyclopropane, 26.2 with halothane, and 64 mg. with methoxyflurane,
but these increases were no more than those obtained in control samples exposed
to the gas mixture without anaesthetic agents for the same period of time.
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The blood pH, Pco,, Po. and total CO, content in blood samples with the three
anaesthetic agents were similar to those in control blood samples (Table II).

Blood Yield Stress and Casson Viscosity

With anaesthetic concentrations used clinically (group A ), the changes in yield
stress were +11.2 per cent with cyclopropane, —2.6 per cent with halothane, and
+3.9 per cent with methoxyflurane. With anaesthetic concentrations above clinical
usages (group B), the average changes in the yield stress were —2.4 per cent
with halothane and +14.9 per cent with methoxyflurane (Table III). The mean
change in the yield stress with cyclopropane in group B was +34.5 per cent of the
control value. This change was more than the per cent error of the method
related to the yield stress measurement and the statistical analysis revealed a
p value of less than 0.05.

In group A, the average changes in the Casson viscosity were +2.5 per cent with
cyclopropane, +0.5 per cent with halothane, and +0.5 per cent with methoxyflu-
rane (p > 0.05). In group B, the mean changes in Casson viscosity were 2.3
per cent with cyclopropane, —0.3 per cent with halothane, and —2.5 per cent with
methoxyflurane (p > 0.05).

Plasma Apparent Viscosity

Methoxyflurane resulted in a reduction of plasma viscosity on the average of
6.5 per cent (p < 0.01) with the capillary viscometric technique and 3 per cent
(p < 0.01) with the cone plate viscometers. Average changes in plasma viscosity
for cyclopropane and halothane were —0.6 per cent and +0.7 per cent, respectively
(Table IV).

DiscussioN

Findings of this in vitro study indicate that under controlled conditions, cyclo-
propane, halothane, and methoxyflurane do not alter the viscometry of whole
blood as determined by Casson viscosity. The rheological properties of blood with
cyclopropane in concentrations above 20 mg. per cent resulted in an increase of
blood yield stress. It has been clearly demonstrated that at any one cross-
sectional level of blood flowing in a vessel, there are a number of shear rates at
any given lamina as a function of the distance from the vessel wall.8-%17 The
lowest shear rate occurs at the vessel wall.® Viscosity of blood may be more
precisely expressed as a profile effect of a large number of different shear rates,
ranging from a higher shear rate to a lower, including zero.

Whole blood exerts a non-linear relationship between shear stress and shear
rate and, therefore, the description of the rheological properties of blood requires
the use of a wide range of shear rates. The advantage of the linear plot of the
square root of shear stress against the square root of shear rate in determining the
Casson viscosity and the yield stress is only appreciated when the shear stress of
blood is measured with wide shear rate range as in the present study. The previous
reports by other investigators'®1!!® are concerned only with the comparison of
shear stress measured at one or a few shear rates, and are not concerned with
determining the effect of anaesthetics on the yield stress value of whole blood.
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TABLE IV

EFFECTS OF CYCLOPROPANE, HALOTHANE, AND METHOXYFLURANE ON
MEAN VALUES OF PLAsMA ViscosiTy

Viscosity (in centipoise)

No. of Anaesthetic
anaesthetic concen. control anaesthetic
samples (mg. %) samples samples
Cyclopropane
(i) capillary tube 8 8(1.7~17.9) 1.20 1.18
(ii) Brookfield viscometer 13 7(1.7~17.9) 1.26 1.27
total 21 7.7 ~17.9) 1.23 1.22
Halothane
(i) capillary tube 6 29 (3.7 ~ 68.4) 1.17 1.20
(ii) Brookfield viscometer 16 18 (3.7 ~ 68.4) 1.24 1.23
total 22 21 (3.7 ~ 68.4) 1.21 1.21
Methoxyflurane
(i) capillary tube 8 20 (5.1 ~ 50.6) 1.38 1.28
(it) Brookhfeld viscometer 14 39 (5.1 ~130.0) 1.34 1.30
total 22 32 (5.1 ~130.0) 1.36 1.29

Albert et al.’® using a capillary-type viscometer, reported that halothane and
thiopental sodium reduce blood viscosity, whereas cyclopropane increases it.
However, it should be realized that the use of the capillary tube viscometry
method should be limited to the determination of apparent viscosity in a
Newtonian fluid such as plasma.

Our data of the unaltered blood viscosity with wide concentrations of methoxy-
flurane, halothane, and cyclopropane were related to shear rates ranging from
1500 to 6.75 per second. When the blood was exposed to clinical concentrations
of cyclopropane and to all concentrations of halothane and methoxyflurane, it was
found that values of yield stress were unchanged. A small increase in mean yield
stress value was observed in blood exposed to higher concentrations of cyclo-
propane.

The yield stress values may change without parallel changes in apparent
viscosities of either blood or plasma at the higher shear rate range, and the yield
stress and apparent viscosity may change in opposite directions. Thus, it is
important to note that both the mean Casson viscosity and the mean yield stress
values of whole blood samples were increased only with cyclopropane. These
small increases in yield stress observed in this study, in fact, might be of physio-
logical importance because, in the smallest tapered peripheral blood vessels
(e.g. with a diameter of 30 microns), the wall shear rates will be in the order of
magnitude of the blood yield stress.

Recently, the importance of the relationship between the process of erythrocyte
aggregation and the rheological effect of any agent capable of altering cell
aggregations in vivo has been pointed out’ Since estimated capacity of the
microcirculation reveals that most of the circulating blood is contained in the
microvasculature with an internal diameter of 100 microns or less, the significant
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pressure drop occurs within this microcirculation. Therefore, it is reasonable to
state that any changes in the rheological properties of blood may result in
alterations of blood flow in the microcirculation. The marginal increase of blood
yield stress observed with high concentrations of cyclopropane may indicate the
resultant decrease in blood flow within the microvasculature.

The variables and interrelated factors of surgery that could alter blood viscosity
during clinical anaesthesia were eliminated in this study by conducting in vitro
investigations on human blood. The unchanged values of blood pH and gas
tensions and of haematocrit in the blood samples with anaesthetics indicate that
the rheological properties measured in the present study were not confounded by
these factors. The use of heparin as the anticoagulant in our study also eliminated
the possible effect on viscometry by other anticoagulants, such as potassium
oxalate.1®

Changes occurring in blood viscosity and yield stress due to anaesthetic agents
in vitro may not fully describe in vivo blood viscometry changes during surgery
because other rheologic properties may be altered, i.e., fibrinogen concentration,
haematocrit, electrolytes, or electrical charges of the red blood cells and the
plasma proteins. Our in vitro study indicates that, while no distinct changes in
blood or plasma viscosity or yield stress occurred with the use of wide clinical
concentration ranges of halothane, cyclopropane, and methoxyflurane, there did
appear to be a marginal decrease in plasma viscosity with methoxyflurane and a
marginal increase in blood yield stress with concentration of cyclopropane above
the clinical range.

SUMMARY

Cyclopropane, halothane, and methoxyflurane were investigated for their effects
on the viscometry of freshly drawn human blood (group O, Rh+*). A total of
43 blood and 63 plasma samples containing specific anaesthetic agents were
studied under controlled conditions of temperature, pH, Pco,, Po,, and red blood
cell and plasma protein concentrations. A series of three cone plate viscometers,
each with different shear rate ranges from 1500 to 6.75 sec.™, was used. The
Casson viscosity of blood and apparent plasma viscosity were determined from
the slope of the shear stress—shear rate relationship plotted on a square root scale.
Yield stress was determined by extrapolation from the shear stress axis intercept.
Our findings indicate that the three anaesthetic agents, within concentrations
equivalent to those used during clinical anaesthesia, caused no discernible effect
on either yield stress or the apparent viscosity of blood or plasma. However,
there was a marginal increase of the yield stress of blood with high concentra-
tions of cyclopropane (above 20 mg%) and a trend toward reduced plasma
viscosity in all of the methoxyflurane samples.

REsuME

Nous avons étudié les effets du cyclopropane, de I'halothane et du méthoxy-
flurane sur la viscométrie du sang humain fraichement prélevé (groupe O, Rh
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positif ). Nous avons fait nos études sur quarante-trois échantillons de sang et
soixante-trois échantillons de plasma contenant spécifiquement ces agents anes-
thésiques; I'étude a été faite aux mémes conditions de température, de pH, de
Pco, et de concentration en protéines des globules rouges et du plasma.

Nous avons fait des séries de trois viscométres cone-plate, chacun possédant
différentes échelles “shear rate” de 1500 — 6.75 sec.—*. Nous avons précisé la
viscosité Casson du sang et la viscosité apparente du plasma A partir de la courbe
de relation “shear stress-shear rate” placée sur une échelle de racine carrée. Le
“yield stress” a été obtenu par l'extrapolation a partir du croisement de I'axe du
“shear stress”.

Nos résultats nous apprennent que, a des concentrations équivalentes a celles
utilisées en anesthésie clinique, ces trois agents anesthésiques ne produisent
aucun effet décelable ni sur le “yield stress” ni sur la viscosité apparente du sang
ou du plasma. Toutefois, avec une haute concentration sanguine de cyclopropane
(au-dessus de 20 mg.%), nous avons observé une faible augmentation du “yield
stress” du sang; de plus, dans tous les échantillons avec le méthoxyflurane, nous
avons observé une tendance a la diminution de la viscosité du plasma.
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