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ABSTRACT 

THE EFFECTS OF OXYGEN TENSION, ATP CONCENTRATION, 

AND INCUBATION IN VARIOUS SERUM SOLUTIONS 

ON SHEAR STRESS-INDUCED HEMOLYSIS 

by Ken Tadano 

The red blood cell is susceptible to damage by 

foreign surface interaction and hydrodynamic shear stressing; 

both of these hemolytic sources are present in blood process¬ 

ing machines which are used to treat chronic and acute dis¬ 

orders. The present investigation attempts to elucidate 

several facets of the erythrocyte degradation process pro¬ 

duced by hydrodynamic shear stress. 

In this study, a constant shear stress viscometer 

was used to subject normal human erythrocytes suspended in 

altered serum environments to known shearing forces. The re¬ 

sponse of the cells was determined by hemolysis measurements. 

This study examined 1) the effect of oxygenation on 

hemolysis, 2) the effect of ATP concentration on hemolysis, 

and 3) the effects of incubation in various suspending 

mediums upon erythrocyte characteristics and the relationship 

between these altered characteristics and cell trauma. 



The results of the study are the following: 1) No 

statistically significant difference in extent of hemolysis 

exists between highly oxygenated (500 mm Hg) and deoxygenated 

(10 mm Hg) erythrocytes; 2) In general, as the ATP concentra¬ 

tion diminishes the concomitant shear stress-induced hemoly¬ 

sis level increases. An accompanying influence is the degree 

of cell swelling. As the relative cell swelling increases, 

the extent of hemolysis decreases. Rejuvenation of ATP 

levels in ATP-depleted cells appears to restore the cell's 

ability to resist hemolysis. 
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INTRODUCTION 

The treatment of certain chronic and acute diseased 

conditions requires the use of blood-processing machines. 

These instruments are designed to minimize the injury in¬ 

curred by the blood components during their exposure. The 

red blood cell is particularly susceptible to damage pro¬ 

duced by foreign surface interaction and hydrodynamic shear 

stressing. Because of the crucial role played by the red 

blood cell in the body, many investigations have been con¬ 

ducted in an attempt to elucidate the cell degradation 

processes. 

In this study, a constant shear stress viscometer 

served as the basic research tool. The viscometer was used 

to. subject normal human erythrocytes suspended in altered 

environments to known forces. The response of the cells 

was measured by the amount of hemoglobin released into the 

external fluid. 

This study examined 1) the effect of oxygen tension 

on hemolysis, 2) the effect of ATP concentration on hemolysis, 

and 3) the effects of incubation in various suspending mediums 

on erythrocyte characteristics and the relationships between 

these altered characteristics and hemolysis. 

1 



BACKGROUND 

A. GENERAL BLOOD CHARACTERISTICS 

Whole blood is composed of the liquid plasma and the 

formed blood cells. In normal, adult males the hematocrit, 

the percent volume of the formed elements in whole blood, is 

generally about 45 percent. The blood cells are of three 

main types, the red blood cell (erythrocyte), the leukocyte, 

and the platelet. The erythrocytes form about 99 percent of 

the hematocrit. There exists a slight difference in density 

between the formed cells and the suspending plasma. The 

hematocrit is measured by exploiting the density difference 

through centrifugation. In this study, whole blood was 

sheared. Though many of the blood elements are affected by 

shearing, the constituent of interest is the erythrocyte. 

The present study is concerned with shear stress-induced de¬ 

struction (hemolysis) of erythrocytes. 

The erythrocyte in an unstressed, isotonic environ¬ 

ment is a biconcave discoid having a diameter of about 8 mi¬ 

crons. It is approximately 2 microns thick at its outer rim 

and 1 micron thick in the central dimple region. The average 

cell has an area of 136 square microns and a volume of 107 

f 31 
cubic microns. J Electron microscopy measurements indicate 

O 

that the membrane is between 60-100 A thick. The membrane 
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appears sheet-like with cylindrical substructures which oc¬ 

casionally extend through the entire membrane.it is 

thought that these structures serve as sites of transport 

mechanisms. The dry weight of the membrane has been broken 

down as follows: 50 percent protein, 43 percent lipid, and 

7 percent carbohydrate.From such analyses and staining 

experiments, the structural membrane model which commonly 

emerges is one in which a lipid interior is sandwiched by 
f 321 protein layers. J Some believe that calcium ions serve as 

ionic connections between adjacent negative charges of the 

lipid and protein molecules. 

Although the exact structure of the membrane is not 

known, a consequence of that structure, its deformability, 

has been well characterized. The erythrocyte is able to de¬ 

form and flow easily due to the isochoric deformations which 

its biconcave shape allows, i.e. due to the large surface 

area-to-volume ratio, the red blood cell is able to assume a 

variety of deformations which do not induce stresses in the 
( 71 membrane. J Suspensions of erythrocytes are able to pass 

through polycarbonate sieves which contain pores 13 microns 
f91 long and 2.4 microns in mean diameter without hemolyzing. } 

The tubular shape that the cell adopts in this traversing 

is far different from its normal, biconcave disk shape. The 

ability to traverse narrow, tortuous passageways is an in¬ 

dication of cell well-being, i.e. in vivo, the cell must 

pass through capillaries which have diameters as small as 3 
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microns. There is evidence that this ability to deform 

is used as a criterion for cell sequestration by the spleen. 

The spleen acts as a sieve removing the more rigid and unde- 

formable red blood cells.^ 

At low shear rates, e.g. below 100 sec \ whole 

blood behaves as a non-Newtonian fluid. In this non-Newtonian 

regime, the blood viscosity decreases as the shear rate in¬ 

creases, i.e. shear-thinning occurs. Direct observation of 

erythrocytes in a cone-plate viscometer provides evidence 

that the shear-thinning property is due to erythrocyte aggre¬ 

gation. Aggregation occurs due to fibrinogen linkage between 

erythrocytes. As the shear rates increase, the linkages 

gradually break down which results in the shear-thinning ef¬ 

fect. ^8) At iarge shear rates the shear-thinning effect 

ceases and the viscosity of the whole blood becomes constant, 

i.e. the blood can be characterized as a Newtonian fluid. 

Direct observation of the red blood cell in a shear¬ 

ing flow provides evidence that the membrane actually rotates 

around its cell contents analogous to the motion of a "tank 
( 33") 

tread."v ' This rotational motion enables the internal fluid 

of the cell to engage in the shearing motion; this participa¬ 

tion greatly reduces the apparent viscosity of the erythrocyte 

suspension. 

Some investigators have physically manipulated the 

cell membrane using micropipette techniques.(24,26) Although 

the membrane appears to be highly deformable, it can withstand 
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2-dimensional stretching only to a limited degree, i.e. 

hemolysis occurs before the membrane area is significantly 

enlarged. Apparently, the membrane is able to withstand 

extensive one-dimensional stretching. Hochmuth et al. have 

hydrodynamically stressed erythrocytes which were fixed to 

a surface at one physical point. As a result of the 

shear stress, long tethers were formed between the point of 

attachment and the downstream cell. Some of the tethers 

have been as long as 200 microns. The rheological models 

which have emerged from such studies have helped to further 

characterize the remarkable entity called the erythrocyte 

membrane. 

In whole blood, the erythrocytes are in osmotic 

equilibrium with the surrounding plasma. The cell membrane 

is semi-permeable; it allows certain molecules such as water 

to pass through freely while it is totally impermeable to 

others such as hemoglobin. The function of the intracellular 

hemoglobin is to efficiently transport oxygen to the body 

tissues. Because the hemoglobin is trapped within the cell, 

it exerts an osmotic pressure which, if not balanced, would 

cause water influx and subsequent hemolysis. The cells ac¬ 

tively extrude sodium ions to counterbalance the internal 

hemoglobin concentration. This active transport process re¬ 

quires an energy input. These energy demands are met by the 

metabolism of glucose. Glucose passively penetrates the cell 

and enters the anaerobic glycolytic pathway. In this pathway, 
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glucose is converted to lactic acid. The conversion se¬ 

quence releases energy which is stored in the chemical phos¬ 

phate bonds of adenosine triphosphate (ATP). In turn, the 

ATP in conjunction with appropriate enzymes releases the 

stored bond energy to the active transport mechanisms. The 

cell internal milieu is in a state of dynamic equilibrium; 

passive influx of unwanted molecules such as Na+ is balanced 

by actively transporting the molecule outwards aginst its 

concentration gradient. The opposite situation also exists; 

K+ is actively transported into the cell which balances its 

passive efflux. 

The erythrocytes form a heterogeneous population with 

respect to age. The normal life-span is 120 days; at steady- 

state, 0.8% of the cells are replaced daily. The senescent 

cells can be separated from the younger population through 

centrifugation; the density difference is but one indication 

of the changing character of the aged cell. The ATP level 

in the oldest 2 percent of the population is only about one- 

f 14") 
half as large as the over-all average. * In addition, the 

membrane of aged cells becomes more rigid as the oxygen ten- 

f 141 
sion drops below 12 mm Hg at a pH of 6.4 to 6.8. J Thus, 

analyses of whole populations of erythrocytes produce aver¬ 

aged values with respect to cell age. 

B. RELATED INVESTIGATIONS 

There have been several investigators from Rice 
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University who have used rotational viscometers to stress 

erythrocytes. (16*18,21) yhe worjc of MacCallum is especially 

pertinent because of the similarity between his viscometer 

and the one used in this study. Both viscometers are de¬ 

signed to produce a constant shear stress throughout the 

sheared volume. His dominant work focused upon abnormal red 

blood cells. In particular, he found that cells from pa¬ 

tients with hereditary spherocytosis were generally more re¬ 

sistant to hemolysis than were normal cells. It was also 

noted that the hereditary spherocytic (HS) cells do not frag¬ 

ment as do normal cells at high shear stresses. Instead, 

they seem to either hemolyze completely or not at all. 

Since HS cells are by definition pathological, it 

cannot be assumed that they are equivalent in structure or 

behavior to osmotically sphered normal cells. Indeed, there 

is evidence that the HS membrane does differ from normal mem¬ 

branes in its affinity for Ca++ and certain natural membrane 

constituents, e.g. cholesterol, during in vitro incubation. 
(12,5) The two types of sphered cells do appear to behave 

similarly in a shearing field. Williams has investigated 

the effect of osmotic environment upon dilute suspensions of 

normal cells.A cone-and-plate viscometer was used, and 

Dextran was added to the suspending saline solution to in¬ 

crease the over-all viscosity. It was discovered that as the 

osmotic strength was decreased, i.e. as the cells become more 

swollen, they become more resistant to the shear stress-induced 



8 

hemolysis . The most resistant cells were those that were 

fully sphered. At a given shear stress, the hemolysis is 

several-fold greater in the study of osmotically sphered 

cells than in MacCallum's hereditary spherocytic cell in¬ 

vestigation. This discrepancy may only be a reflection of 

the difference between the shearing systems used. The trend 

in both cases is the same; the sphered cells appear to be 

more shear stress-resistant thant normal cells. 

In other studies in which the osmotic strength is 

not the variable under scrutiny, Williams employed hypotonic 

rather than isotonic mediums. Under isotonic condi¬ 

tions, microspheres (less than 0.5 microns in diameter) are 

formed from normal cells in the shearing process. The micro¬ 

spheres prevented accurate hemolysis determination in the 

analytical technique he used. Fragmentation was greatly re¬ 

duced in the hypotonic environment (185 millisomoles/liter). 

Thus, there is another similarity; the HS cells and the 

swollen normal cells appear to experience the same all-or- 

nothing hemolytic phenomenon. 

Williams also investigated the effect of glucose and 

other sugars on shear stress-induced hemolysis. Using the 

shearing system previously described, it was found that 

sugars having similar membrane transport properties caused 

the hemolysis to decrease to different extents. As the sugars 

penetrate the cell, they are accompanied by a water influx, 

and the cells swell correspondingly. From the previously 
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described osmotic swelling experiments, it can be deduced 

that the hemolysis should decrease as the cells swell due to 

sugar penetration. However, the cells in some of the sugar 

solutions, including the glucose solution, were more resis¬ 

tant than predicted by the simple osmotic swelling rationale. 

No concrete evidence exists to explain this additional pro¬ 

tection afforded by glucose and certain other sugars. 

Weed, LaCelle, and Merrill have investigated the ef¬ 

fect of intracellular ATP and Ca++ concentrations upon mem¬ 

brane deformability and viscosity of red blood cell suspen- 

(31') 
sions. J As defibrinated blood incubated at 37°C becomes 

metabolically depleted, i.e. as the glucose is consumed, the 

ATP concentration decreases while the Ca++ concentration 

concomitantly increases. After 24 hours of incubation, the 

ATP level is zero and the Ca++ concentration has tripled. 

The viscosity, measured at a low shear rate (1.15 sec ^), 

increased 5-fold during the incubation period. Membrane 

deformability was measured by the micropipette technique. 

This method measures intrinsic membrane rigidity. Membrane 

deformability decreased dramatically during incubation. By 

artificially raising and decreasing the ATP-Ca++ ratio in 

both intact erythrocytes and ghosts, they found that it was 

this ratio which seemed to govern membrane deformability and 

consequent suspension viscosity. Their interpretation is 

that Ca++ accumulation encourages gel formation at the inner 

membrane-cell interior interface. The substantial gel 
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formation tends to rigidify the membrane as manifested by 

the decreased intrinsic deformability. ATP is believed to 

chelate Ca++ so that the effective [Ca++] is decreased. As 

a consequence, a sol formation at the membrane interface de¬ 

velops which is structurally weaker than the gel formation. 

The reversible sol-gel transformation appears to be primarily 

a function of the relative concentrations of ATP and Ca++. 

Other investigators have also examined the role of 

ATP and Ca++ in erythrocyte viability. Nakao, et al. have 

observed that the cell shape is dependent upon the ATP 

level. As the ATP concentration declines to half the 

original value, the cell passes from its normal shape to be¬ 

come crenated. When the ATP concentration is only one-tenth 

of the original level, the cells become spherical. Palek, 

et al. have investigated the effects of Ca++ and ATP on ghost 

(23') 
size. } Their findings are in agreement with those of 

Weed's e^t ad. ; membrane rigidity depends upon the relative 

concentrations of ATP and Ca++. They propose that as the 

ATP/Ca++ decreases, the membrane contractile proteins undergo 

conformational changes which results in decreased membrane 

de formability. 



EXPERIMENTAL METHODS 

A. VISCOMETER AND SUPPORTING EQUIPMENT 

The viscometer was designed and constructed at Rice 

University. The design principles are those that were used 

by MacCallum in earlier investigations. xhe rotational 

viscometer consists of a rotating outer cup and stationary 

inner bob. There are three distinct shearing regions within 

the viscometer, the cone-cone, concentric cylinder, and cone- 

plate regions (see Figure A). The cone-plate configuration 

is formed by the conical bob bottom and the flat cup bottom. 

The concentric cylinder (couette) volume resides in the an¬ 

nular gap along the vertical sides. The cone-cone region is 

found between the bob's upper conical surface and the enclos¬ 

ing conical surface attached to the rotating drive shaft. 

These three different regions are designed to produce a com¬ 

mon shear stress in the laminar flow regime. The shear 

stress constancy was achieved by selecting the appropriate 

couette gap and cone angles. A detailed account of the de¬ 

sign process and criteria can be found in MacCallum's thesis. 

As the outer cup rotates, a shearing force is trans¬ 

mitted through the sheared fluid to the surface of the inner 

bob. The bob is suspended from a torsion spring. In re¬ 

sponse to the shearing force, the bob rotates as much as the 

11 
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resistance of the spring will allow. The amount of spring 

deflection is measured by an angular-displacement transducer 

(Gould model 761803993). The output of the transducer is 

displayed on a digital voltmeter. The spring constant was 

determined through a dead-weight calibration. Knowing the 

spring’s elastic constant and its degree of deflection upon 

shearing the shear stress exerted upon the fluid can be cal¬ 

culated. 

An iron-constantan thermocouple was used to monitor 

temperature changes during shearing. The thermocouple probe 

is inserted into the bob through a drilled channel so that 

it rests near (within 0.1 inches) the exterior bob surface. 

Since the metal barrier is thin, the thermocouple essentially 

measures the temperature of the sheared fluid. Another probe 

resides in an ice-bath which provides the reference tempera¬ 

ture of 0°C. The ice-bath was also used to set the zero 

calibration point. The output of the thermocouple is dis¬ 

played on a digital voltmeter. The accuracy of the thermo¬ 

couple was more than satisfactory (+1.0°C) since temperature 

was not a sensitive parameter of the present study. 

The rotational speed of the electric motor is dis¬ 

played on a digital voltmeter. The cup rotational speed was 

checked using a hand-held Jaquet’s tachometer. A propor¬ 

tionality factor (the curve's slope) was determined from a 

graph displaying digital output versus cup speed. The digital 

display, via the proportionality constant, then provides a 
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direct measurement of the cup's rotational speed and hence, 

of the shearing rate. 

The specifications of the cup and bob are presented 

in Table 1. The cup and bob are made of series 7075T6 

aluminum. Both the cup and bob's surfaces are hard-anodized. 

The cup consists of two pieces, the cylindirical section and 

the bottom plate. The bottom plate screws onto the cylindri¬ 

cal section; this feature enables the bottom gap to be ad¬ 

justed at will. Bobs of different dimensions can be used in 

conjunction with this adjustable cup. The top gap is set by 

vertically adjusting the cup drive shaft. 

The cone-plate configuration is not exact because 

the bob cone is truncated. The magnitude of the bottom gap 

is dependent upon the cone angle and degree of truncation. 

Similarly, the gap in the cone-cone region is a manifestation 

of their degree of truncation, i.e. if the cones were not 

truncated, the magnitude of the adjusted gaps would be zero. 

B. BLOOD COLLECTION AND PREPARATION 

All the blood donors were males in their 20's who had 

fasted for 10-12 hours prior to donation. Venipuncture was 

performed by the personnel of the Hematology Department of 

The Methodist Hospital. For the oxygen tension series, the 

blood was collected in standard ACD-filled plastic bags. In 

the incubation series, the blood was defibrinated in 25 ml 
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quantities via the glass bead technique, i.e. the glass 

beads induce clot formation which removes the vital clotting 

factor, fibrinogen, from the plasma. The anticoagulated 

blood was then transported from The Methodist Hospital to 

the Rice Biomedical Engineering Laboratory. The elapsed 

time from donation to arrival at Rice was generally about 30 

minutes. Upon arrival at Rice, anti-bacterial agents (peni¬ 

cillin: 100 U/ml blood, streptomycin: 0.1 mg/ml blood) 

were added to those blood volumes which were to be incubated 

at 37°C. The anti-bacterial agents were required to prevent 

hemolysis induced by bacterial growth. Desired solutions, 

e.g. glucose, citrate, were then added to the defibrinated 

blood. These solutions were added in the ratio 0.15 ml 

solution/1.0 ml whole blood. This ratio is exactly that of 

the standard ACD-to-blood ratio used in commercial blood col¬ 

lection bags. Table 2 is a presentation of the solution used 

in the various blood series. 

The blood to be used in the incubation studies was 

divided into two equal volumes as a further safeguard against 

accidental contamination. The volumes were kept in 50 ml 

polypropylene flasks which were sealed with Parafilm. The 

flasks were maintained in a constant-temperature water bath 

at 37°C. The blood used in the oxygen tension series was 

stored at room temperature (22°C) in the original plastic 

collection bags. 

The blood oxygenation process consisted of placing 
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4.5 ml of blood into a siliconized tonometer cup. Pure oxy¬ 

gen was then passed through the tonometer. Upon activation, 

the tonometer spins the cup periodically in alternating 

directions. The centrifugal force causes the blood to rise 

up the sides of the cup which exposes a large surface area 

to the gas stream. Fifteen minutes were required to raise 

the oxygen tension to about 500 mm Hg. In the deoxygenation 

process, nitrogen was substituted for oxygen, and a longer 

time period, 30-40 minutes, was required to lower the oxygen 

tension to the desired level (less than 10 mm Hg). The 

tonometer did not cause appreciable hemolysis in either 

instance. In both the oxygen tension and incubation series, 

the first shear stress run was usually made 1-1.5 hours after 

the blood donation. The incubated blood was sheared during 

two periods, the initial 0-4 hour and the final 25-29 hour 

periods. The shear stress runs for the oxygen tension series 

were concluded within 15 hours after donation. 

C. VISCOMETER PREPARATION 

After washing the bob and the individual viscometer 

cup components with a commercial grade detergent, these 

articles were siliconized using Clay-Adams' Siliclad. The 

purpose of siliconizing the blood contact surfaces is to 

prevent surface-induced hemolysis. The siliconization process 

consists of suspending the articles in a silicone solution for 

10-15 minutes, rinsing off the excess solution, and then 
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drying the items in an oven at 75°C overnight. The bob and 

cup were siliconized at least once a weak. 

The top and bottom gaps of the viscometer were set 

approximately every two or three weeks. The top gap was set 

with a dial indicator whose smallest division was 0.01 mm. 

The indicator used to measure the bottom gap was more ac¬ 

curate; its smallest division was 0.0001 inches or 0.0025 mm. 

The greater accuracy was required due to the smaller clear¬ 

ance of the bottom gap. Once the bottom gap was set, align¬ 

ing marks were drawn with ink on the appropriate surface. 

The viscometer could then be reassembled quickly using the 

aligning marks to set the gap. Due to the construction of 

the viscometer, the top gap was unaffected by the dismantling 

of the cup and the bob. 

Prior to the start of the shear stress runs, the vis¬ 

cometer control console was turned on for at least 30 minutes. 

The thermocouple ice-bath was also prepared sufficiently 

early to allow the system to equilibrate. 

D. SHEAR STRESSING PROCEDURE 

After connecting the bob to the torque shaft, the 

torque reading on the panel is adjusted to its zero deflec¬ 

tion point. The cup assembly is then screwed into its proper 

position. Next, the thermocouple is inserted into the bob. 

The blood sample, generally 4.0 ml, is slowly injected into 
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the viscometer via the cup valve. The injected volume of 

4.0 ml includes an excess of slightly more than 1.2 ml 

above the calculated stressed volume. This excess volume re¬ 

sides in the annular gap surrounding the neck of the bob. 

It serves as a guarantor of proper gap filling and provides 

a buffer interface between the stressed cone-cone volume and 

the ambient air. The cup is next turned by hand to again 

check and adjust, if necessary, the torque zero point. 

When the zero point is confidently set, the initial 

temperature reading is recorded. The viscometer is then 

brought to its desired rotational speed. The desired shear 

stress is usually attained within 10-15 seconds. After this 

adjustment period, a stopwatch is activated to time the shear 

stress period of 2 minutes which was used for all runs. The 

initial shear rate is recorded after the stopwatch is acti¬ 

vated. During the 2 minute period, it is necessary to adjust 

the shear rate at intervals to maintain a constant shear 

stress. This apparent shear-thinning is primarily due to the 

temperature rise during shearing which decreases the blood's 

viscosity, and to the gradual degradation of the erythrocytes. 

As the erythrocytes are hemolyzed, the hematocrit is propor¬ 

tionately decreased. A previous study at Rice explicitly 

demonstrated the effect of changes in hematocrit upon the 

fl7! over-all blood viscosity. 1 This study also showed that 

hemolysis in normal, fresh erythrocytes is a function of the 

imposed shear stress and not of the hematocrit, i.e. the shear 
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rate. Ten seconds prior to the end of the stressing period, 

the final shear rate and temperature readings are recorded. 

At the end of the 2 minute period, the rotational motor is 

switched off. About 5-10 seconds are required before the 

viscometer cup comes to rest. 

The bottom valve which had previously served as the 

blood entrance site is also used in its removal. Before col¬ 

lecting any specimen, the first 2 drops are discarded. 

These drops correspond to the unstressed volume which resides 

in the valve itself. The blood volumes are then slowly re¬ 

moved by a syringe. In the oxygen tension series, the blood 

is removed in a single 2.5 ml sample. This volume is 0.4 ml 

less than the entire sheared volume. 2.5 ml is the maximum 

volume which can be confidently drawn from the viscometer 

routinely. In the incubation series, the blood is withdrawn 

in two volumes. The first 1.0 ml taken corresponds to the 

cone-plate volume plus the lower 1/4 volume of the couette 

region. The next 1.5 ml sample corresponds to the remaining 

three-fourths volume of the couette section. The reported 

hemolysis values for the incubation series are from the 1.5 

ml sample, i.e. from the couette volume only. It was 

empirically discovered that the couette region provides a 

more reproducible hemolysis sample than that from the cone- 

plate region. The sheared samples are placed in polycar¬ 

bonate tubes which are then capped. If blood smears are to 

be made, the necessary quantity is withdrawn from the tube 
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via a Pasteur pipette. 

The cup and bob are removed and washed in tap water. 

They are then thoroughly rinsed with distilled, deionized 

water and dried with Kimwipes. The sampling valve is blown 

dry with compressed air as are those portions of the disas¬ 

sembled cup which are inacessible to the Kimwipes. The upper 

cone surface which remains attached to the viscometer body 

is wiped clean with distilled water and carefully dried. The 

two ring gaskets in the cup assembly are frugally wetted with 

isotonic saline which helps to lubricate the parts during re¬ 

assembly. The bottom valve is treated similarly for the same 

reason. The cycle is now complete; the cup and bob are ready 

for attachment to the main viscometer body. 



DISCUSSION OF RESULTS 

A. PRELIMINARY INVESTIGATIONS 

1. Variation of Hemolysis within the 
Viscometer 

Although the viscometer was designed to subject all 

of the sheared volume to the same shear stress, it was evi¬ 

dent from MacCallum's work that the cone-plate region pro¬ 

duced more hemolysis than the couette section. Since the 

present viscometer was designed following MacCallum's design 

principles, it was of interest to determine the hemolysis 

variation within the instrument, i.e. the hemolysis variation 

found in MacCallum's viscometer may have been due to an 

idiosyncrasy of that particular instrument. 

The hemolysis variation was determined by sequen¬ 

tially draining the viscometer. The volumes were collected 

at a slow rate to avoid excessive mixing between adjacent 

regions. Four separate drafts were obtained. The first 

0.5 ml collected corresponds to the cone-plate volume. The 

next two 1.0 ml samples correspond to the lower and upper 

couette regions. The last 0.5 ml volume drawn represents the 

cone-cone volume. It was not always possible to obtain the 

last 0.5 ml in its entirety due to premature air channeling. 

20 
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This occurrence did not hamper the eventual hemolysis de¬ 

termination as long as enough blood (0.3 ml) was collected 

to provide an adequate analytical sample. 

The results of the hemolysis analysis are given in 

Figure 1. The cone-plate region produced 3-5 times more 

hemolysis than that found in the other viscometer regions. 

The lower couette region’s hemolysis level was the next 

highest, although it was only slightly above the levels of 

the other two regions. This slight elevation may be due to 

mixing between the cone-plate and lower couette sections 

during the actual shearing process, or it may be due to the 

mixing which occurs during sample collection. With respect 

to the hemolysis variation, the viscometer consists of two 

distinct regions, the cone-plate section and the combined 

couette and cone-cone volume. The cause of the increased 

hemolysis is probably a combination of secondary-flow effects, 

edge effects, and machining eccentricities. In addition, 

excessive hemolysis may occur in the parallel-plate region 

formed by the truncated cone area and the cup bottom. The 

distance between these two faces if 15 microns. Since the 

major diameter of the erythrocyte is 8 microns, it is con¬ 

ceivable that surface-induced hemolysis plays a major role 

in this unique region. Hemolysis caused by surface interac- 

fl5 17 291 
tion has been studied and documented. 

Because of the hemolysis variation, the sampling 

technique determines the magnitude of the hemolysis measured. 
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Removing the entire sheared volume in one draft will produce 

an intermediate hemolysis value, i.e. a weighted average be¬ 

tween the high level in the cone-plate region and the level 

in the remaining volume. The couette region is influenced 

to a lesser extent by secondary-flow and edge effects than 

is the cone-plate region. Samples from the couette region 

should, therefore, provide a more accurate indication of 

shear stress-induced hemolysis. 

2 . Altered Gap Setting 

It was empirically determined that increasing the 

lower gap from the design setting of 15.0 microns to 30.0 

microns reduced the level of hemolysis in the cone-plate 

region to approximately that found in the couette section. 

Doubling the bottom gap increased the cone-plate volume by 

only 0.058 ml, i.e. the increase is insignificant. An ex¬ 

ample of the hemolysis difference when using the doubled gap 

setting is given in Figure 2. The hemolysis found in region 

a (cone-plate plus lower 1/4 of the couette sections) was not 

always greater than that in region b (remaining couette vol¬ 

ume) as implied by Figure 2. The hemolysis relationship be¬ 

tween the two sections was consistent within a given series. 

Since the gap was measured periodically between series and 

new aligning marks were subsequently made, the slight change 

in the relationship between regions a and b is probably due 
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to the random error associated with gap measurement. 

There are two significant advantages in using the 

larger gap setting. First, since the hemolysis levels are 

nearly equal throughout the viscometer, mixing between ad¬ 

jacent regions during shearing becomes irrelevant. Second, 

sample b will not be hemolytically contaminated during its 

removal since the residual cone-plate blood is hemolyzed to 

the same extent. In addition, injection and removal of the 

blood through the valve is facilitated; the blood flow is 

much less restricted and is able to pass more quickly in 

response to the same applied pressure. 

It was recently revealed that the cone angle in the 

cone-plate section is considerably smaller than the design 

value. The actual angle is 9 minutes while the design value 

is 15 minutes. As a result of the discrepancy, the shear 

stress in the cone-plate region would be higher than antici¬ 

pated at the design gap setting. Increasing the magnitude of 

the gap would tend to ameliorate the effect of the machining 

error. As was empirically discovered, doubling the design 

gap value resulted in hemolysis constancy. The hemolysis 

constancy is not necessarily indicative of shear stress con¬ 

stancy; the various portions of the cone-plate region may be 

heterogeneous with respect to hemolysis production due to the 

resulting, complex flow pattern. 
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3. Comparison with Earlier Viscometers 

Since there have been previous investigators at Rice 

who have used viscometers of similar design, the initial re¬ 

sults of the present study were compared with the past in¬ 

vestigators' findings. The initial studies of this investi¬ 

gator consists of the venous, oxygenated, and deoxygenated 

blood which was sheared and sequentially analyzed. These 

particular runs were selected because they directly provide 

the hemolysis data for the couette section. The actual com¬ 

parison is given in Figure 3. The three curves were gener¬ 

ated using blood anticoagulated with ACD. The curve gener¬ 

ated by Leverett is corrected for mixing which occurred 

between the analyzed couette-cone-plate volume and the air 

interface volume. MacCallum's curve consists of the 

hemolysis values found in the couette region of his constant 

shear stress viscometer. Because of the design similarly 

between MacCallum's viscometer and the one used in this study 

the two hemolysis curves would be expected to be similar. In 

fact, the curve generated by the present study is closer to 

Leverett's curve. The deviation from MacCallum's curve may 

be due to the idosyncrasies of the two different viscometers, 

i.e. to generate MacCallum's curve precisely, one would have 

to use the particular viscometer that he used. All three vis 

cometers produced hemolysis curves which are roughly similar 

in magnitude and trend as illustrated by Figure 3. Repro¬ 

ducible results must be demanded from a viscometer; exact 
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reproduction cannot be anticipated from different investi¬ 

gators using instruments of different design and construc¬ 

tion. 

B. OXYGEN TENSION SERIES 

The purpose of the oxygen tension series was to de¬ 

termine to what extent shear stress-induced hemolysis is 

affected by oxygen tension. Two levels of oxygen tension 

were studied; the upper level was in the vicinity of 500 

mm Hg, while the lower limit was in the range of 5-10 mm Hg. 

The normal venous oxygen tension is 40 mm Hg while the cor¬ 

responding value for arterial blood is 95 mm Hg.^) Thus, 

the oxygen levels in this series were highly non-physiologic. 

The blood used in this series was collected in ACD and stored 

at room temperature (22°C). A tonometer did not inflict sig¬ 

nificant amounts of hemolysis in either the oxygenation or 

deoxygenation process. The zero-shear hemolysis controls 

for venous, deoxygenated and oxygenated blood samples were 

in the range 60.-100. mg/100 ml plasma (mg %), i.e. a con¬ 

trol was run for each category. The carbon dioxide tension 

in the tonometer-processed blood was generally less than 2. 

mm Hg; the physiologic value for venous blood is 46 mm Hg. 

The results of the series are given in Figure 4. The 

oxygenated blood incurred slightly greater hemolysis than its 

deoxygenated counterpart, but the increase is not statisti¬ 

cally significant at the p < .05 level. It has been reported 
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by others that the erythrocyte becomes more rigid at oxygen 

fl31 
tensions below 12 mm Hg in the pH range of 6.4 to 6.8. J 

The pH of the oxygenated and deoxygenated blood in this 

series was in the range 7.2-7.4; no attempt was made to regu¬ 

late the pH environment. Because cell deformability is known 

to be dependent upon pH, it cannot be assumed that the deoxy¬ 

genated erythrocytes in this study were less deformable 

f 141 during shearing than the highly oxygenated ones.v J 

In the cell deformability theory of Weed ejt al., the 

ratio of the concentrations of ATP to Ca++ determines the 

relative rigidity of the membrane, i.e. a large ATP-Ca++ 

ratio is indicative of an easily deformable membrane. It 

has been established that deoxygenated hemoglobin has an in¬ 

creased affinity for ATP.^^ The deoxygenation process 

lowers the effective intracellular ATP concentration. There¬ 

fore, the ATP-Ca++ ratio is likely to be diminished. 

Membrane flexibility is manifested in a shearing 

field by the rotation of the membrane around its cellular 

contents. The membrane is repeatedly flexed during shearing; 

hemolysis may be induced through fatigue.it seems in¬ 

tuitively probable that as the rigidity of the cell membrane 

increases, its susceptibility to hemolysis in a shearing 

field is increased. 

The results of the deoxygenation series are not 

necessarily in conflict with the deformability-hemolysis prop¬ 

osition. The decrease in the ATP-Ca++ ratio may not be 
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sufficiently large to noticeably affect deformability, i.e. 

the shearing process may not be so sensitive as to reveal 

the alteration. No substantial conclusion can be drawn re¬ 

lating cell deformability to hemolysis for this particular 

series. 

C. INCUBATION SERIES 

The incubation series consists of experiments in 

which the blood was incubated in a water bath at 37°C. By 

residing at its natural temperature, the blood's chemical 

processes were able to operate efficiently. Specifically, 

its energy-producing metabolism of glucose was able to pro¬ 

ceed at a pace which was experimentally advantageous, i.e. 

significant changes in the glucose and ATP concentrations 

could be detected after a matter of hours rather than days. 

The prime indicator of the erythrocyte's metabolic state is 

its intracellular ATP concentration. The ATP concentration 

represents the stored energy available to the cell which it 

utilizes to maintain a constant internal environment. As 

the ATP supply becomes depleted, the cell loses its main¬ 

tenance capability. If no substrate is provided to blood 

in vitro, the erythrocytes become pathologic with time. The 

ATP levels were monitored during the incubation period and 

serve as a gauge of relative cell well-being. 

In the incubation series, the samples were collected 

from the viscometer in two portions. The first volume col¬ 

lected, a, was that sheared in the cone-plate region plus the 
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bottom 1/4 of the couette section. The next volume, b, con¬ 

sists of the remaining 3/4 of the couette region. The bot¬ 

tom gap was set at twice the theoretical value, i.e. 30. 

microns rather than 15 microns. As mentioned previously, 

the larger setting decreased the hemolysis in the cone-plate 

section to approximately that found in the couette region. 

Although the hemolysis was determined in both regions a and 

b, only the values from region b are reported. Region b is 

free from any random measurement error and consequently pro¬ 

duces more consistent values than region a. The blood from 

region a was analyzed for hemolysis to serve as a check upon 

the validity of region b's hemolysis level, i.e. large dif¬ 

ferences would imply that the particular run was atypical 

and thus invalid. Only rarely were runs invalidated due to 

this particular rationale. 

1. Preliminary Considerations 

a. Relationship Between Cell Frag¬ 
mentation and Apparent Hemolysis 

The hemolysis determinations measure the quantity of 

hemoglobin released into the serum or plasma. It has been 

tacitly assumed that the free hemoglobin is a result of the 

complete destruction of individual erythrocytes. However, 

shear stress-induced hemolysis is not an all-or-nothing 

phenomenon for normal cells. Hemoglobin can be released 



29 

without complete erythrocyte degradation. It has been ob¬ 

served that erythrocytes are able to fragment into several 

parts and reseal their membranes under certain conditions 

of stress. These fragments often reseal to form spheres and 

microspheres (diameter 1 micron). In a shearing field, 

fragmentation is enhanced when the viscosity ratio of erythro- 

f 41 cyte to suspending fluid is less than 0.2. J Fragmentation 

and resealing has been visually observed in micropipette 

studies. The hemolysis analysis used in the present 

study will detect the hemoglobin released into the serum dur¬ 

ing fragmentation or complete cell destruction. It will also 

detect the hemoglobin present in microspheres which do not 

sediment during centrifugation. The analytical technique 

can only detect hemoglobin; it cannot distinguish between en¬ 

capsulated hemoglobin or hemoglobin in solution. Thus, the 

hemolysis determinations cannot be directly correlated with 

the complete destruction.of individual cells, i.e. a 10 per- 

cen hemolysis reading could result from the complete destruc¬ 

tion of 10 percent of the cells or from the fragmentation of 

100 percent of the population. 

Nevaril's shear stress studies included morphological 
f 211 

examinations of the sheared samples. J These morphological 

studies clearly revealed the fragmentation which occurred 

during the shearing process. When ascorbate was present in 

the sheared sample, it was discovered that fragmentation was 

greatly reduced. The hemolysis was about 4 times higher in 
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the ascorbate blood than in the non-ascorbate samples. The 

ascorbate seems to induce an all-or-nothing hemolysis be¬ 

havior; the measured hemolysis more closely reflects the pro¬ 

portion of the population which appeared to be abnormal. 

The non-ascorbate samples had substantial populations of 

fragmented and morphologically irregular cells even though 

the measured hemolysis was lower. 

The results of the ascorbate study are pertinent be¬ 

cause they reveal the unexpected interactions between an 

artificial blood additive and normal erythrocytes. Each of 

the additives investigated in the incubation series could, 

and do appear, to interact with the cells in diverse ways. 

The chief means of detecting the differences in interaction 

was the hemolysis determinations. However, if the interac- 
% 

tion is manifested in terms of degree of fragmentation, then 

the measured hemolysis becomes less reliable as a comparative 

index of shear stress trauma, e.g. measured hemolysis is only 

one indication of cell traumatization. Morphological studies 

would be required to clarify the type of trauma associated 

with each additive. 

Erythrocytes form a heterogeneous population. They 

are heterogeneous with respect to age and composition, e.g. 

towards the end of its life, the cell ATP concentration is 

considerably lower than the average value. The concentration 

of certain membrane components are also age-related.^ 

MacCallum's age-study showed that cell age does not appear to 
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influence hemolysis up to an age of 90 days. The cell age- 

hemolysis relationship was not well characterized for the 

late senescent period. The importance of cell heterogeneity 

is that the additive interactions may be age-related. The 

glucose solution might conceivably raise the normally low 

ATP levels in the older cells while not appreciably increas¬ 

ing the levels in the younger cells. Conversely, an additive 

such as xylitol may influence all cells to the same extent. 

Influencing the hemolysis behavior of a certain category of 

cells could appreciably affect the time-hemolysis curves, 

e.g. if fragmentation rather than complete disintegration is 

fostered, then the shear stress-induced hemolysis should de¬ 

crease. Future studies may derive useful information through 

experimentation with age-fractional cell suspensions rather 

than with whole blood which contains the entire age spectrum. 

In regard to the deformability-hemolysis theory, 

i.e. increased membrane rigidity causes the cell to be more 

susceptible to hemolysis through fatigue failure, fragmenta¬ 

tion may be dependent upon the relative membrane rigidity. 

Easily deformable membranes may be able to reseal themselves 

more proficiently than rigid membranes. In response to a 

shear stress, the rigid cells might tend to disintegrate com¬ 

pletely rather than fragment. Though the same number of cell 

might be traumatized, the measured hemolysis would be greater 

in the rigid cell suspension. In terms of the hypothetical 

deformability-fragmentation relationship, incubated 
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defibrinated blood would be more prone to complete cell de¬ 

struction than its glucose counterpart. 

b. Donor Variation 

There appears to be a biologically-based hemolysis 

range for normal donors. Comparing the hemolysis results 

for two of the donors reveals that in the common series (ACD, 

glucose, citrate, defibrinated) one donor's blood produced 

consistently less hemolysis. This relationship exists for 

both shearing periods. Statistical significance could not 

be shown for all series because of the limited sample size 

for each donor. The statistical comparisons made in this 

study used the pooled hemolysis data. The statistical dif¬ 

ferences would be stronger if only a single donor was used, 

i.e. the biological variation adds to the random variation 

associated with the viscometer. Of course, it would not be 

experimentally feasible to use only one donor. The inference 

to be drawn is that some of the inconclusive statistical com¬ 

parisons, e.g. ACD versus citrate, may be significant; the 

true significance may be masked by the deviation produced by 

the biological variation. 

c. Autohemolysis and Zero-Shear 
Standard Patterns 

During quiescent incubation at 37°C, spontaneous 

hemolysis occurs. This process is known as autohemolysis. 
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There was no substantial difference in the autohemolysis pat¬ 

tern between any of the incubation series. The hemolysis 

produced in the blood collection and preparation procedures 

is in the range 40-75 mg percent. After 24-28 hours of incu¬ 

bation, the autohemolysis ranges from 70-140 mg percent. 

There was also no significant differences between the 

series in terms of their zero-shear standard pattern. The 

zero-shear standard is a blood sample which is injected into 

the viscometer but is not sheared. The hemolysis of the 

sheared samples is corrected for the cell destruction not 

produced by the actual shearing process by the zero-shear 

standard. During the initial shearing period, the zero-shear 

values range from 60 to 120 mg percent. During the later 

period, the values are in the range 90-140 mg percent. The 

zero-shear hemolysis correction is significant only at the 

low shear stresses, e.g. for a hematocrit of 45 percent 

(total hemoglobin = 15.4 grams/100 ml blood), one percent de¬ 

struction corresponds to 281 mg percent. 

2. Hemolysis and ATP Concentration Trends 

The hemolysis results of the shear stress series 

using defibrinated blood with no additives is given in 

Figure 5. The hemolysis incurred during the 25-29 hour 

period is significantly greater than that during the initial 

period. At the shear stresses of 1600 and 2100 dynes/cm . 

the difference between the curves is significant at the 
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p < .01 level; at 3000 dynes/cm , it is significant at the 

p < .05 level. The corresponding ATP concentrations for 

these series are given in Figure 6. The ATP level remains 

high over the initial shearing period, but it is virtually 

zero during the later period. The curves in Figures 6,7 

serve to simply connect the widely-spaced data points; 

they do not represent the true time-course of the ATP levels. 

In the defibrinated series, the increase in hemolysis at the 

later shearing period is accompanied by a dramatic decrease 

in ATP concentration. 

The main results of the glucose series are given in 

Figure 8. All the blood used in the incubation series was 

defibrinated prior to solution addition. As presented 

earlier in Table 2, the glucose solution consisted of 2.45 

grams of D-glucose per 100 ml distilled water. This concen¬ 

tration is exactly that found in the standard ACD solution 

(NIH Formula A). The glucose solution was added in the pro¬ 

portion 0.15 ml solution per ml of whole blood; this ratio 

is also the standard for the ACD solution. The hemolysis- 

shear stress curves for the defibrinated-plus-glucose blood 

are remarkably different from the previous defibrinated set. 

Instead of increasing, the hemolysis decreased at the later 

shearing period. At the lowest shearing stress, the decrease 

is significant at the p < .05 level. At 2100 and 3000 

dynes/cm , the difference is even more concrete (p < .01). 

The ATP values are given in Figure 6. The ATP level remains 
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practically constant throughout the incubation period. 

Again, this display vigorously contrasts the plain defib- 

rinated ATP curve. As mentioned previously, glucose is the 

natural substrate for ATP generation. The ATP levels are 

maintained because of the artificially high glucose concen¬ 

tration. The maintenance of the ATP level is correlated to 

a decrease in hemolysis after 24 hours of incubation. It 

is obvious that ATP concentration alone does not dictate the 

extent of hemolysis; other possible contributing factors will 

be discussed later. 

The hemolysis curves for the defibrinated-plus-ACD 

series are presented in Figure 9. The trend is similar to 

the glucose curves, i.e. the hemolysis decreases at the 25- 

29 hour shearing period. Unlike the glucose results, the 

hemolysis decrease is not statistically significant. This 

ambiguity is illustrated by the intersection of the two 

curves near 1600 dynes/cm where a change in hemolysis trend 

occurs. The ATP curve for this series is shown in Figure 6. 

As expected, the initial ATP levels remain fairly stable 

throughout the initial shearing period. The initial ATP 

reading at 2 hours is not dependent upon the specific blood 

additive because the natural, whole blood glucose concentra¬ 

tion is sufficiently large, i.e. it is not the rate-limiting 

step in the glycolytic pathway. The difference in the ini¬ 

tial values between series is most likely due to donor varia¬ 

tion. The later ATP values are, of course, dependent upon 
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the specific additive. The later values for the ACD series 

are intermediate between the high glucose values and the 

near zero defibrinated level. Since the glucose concentra¬ 

tion is the same in both the ACD and glucose solutions and 

since the additive rates are equal, the ATP-difference can¬ 

not be attributed to a glucose deficiency. The hampered 

ATP production may be due to the lower pH of the ACD blood. 

When ACD is the additive, the initial pH is about 7.2; dur¬ 

ing the 25-29 hour period, the pH has decreased to a value 

of 6.8. For the glucose series, the corresponding values 

are 7.8 and 6.8. For the sake of completeness, the pH 

values for the different series are collected in Table 3. 

In the glycolytic pathway, the rate-limiting step 

is thought to be one which utilizes the enzyme phospho- 

fructokinase (PFK) . This enzyme is inhibited by low pH 

environments. The relatively low initial pH of the ACD 

blood may decrease the activity of PFK which in turn de¬ 

creases the rate of ATP production. Conversely, PFK is stimu 

lated by ADP; as ATP yields energy to become ADP, the glycoly 

tic pathway responds by producing more ATP. Since the en¬ 

vironment becomes increasingly more acidic due to lactic acid 

accumulation, ATP production gradually diminishes. The ini¬ 

tially high pH of the glucose blood encourages glycolysis and 

consequently, its ATP level is more stable than that in ACD 

blood. It is pertinent to note that the intermediate ATP 

levels of the ACD series is associated with an intermediate 
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hemolysis trend, i.e. at the 25-29 hour period, defibrinated 

blood had increased hemolysis; glucose blood had decreased 

hemolysis, and ACD blood remained statistically stable. 

Besides glucose, the other constituents of the ACD 

solution are sodium citrate and citric acid. This combina¬ 

tion was added to blood to form the citrate series. Its 

hemolysis curves are given in Figure 10. The curves graph¬ 

ically illustrate the enigmatic nature of the hemolysis 

trend. At 1600 dynes/cm , the hemolysis is greater during 

the later shearing period and statistically significant 
2 

(p < .05). At 2100 dynes/cm , the hemolysis is significantly 

(p < .05) lower during the 25-29 hour period. The hemolysis 

time-trend is decidedly shear stress dependent. The ATP 

curve as shown in Figure 7 is similar to the defibrinated 

blood cruve. Since no substrate is added, the natural glu¬ 

cose supply becomes depleted and the ATP concentration be¬ 

comes virtually nil after 24 hours. Since the ATP trends for 

both the citrate and defibrinated series are similar, the con¬ 

flict between their hemolysis trends cannot be attributed to 

an ATP - related rationale. 

In order to explicitly define the glucose-to-ATP re¬ 

lationship, glucose concentrations were determined for the 

series given in Figure 11. Comparison of these curves with 

the ATP curves in Figures 6, 7 reveal the expected relation¬ 

ship, i.e. ATP production is proportional to glucose metabo¬ 

lism. The linearity of the glucose I and II curves is implied 
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by the stable ATP curve of the glucose series in Figure 6. 

The linearity of the other series’ glucose curves should not 

be construed literally. The parallel glucose I and II 

curves imply that glucose metabolism is not hindered by the 

transport time required for the glucose to penetrate the mem¬ 

brane, i.e. the glucose transport rate exceeds the utiliza¬ 

tion rate. Quantitative measurements indicate that glucose 

is transported across the membrane 250 times faster than it 

f 191 is utilized.^ } The two parallel curves also imply that 

the ATP level could be maintained equally well over the 25 

hour incubation period by a glucose additive only half as 

concentrated as the standard solution. In other words, ATP 

production is monotone as long as a minimum glucose concentra 

tion is present. 

The hemolysis time-trends of the defibrinated, ACD, 

and glucose series imply that the change in hemolysis is de¬ 

pendent upon the intracellular ATP levels. In order to fur¬ 

ther test the validity of this relationship, defibrinated 

blood incubated for 25 hours was induced to raise its ATP 

concentration from essentially zero to 69 percent of its ini¬ 

tial value. The ATP regeneration is shown in Figure 12. If 

hemolysis is dependent upon the concomitant ATP level, then 

the rejuvenated blood should display a decrease in hemolysis 

upon shearing. The ATP level was artificially raised by the 

addition of adenosine; after addition the adenosine concentra 

tion was 30 mM. Glucose is ineffective in raising ATP levels 
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when the intracellular ATP levels are extremely low because 

initiation of the glycolytic pathway requires an energy 

input, ATP, to phosphorylate the glucose molecule. Adeno¬ 

sine is enzymatically broken down and does not require the 

presence of an appreciable ATP concentration. After 

adenosine addition, the blood was allowed to incubate for 

3 hours to achieve maximal ATP regeneration. The hemolysis 

results are shown in Figure 13. A statistical analysis was 

not performed because of the small sample size. However, 

the trend is quite strong and seemingly unambiguous. Regen¬ 

eration of the ATP concentration was coupled to a decrease 

in hemolysis. The adenosine curve is similar in shape and 

magnitude to the 0-4 hour hemolysis curve. This series sup¬ 

ports the postulate that the extent of hemolysis is associ¬ 

ated with the intracellular ATP concentration. 

A different series was performed to clarify the ATP- 

hemolysis relationship. This series was performed upon a 

single donor’s blood. The experiment consisted of adding the 

standard glucose solution to incubating blood at various 

intervals. These different aliquots of blood were then 

sheared during the 25-29 hour period. Glucose was added to 

one volume of blood at 7.25 hours and to another at 11.5 

hours. The ATP curves are shown in Figure 14. Although not 

explicitly measured, it is assumed that the ATP levels are 

both increasing at the 25 hour mark; the glucose concentra¬ 

tions have not been drastically depleted. The ability to 
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generate ATP diminished as the pre-glucose incubation period 

lengthened. Apparently, the ATP levels were still suffi¬ 

ciently large to enable glycolysis to proceed. The hemoly¬ 

sis curves for these interval glucose additions are pre¬ 

sented in Figure 15. Since only one donor was used to 

generate the data, it may be misleading to accept the curves 

literally. However, there is an apparent distinction be¬ 

tween the two glucose curves. The early glucose-addition 

curve (7.25 hours) lies in the general range of the initial 

hemolysis curve. Conversely, the later glucose-addition 

curve clearly follows the trend of the later defibrinated 

curve. The difference between the two glucose curves is sur¬ 

prising since their ATP values are similar, i.e. 0.65 versus 

0.44. Superficially, there appears to be a critical ATP cut¬ 

off point; above that critical value the erythrocytes are 

dramatically less susceptible to shear stress-induced hemoly¬ 

sis. However, there exists another possible explanation to 

account for the hemolysis difference. According to the 

theory of Weed et al., erythrocyte deformability is dependent 

upon the ATP-to-Ca++ concentration ratio. As discussed pre¬ 

viously, the membrane is more deformable at the higher ratio 

values. If increasing hemolysis is associated with increas¬ 

ing membrane rigidity, then greater hemolysis should occur at 

the lower ratio values. According to their data, the intra¬ 

cellular Ca++ concentration begins to increase after 10 hours 

of incubation, i.e. there is a net flux of Ca++ from the 
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plasma into the cells. Referring to the two interval 

glucose curves, Ca++ influx would have occurred in the 11.5 

hour, but not in the 7.25 hour curve. At 25 hours, the ATP 

level is higher in the 7.25 hour blood. Thus, the ATP-Ca++ 

ratio may be higher due to both concentration effects in the 

7.25 hour blood, and hence, the cells are presumably more 

deformable and less susceptible to hemolysis. 

Viewing the adenosine series in light of this de- 

formability theory, the decrease in hemolysis of the adeno¬ 

sine blood could also be explained by the increase in the 

ATP-Ca++ ratio. Ca++ influx occurs to a much larger extent 

in the adenosine case since the adenosine is added after 
+ + 

24.5 hours of incubation. The larger Ca concentration is 

ameliorated by the substantial ATP increase. Ca++ extrusion 

via active transport may also occur in the adenosine case as 

(22') 
a response to the higher ATP level. J 

Evidence against a direct ATP concentration-hemolysis 

relationship is given by the previously discussed ACD series. 

At the 25-29 hour period, the ATP concentrations in the ACD 

blood and the 11.5 hour glucose blood are virtually identical. 

However, as Figures 9 and 15 illustrate, there is a gross 

difference in the magnitude of hemolysis. Ca++ influx would 

not be expected in the ACD series because a sufficient ATP 

level had been maintained throughout the incubation period, 

and because the citrate present effectively decreases the 

Ca++ concentration gradient through Ca++ chelation. The 
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ATP-Ca++ ratio theory tends to explain the results of these 

unique series and it also offers partial explanations of the 

hemolysis trends of the other basic series. 

The ATP/Ca++-hemolysis theory fails to fully account 

for the hemolysis trends present in the ACD, glucose, and 

citrate series just as the simple ATP-hemolysis relationship 

fails. To be consistent, the Ca++ concentration must de¬ 

crease with incubation in these three series. Table 4 sum¬ 

marizes the consequences of the theory when applied to these 

series. In Table 4, the second column, ATP concentration, 

summarizes the trends observed in Figures 6 and 7. Simi¬ 

larly, the third column, hemolysis trend, describes the 

hemolysis behavior between the two shearing periods, i.e. it 

summarily depicts the relationship between the hemolysis 

time-curves in Figures 5, 8, 9, 10, and 17. The next column 

+ + 
lists the expected change in the ATP-Ca ratio given the 

known hemolysis trend and the ATP/Ca++-hemolysis theory. 

The last column predicts the expected Ca++ concentration 

change given the known ATP concentration trend and the ex¬ 

pected change in the ATP-Ca++ ratio. 

3. Calcium Analysis 

The calcium determinations performed in this study 

are presented in Table 5. Each value represents an actual 

determination, i.e. only a limited number of successful 
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analyses were performed. Because of the small sample size, 

the determinations can only reveal general tendencies as im¬ 

plied by the final-to-initial Ca++ concentration ratio. The 

magnitude and range of the initial (1-4 hours) Ca++ values 

agree well with the results of the source paper for the 

analysis technique. The large range appears to be a biologi¬ 

cal variation. Although the two defibrinated analyses 

showed similar increases in Ca++ during incubation (6.63 and 

6.84), the two glucose series conflict strongly. It would 

be necessary to do many more analyses to determine if the 

discrepancy is real or merely due to an error in technique. 

The hemolysis series associated with both of the glucose-Ca++ 

series exhibited the same hemolysis trend, i.e. the Ca++ 

trend did not impress itself upon the hemolysis results. 

The blood containing xylitol, an inert sugar, showed 

a Ca++ increase similar to that of plain defibrinated blood 

as anticipated. The xylitol affects only the osmotic en¬ 

vironment; it does not induce ATP manufacture. The citrate 

Ca++ appears to decrease slightly during incubation. This 

result conflicts with the findings of other investigations. 

(10) After repeated washings with an isotonic citrate solu¬ 

tion, they found that the erythrocyte calcium concentration 

did not change. In any case, in order to accomodate the ATP/ 

Ca++-hemolysis theory and the hemolysis results, the citrate 

Ca++ would have to decrease much more drastically during in¬ 

cubation since the final ATP level is practically zero. The 
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calcium analysis was hindered in this study by a lack of 

suitable equipment. Analysis of erythrocyte calcium has been 

historically difficult. Investigators have used a variety 

of techniques and have obtained a variety of results. 

For example, the calcium concentration found in fresh eryth¬ 

rocytes by the technique of Harrison and Long is only 1/5 

the average amount found by Weed and LaCelle though their 

respective results are self-consistent. Wins and Schof- 

feniels in 1966 were unable to detect any erythrocyte cal¬ 

cium. Calcium analyses in the numbers required for 

statistical confidence was simply beyond the scope of this 

study. 

The concrete ATP-evidence of this study implies that 

the extent of hemolysis incurred during shearing is related 

to the concomitant intracellular ATP concentration. The ATP- 

hemolysis relationship is particularly apparent in the glu¬ 

cose, ACD, and defibrinated series. In an attempt to unify 

the results of all the different series, the ATP/Ca++- 

hemolysis relationship was postulated. The evidence support¬ 

ing this relationship has been presented. There exists 

another probable influence which also tends to bring the re¬ 

sults into a cohesive unit. This other effect deals with the 

osmotic environment of the erythrocytes. It should be kept 

in mind that the following proposition does not conflict with 

the proposed ATP/Ca++-hemolysis relationship; the extent of 

hemolysis may be controlled by both mechanisms. 
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4. Osmotic Effects 

The solutions added to the defibrinated blood, e.g. 

glucose solution, were of different hypotonicities. The red 

blood cell responds very quickly to a change in its osmotic 

environment. The membrane is completely permeable to water; 

water influx into the erythrocyte occurs rapidly when the 

external milieu is hypotonic with respect to the cell's in¬ 

ternal medium. The rate of influx depends upon the magni¬ 

tude of the tonicity difference. To accomodate the in¬ 

flux of water, the cell becomes more sphere-like, i.e. the 

concave dimples are lost. The transition in shape can be 

monitored by measurement of the hematicrit, the packed 

erythrocyte volume percentage. The hematocrit provides a 

direct measurement of cell volume changes as long as the cell 

packing qualities remain unchanged; when the cells are per¬ 

fect spheres, they pack more loosely and the hematocrit must 

be corrected for the trapped plasma, or suspending fluid. 

According to the results of Williams, erythrocytes 

become more resistant to shear stress-induced hemolysis as 

they become more spherical. By decreasing the degree of 

hypotonicity, a family of hemolysis-shear stress curves were 

generated. He found that the perfectly sphered cells were 

the most resistant while the normal biconcave disk-shaped 

cell was the least resistant. The increased resistance is 

quite dramatic. At 1600 dynes/cm and for a shearing period 

of 5 minutes, the percent hemolysis for the normal-volume 
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cells was 82 percent while the hemolysis for the sphered 

cells was only 8 percent. The magnitude of the hemolysis is 

dependent upon the particular stressing and analyzing sys¬ 

tems used. Without taking into consideration the difference 
2 

in shearing times, the amount of hemolysis at 1600 dynes/cm 

in Williams* study is about 100 times greater than the hemol¬ 

ysis found in the present study. Williams used a very dilute 

suspension of cells in a viscous (31 cp) saline-Dextran solu¬ 

tion. Previous studies indicate that the difference in cell 

concentrations should not be relevant to the percent hemoly- 

sis. The suspension was sheared in a cone-plate viscome¬ 

ter. Hemolysis was determined by direct spectrophotometric 

measurement of the suspending fluid. The accuracy of this 

method is hampered by microsphere formation during shearing. 

The microspheres cannot be removed by centrifugation and con¬ 

sequently, they influence the absorbance readings, e.g. at 

high shear stresses, more than 100 percent destruction can 

be recorded. The important difference which characterizes 

Williams* shearing system is the use of a Dextran-thickened 

suspending solution. In one of his previous studies, a sub¬ 

stantial hemolysis discrepancy was detected between blood 

suspensions thickened with Dextran and suspensions thickened 
(41 with Methocel. J Both substances have high molecular weights 

and are osmotically non-influential. The study showed 

that the shear stress required to produce 50 percent hemoly- 
2 2 sis was 2200 dynes/cm for Dextran and 10,000 dynes/cm for 
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Methocel. Since the type of thickener influences hemolysis, 

the presence of Dextran may be one source causing the exten¬ 

sive hemolysis. Though the magnitude of hemolysis differs, 

the hemolysis trends should transcend the differences in 

shearing systems. If this osmotic investigation is in fact 

applicable to the shearing system used in the present study, 

then cell volume increases should correspond to decreases in 

hemolysis. 

The volume changes for the various additive series 

were recorded at intervals via hematocrit measurements. The 

results for a single donor's blood are given in Figure 16. 

The first measurement, at one hour, was made fifteen minutes 

after solution addition. During the initial period, 1-5 

hours, the cell volumes change little for the ACD, glucose 

citrate, and defibrinated series. The percent increase for 

the ACD, glucose, and citrate series averages about 10 per¬ 

cent over this initial period. Assuming that the glucose 

molecule behaves as an ideal osmotic particle and that com¬ 

plete glucose penetration occurs upon solution addition, it 

has been calculated that the cells should swell by 11 percent. 

For no glucose penetration, the cell volume should increase 

by only 6 percent. There is only a slight increase for the 

plain defibrinated blood. There is a gradual but pronounced 

cell volume increase in the xylitol series. Xylitol is a 

non-metabolized sugar which has transport properties similar 

to those of glucose. Comparison of the slopes of the glucose 
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and xylitol curves over the 1-5 hour period reflects their 

differences in membrane transport properties, i.e. xylitol 

penetrates the cell more slowly which results in gradual 

swelling. 

During the later shearing period, 25-29 hours, the 

cells in the glucose series have swelled almost twice as 

much as their ACD counterparts. If Williams' results are 

applicable, then the glucose cells should be more resistant 

to hemolysis than the ACD cells during this later period. 

Comparison of the 25-29 hour hemolysis curves for these 

series (Figures 8,9) shows that the glucose series does suf¬ 

fer less hemolysis. By inspection, it can be seen that their 

0-4 hour curves are very similar. The difference between 

their 0-4 hour curves is not statistically significant as 

will be explicitly shown later. Thus far, it has been 

tacitly assumed that the ACD and glucose cells differ only in 

their degree of swelling, e.g. the effect of citrate upon 

hemolysis in the ACD blood has been ignored. Their pH values 

are almost the same, but have been attained through different 

means. The lowered glucose pH is due to the accumulation of 

lactic acid.while the ACD pH level is due to the combined ef¬ 

fect of lactic acid and the citric acid introduced into the 

blood by the ACD solution. Of these factors, the citrate 

difference is expected to be of the most importance. This 

prediction is based upon the citrate hemolysis trends in 

Figure 10, i.e. the citrate solution appears to exert a 
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protective effect. The effect of citrate and the pH dif¬ 

ference will be ignored albeit due to ignorance. The glu¬ 

cose and ACD series also differ in their ATP levels during 

the 25-29 hour period. This difference may not be crucial 

to the hemolysis issue; within the ACD series, the hemolysis 

time-curves are not significantly different even though 

there is a difference in ATP levels. As Figure 16 illus¬ 

trates, there is only a slight increase in cell volume during 

incubation. Although the possibility exists that the ATP 

decline is compensated for by the slight volume increase, it 

is not a probable explanation for the observed hemolysis sta¬ 

bility. This difference between the ACD and glucose ATP 

levels is thus assumed to be of limited importance. The pro¬ 

nounced cell swelling in the glucose series appears to be 

responsible for the decreased hemolysis; through the assump¬ 

tions made, the ACD cells would be more resistant to shear 

stress-induced hemolysis if they too were swollen to the same 

extent. 

The cell volume-hemolysis relationship can also be 

used to explain the decreased hemolysis at 25-29 hours within 

the glucose series. The increase in cell volume between the 

initial and final periods within the glucose series is as 

great as the inter-series difference between the glucose and 

ACD series at 25-29 hours. The ATP levels remained essen¬ 

tially constant throughout the incubation period. The only 

germaine evidence which tends to account for the hemolysis 
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decline is the increased cell volume. The decline in pH 

(from 7.8 to 6.8) during incubation should not be conducive 

to a decrease in hemolysis, i.e. evidence exists which re¬ 

lates lowered pH (6.6) to a decrease in membrane deforma- 

bility. In the ATP/Ca++-hemolysis theory, a decrease in 

membrane deformability should result in increased hemolysis. 

Thus, the decline in the glucose pH should, if anything, in¬ 

crease rather than decrease hemolysis. It is assumed that 

the cell volume increase is real and not an artifactual mani¬ 

festation of the measurement technique; drastic changes in 

cell morphology could interfere with cell packing during cen¬ 

trifugation. Poor packing would produce an artificially high 

hematocrit, and the apparent cell volume increase would not 

be real. 

Two series were conducted which were specifically 

designed to elucidate possible osmotic effects. Comparing 

the hemolysis results of the additive series to those of the 

plain defibrinated series is somewhat questionable since the 

osmotic environments were not equivalent. The xylitol series 

was conceived to alleviate this uncertainty. As stated 

earlier, xylitol is a non-metabolized, inert sugar with mem¬ 

brane transport properties close to those of glucose. Hence, 

the ATP curves of the defibrinated and xylitol series are 

essentially equivalent. The xylitol is added in the same 

molar proportion as glucose. Referring to Figure 16, the 

xylitol cells behave very much like the glucose cells, while 
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the defibrinated cells swell to a lesser extent. Referring 

to their hemolysis curves (Figures 5,17), it is apparent 

that they are roughly similar, i.e. the xylitol curves re¬ 

semble the defibrinated curves more closely than the glucose 

or ACD curves. A statistical analysis provides concrete evi¬ 

dence that the xylitol and defibrinated hemolysis curves are 

not statistically different. The only statistical discrep- 

ancy occurs at 1600 dynes/cm at the 25-29 hour period. Here 

the xylitol hemolysis is significantly (p < .05) lower than 

the corresponding defibrinated value. The supposed osmotic 

protective effect may be exerting itself at the low shear 

stress; it seems intuitively probable that a low shear stress 

is more discriminating to cell differences than the higher 

stresses, i.e. a sufficiently large shear stress will 

hemolyze 100 percent of the cells regardless of their pre¬ 

shearing condition (totally non-discriminatory). The xylitol 

and defibrinated cells are metabolically equivalent through¬ 

out incubation. The similarity of their hemolysis curves 

implies that the metabolic condition, i.e. the ATP level, is 

dominant to the osmotic effect. If the reverse was true, then 

the xylitol blood should suffer less hemolysis during the ini¬ 

tial 0-4 hour period. It does not; the defibrinated blood is 

not more prone to hemolysis. 

The other osmotic-evaluating series involved the ad¬ 

dition of the usual glucose solution to defibrinated blood 

which had incubated for 25 hours prior to glucose addition. 
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At 25 hours, the ATP concentration is essentially zero and 

as a consequence, the glucose cannot be metabolized by the 

cell. The ATP levels do not increase as a result of glucose 

addition; the only assumed effect of the addition is to 

lower the tonicity of the serum, i.e. to increase the cell 

volumes. The hemolysis curves for this series and for a de- 

fibrinated series from the same donor are presented in 

Figure 18. The largest percentage difference between the 

curves occurs at the lowest shearing stress. The late glu¬ 

cose hemolysis appears to be much lower than its defibri- 

nated counterpart. The paramount observation is that the 

late glucose curve mirrors the behavior of the xylitol curve 

during the same shearing period. They both differ substan¬ 

tially from defibrinated blood at 1600 dynes/cm^. The late 

glucose results corroborates the xylitol evidence which im¬ 

plied that the ATP protective effect was dominant to the 

osmotic protection. In addition, the late glucose results 

tend to confim the implication that the subordinate, osmotic- 

protective effect could only exert itself at the discrimi¬ 

nating, lower shear stress. 

The citrate and ACD cells swell almost identically. 

The only pertinent difference between the two environments is 

the lack of glucose in the citrated blood. This deficiency 

results in a minimal ATP level after 25 hours of incubation. 

Intuitively, one would expect that a comparison between their 

hemolysis curves would provide additional evidence concerning 
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the relative importance of the ATP level. Unfortunately, 

the information which emerges does not support the previous 

results. The comparable hemolysis time-curves are not sta¬ 

tistically different; the fundamental difference in ATP con¬ 

centration after incubation does not manifest itself as it 

did in the other series. The hemolysis pattern within the 

citrate series is decidedly anomalous with respect to the 

factors considered thus far. The differences between the 

citrate hemolysis curves are not due to osmotic effects 

since cell volume remains essentially constant during the 

30-hour incubation. The direction of hemolysis change is 

dependent upon the shear stress magnitude, and the hemolysis 

differences appear to be real (p < .05). If only the ACD 

and citrate series were performed, it could be rationally de¬ 

duced that the ATP concentration does not play a dominant 

role in shear stress-induced hemolysis. The only possible 

rationale available, in terms of the ATP/Ca++-hemolysis 

theory, is that the citrate not only chelates serum Ca++, 

HK 4* 
but it also effectively removes membrane-bound Ca . The 

calcium-poor membrane might then be highly deformable and 

not dependent upon the ATP concentration to sustain deform- 

ability. However, as previously stated, evidence exists 

which elminates the possibility of this proposed removal of 

membrane calcium by citrate. Only a stronger Ca++ chelator, 

such as EDTA, might possess this ability. 



5. Inter-Series Statistical 
Comparisons 
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The hemolysis curves of each of the series were sta¬ 

tistically compared to one another. Some of the comparisons 

have already been discussed in the previous sections. For 

completeness, the comparisons have been compiled and are 

shown in Tables 6-11. Table 6 presents the comparisons with 

defibrinated blood during the initial shearing period. The 

glucose, ACD, and citrate curves are, for the most part, sta¬ 

tistically different from the defibrinated curve, i.e. the 

defibrinated blood suffers greater hemolysis. This dif¬ 

ference is not due to osmotic effects since the xylitol curve 

does not significantly differ from the defibrinated curve. 

The ATP levels for this period are all essentially the same. 

Thus, the ATP-hemolysis relationship and the ATP/Ca++- 

hemolysis theory cannot explain the difference. 

It is conceivable that the large glucose concentra¬ 

tions in the glucose and ACD series exert a protective ef¬ 

fect. In a study previously discussed, Williams investigated 

the effects of various sugars upon shear stress-induced 

hemolysis. Erythrocytes were placed in a hypotonic solu¬ 

tion (194 millisosmoles/liter) containing a 20 millimolar con¬ 

centration of sugar. Certain sugars penetrate the erythro¬ 

cyte rapidly; D-glucose is one of these sugars. Due to the 

concentration gradient, glucose enters the cell which causes 

the cell to swell. For an initial 20 millimolar concentration 
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equilibrium is reached within 2 hours. It was discovered 

that glucose and certain other sugars increased the cell's 

resistance to hemolysis to a greater extent than anticipated, 

i.e. the increased resistance could not be due to simple 

osmotic swelling. The mechanism through which glucose 

exerts this extra protection is not known. This additional 

protective effect does not seem to occur when glucose is 

added to ATP-depleted cells; the late glucose addition curve 

in Figure 18 is not substantially different from the plain 

defibrinated curve. The significantly lower hemolysis in the 

glucose and ACD series during the initial shearing period 

may be attributable to this glucose protection effect. 

This protective effect does not explain the decreased 

hemolysis of the citrate series. Citrate cannot penetrate 

the normal membrane and therefore, any protective effect it 

exerts must physically take place on the membrane's exterior 

surface. The only presumed function of the citrate is the 

chelation of calcium ions in the serum. Again, the behavior 

of the citrate series is not well explained by the mechanisms 

discussed thus far. 

Table 7 presents the comparisons at the later shear¬ 

ing period. The decreased hemolysis in the glucose and ACD 

series can be attributed to their substantial ATP concentra¬ 

tions. The xylitol differs from the defibrinated series only 

at 1600 dynes/cm . As mentioned previously, this difference 

is thought to be due to the assertion of the osmotic effect. 
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The citrate series also shows significantly less hemolysis. 

Again, its protective mechanism is not known. 

Table 8 gives the comparisons between the glucose 

and the other series during the 0-4 hour period. There are 

no significant differences between the glucose, ACD, and 
2 

citrate series. At 2100 dynes/cm , an apparent difference 

exists between the glucose and xylitol series. As can be 

seen, the direction of the hemolysis difference between the 

two series is not consistent. The apparent statistical dif¬ 

ference may only be a manifestation of the relatively 

small xylitol sample size (4 samples). 

The hemolysis comparisons at 25-29 hours are given 

in Table 9. The glucose series produced significantly less 

hemolysis than the other series. The xylitol ATP level is 

nil and its hemolysis is correspondingly higher than the glu¬ 

cose level. The difference between the ACD and glucose 

series has already been discussed. To reiterate, the greater 

cell swelling in the glucose series is thought to account for 

the decreased hemolysis. The citrate hemolysis is signifi¬ 

cantly higher. This difference may be partially due to the 

combination of complete ATP depletion and a lower degree of 

osmotic swelling. 

The comparisons between the ACD and citrate series 

are given in Tables 10 and 11. The xylitol series will no 

longer be included since it behaves essentially like the de- 

fibrinated series. Surprisingly, there are no statistically 
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significant hemolysis differences in either shearing period. 

As mentioned earlier, the absence of glucose in the citrate 

series does not appear to be of relevance to shear stress- 

induced hemolysis. This comparison and the citrate intra¬ 

series comparison certainly indicates that the citrate so¬ 

lution possesses the ability to maintain the erythrocyte's 

resistance to hemolysis. Further enlightenment could be 

achieved by isolating and individually testing the components 

(sodium citrate and citric acid) in additional shear stress 

series. 

6. Blood Viscosity 

The shear rates used in this study are several orders 

of magnitude greater than the shear-thinning maximum of 

100 sec"'*'. Concomitant to these high shear rates is a sig¬ 

nificant amount of hemolysis, e.g. greater than 1 percent. 

Because viscosity is a function of the volume of intact 

cells, the viscosities calculated from the viscometer data 

reflect the degree of cell destruction. As the shear 

stresses increase, the apparent viscosity decreases due to 

the incurred hemolysis. Depending upon hematocrit, the blood 

viscosities measured in the present study were generally be¬ 

tween 3 and 4 centipoise. Also contributing to the apparent 

viscosity decrease at the higher shear stresses is the tem¬ 

perature rise due to viscous heating. The temperature effect 
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should be small. At 1600 dynes/cm , the temperature rise 

during the 2 minutes of shearing is only 1°C; at 3000 dynes/ 

cm , it is about 5°C. Thus, the highest blood temperature 

attained was approximately 31°C. 

Weed et ad. have shown that incubation of defibri- 

nated blood causes the viscosity to increase. The increase 

is presumably due to the decreased deformability of the in¬ 

dividual erythrocyte. In the incubation series of the 

present study, the viscosity at 25-29 hours was always 

greater than at 0-4 hours. The increase is due to several 

mechanisms; the dominant mechanism is dependent upon the spe¬ 

cific series. The viscosity increase in the glucose series 

is most likely due to the decreased hemolysis during the 25- 

29 hour period, i.e. the effective hematocrit is higher. In 

addition, the increased cellular volume may tend to increase 

the whole blood viscosity. In the defibrinated seris, the 

effective hematocrit is lower during the 25-29 hour shearing 

period due to increased hemolysis, and the increase in vis¬ 

cosity is largely determined by the decrease in membrane de¬ 

formability. The results of the other series can be ratio¬ 

nalized in the same manner. Presented in Table 12 are vis¬ 

cosity data for typical incubation series. A more detailed 

analysis of the viscosity trends would not be fruitful since 

there are a number of parameters, e.g. hematocrit, cell 

volume, pH, hemolysis, and temperature, which vary from one 

series to another. Any conclusion reached would be fraught 
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with uncertainty and stipulation. 

The shear-thinning characteristics of defibrinated 

blood samples were investigated on a rheogonimoeter, a sen¬ 

sitive cone-plate viscometer. The results are given in 

Table 13. To amplify the shear-thinning property, a high 

hematocrit (75%) was used. After 24 hours of incubation, 

the viscosity at the lowest shear rate has increased 3-fold. 

At the highest shear rate, there is little change after in¬ 

cubation. Although not analyzed, the hemolysis incurred 

during shearing at these low values is assumed to be negli¬ 

gible. These results agree well with those of Weed 

(31) et al. 



CONCLUSIONS 

1) The oxygen tension of blood collected in ACD was 

adjusted to extreme, non-physiologic levels. The hemolysis 

incurred by highly oxygenated (500 mm Hg) erythrocytes did 

not differ significantly from deoxygenated (10 mm Hg) eryth¬ 

rocytes. In general, the deoxygenated cells appear to 

suffer less hemolysis than their oxygenated counterparts 

although the difference is not statistically significant. 

2) Defibrinated blood with no additive suffered sub¬ 

stantially greater hemolysis after 24 hours of incubation. 

The hemolysis time-trend was consistent and statistically 

significant at the three shear stresses used, 1600, 2100, 

and 3000 dynes/cm . The hemolysis increase is correlated 

to a dramatic decline in the intracellular ATP concentration 

during incubation. 

3) Defibrinated-plus-glucose blood was less suscep¬ 

tible to shear stress-induced hemolysis after incubation. 

The hemolysis decline was statistically significant at all 

shear stresses. During incubation, the ATP level remained 

essentially constant, and the cells appeared to swell substan¬ 

tially. The hemolysis decline is attributed to the increased 

cell volume during the later shearing period. 

60 
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4) Defibrinated-plus-ACD blood was statistically 

stable with respect to hemolysis. After incubation, the 

ATP concentration was approximately 1/3 the initial value. 

Unlike in the glucose blood, the ACD cells did not exper¬ 

ience a volume change during incubation. The hemolysis sta¬ 

bility is thought to be due to the maintenance of a rela¬ 

tively large ATP concentration. 

5) Defibrinated-plus-citrate blood displayed 

anomalous hemolysis behavior. Its ATP level declined dras¬ 

tically during incubation just as in the plain defibrinated 

case. However, its hemolysis did not increase dramatically 

after incubation. Indeed, the hemolysis trend appears to be 

dependent upon the shear stress magnitude, i.e. consistent 

behavior was not observed. As in the ACD blood, the erythro¬ 

cyte volume remained stable. Thus, the hemolysis behavior 

is not well correlated to either the ATP concentration or 

the relative cell volume. An unknown protective mechanism 

appears to operate upon erythrocytes incubated in a citrate- 

containing medium. 

6) Adenosine addition to ATP-depleted cells restored 

the ATP concentration to near its initial level. Concomitant 

to ATP rejuvenation was a marked decline in hemolysis. 

7) In general, the ATP concentration appears to be 

more crucial to hemolysis resistance than relative changes in 

cell volume. Since other cellular changes accompany the de¬ 

cline in ATP concentration, the absolute effect of ATP 
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concentration upon hemolysis resistance can only be conjec¬ 

tured. 

8) Another study revealed that the cell membrane 

becomes more rigid as the ATP-to-Ca ratio declines in 

defibrinated-blood erythrocytes. If such a mechanism 

is applicable to the incubation series of the present study, 

then the relative hemolysis changes after incubation may 

be partially attributable to changes in membrane rigidity, 

i.e. as the membranes become more rigid they also become 

more susceptible to fatigue-induced hemolysis. 
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TABLE 1 

VISCOMETER DIMENSIONS AND 
PROPORTIONALITY CONSTANTS 

Cup I. D. (cm) 7.0000 

Bob D. (cm) 6.9723 

Couette gap (cro) 0.0139 

K (Bob D./cup I.D.) 0.9960 

6 c-p 0.23° 

0 c-c 0.19° 

Volume c-p section (cc) 0.35 

Volume couette section (cc) 2.15 

Volume c-c section (cc) 0.40 

Total sheared volume (cc) 2.90 

Top gap (cm) 0.0060 

Bottom gap (cm) 0.0016 

y/rpm (sec'Vrpm) 26.18 

Spring constant 23.08 

y: average shear rate 

Torq.: digital voltmeter output in m.v. 
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TABLE 2 

SOLUTION COMPOSITIONS 

Solution Composition per 100 ml solution 

Glucose 

Citrate 

ACD 

Xylitol 

Adenosine 

2.45 grams D-glucose (136 mM) 

2.20 grams sodium citrate dihydrate 

0.73 grams citric acid anhydrous 

2.45 grams D-glucose 

2.20 grams sodium citrate dihydrate 

0.73 grams citric acid anhydrous 

2.07 grams xylitol (136 mM) 

5.34 grams adenosine (200 mM) 

TABLE 3 

pH CHANGES DURING INCUBATION 

Time Period Glucose ACD Defibrinated Citrate Xylitol 

0-4 hours 7.8 7.2 7.8 7.3 7.7 

25-29 hours 6.8 6.8 7.6 6.9 7.4 
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TABLE 4 

CONSEQUENCES OF THE ATP/Ca++-HEMOLYSIS THEORY 

Series [ATP] 
Hemolysis 

Trend 

Expected 
Change in 
ATP/Ca++ 

Expected 
Ca+ Change 

glucose stable decrease increase decrease 

ACD moderate 
decrease 

stable stable moderate 
decrease 

citrate strong 
decrease 

stable stable strong 
decrease 

defibrinated strong 
decrease 

increase decrease increase 

xylitol strong 
decrease 

increase decrease increase 

TABLE 5 

CHANGE IN CALCIUM CONCENTRATIONS 
DURING INCUBATION 

d(I) d(I I) g(I) g(II) citrate xylitol 

1-5 hours .40,.42 .114 .47 .18 1.32 .28 

25-29 hours 4.52,1.70 .78 .25 .84 .90 4.07 

flnal 6.63 6.84 .53 4.66 .68 4.07 
initial [Ca ] 

units: micrograms/ml packed RBC 
d(I) : defibrianted, donor JH 
d(II) : defibrianted, donor GJ 
g(I) : glucose, donor FS 
g(II): glucose, donor WK 
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TABLE 6 

DEFIBRINATED VERSUS AT 0-4 HOURS 

Shear Stress Glucose Xylitol ACD Citrate 

1600 dynes/cm^ NS NS p<.05 pc.01 

df=21 df=16 df=20 df=19 

2100 pc.01 NS pc.01 pc.01 

df=16 df= 13 df=17 df=15 

3000 p<.01 NS p<. 01 NS 

df= 17 df=13 df=15 df=16 

TABLE 7 

DEFIBRINATED VERSUS AT 25-29 HOURS 

Shear Stress Glucose Xylitol ACD Citrate 

1600 dynes/cm^ pc.01 pc.05 pc.01 pc.01 

df=18 df=13 df=16 df=14 

2100 pc. 01 NS pc.01 pc.01 

df=18 df=ll df=19 df=17 

3000 pc.01 NS pc.01 pc.01 

df=16 df=13 df=15 df=14 

- : less hemolysis than comparable defibrinated category 

+ : more hemolysis than comparable defibrinated category 

degrees of freedom = total sample size - 2 

not statistically significant at the p < .05 level 

df 

NS 
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TABLE 8 

GLUCOSE VERSUS AT 0-4 HOURS 

Shear Stress ACD Xylitol Citrate 

1600 dynes/cm^ NS NS NS 

df = 15 df = 11 df = 14 

2100 NS p < .01 + NS 

df = 13 df = 9 df = 11 

3000 NS NS NS 

df = 12 
+ 

df = 10 
+ 

GLUCOSE 

TABLE 

VERSUS 

9 

AT 25-29 HOURS 

Shear Stress ACD Xylitol Citrate 

1600 dynes/cm^ NS + p < .01 + P < .01 + 
df = 16 df = 13 df = 14 

2100 p < . 05 + p < .01 + P < .01 + 
df = 13 df = 10 df = 11 

3000 p < .05 + p < .01 + P < .01 + 
df = 11 df = 9 df = 10 

- : less hemolysis than comparable glucose category 

+ : more hemolysis than comparable glucose category 

degrees of freedom = total sample size - 2 

not statistically significant at the p < .05 level 

df 

NS 
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TABLE 10 

ACD VERSUS CITRATE AT 0-4 HOURS 

Shear Stress Citrate 

2 
1600 dynes/cm NS 

df = 13 

2100 NS 

df = 12 

3000 NS 

df = 1 

TABLE 11 

ACID VERSUS CITRATE AT 25-29 HOURS 

Shear Stress Citrate 

2 
1600 dynes/cm NS + 

df = 12 

2100 NS + 
df = 12 

3000 NS + 
df = 9 

- : less hemolysis than comparable ACD category 

+ : more hemolysis than comparable ACD category 

df : degrees of freedom = total sample size - 2 

NS : not statistically significant at the p < .05 level 



TABLE 12 

BLOOD VISCOSITIES 

Shear Stress 0 -4 Hours 25-29 Hours 

Glucose hematocrit = 38.5 

1600 dynes/cm^ 3.17 cp 3.47 
2100 2.96 3.30 
3000 2.82 3.17 

Citrate hematocrit = 39.5 

1600 3.26 3.41 
2100 3.06 3.36 
3000 2.93 3.05 

Defibrinated hematocrit = 45. 

1600 3.67 4.08 
2100 3.60 4.02 
3000 3.47 3.72 

ACD hematocrit = 43 

1600 3.56 3.73 
2100 3.36 3.45 
3000 3.24 3.29 

Xylitol hematocrit - 34.5 

1600 2.83 3.07 
2100 2.67 2.95 
3000 2.59 2.68 
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TABLE 13 

RHEOGONIOMETER-MEASURED VISCOSITIES 

Defibrinated blood, hematocrit = 75 

Shear Rate (sec 6 Hours Incubation 30 Hours Incubation 

ATP - o 8° moles AlP u.az ml RBC ATP ■ °-10 srlfc 
0.2725 2.1 poise 6.4 poise 

0.4325 1.6 5.2 

0.8623 1.1 3.1 

2.725 0.64 1.5 

27.25 0.31 0.46 

272.5 0.21 0.18 



APPENDICES 

A. STATISTICAL ANALYSIS 

The statistical comparisons in this study were per¬ 

formed using the two-sided Student's t-test. The test de¬ 

termines whether the difference observed between sets of 

data can be attributed to random variation alone. Since 

there always exists the possibility that chance variations 

account for even large observed differences, a significance 

level is chosen in conjunction with the t-test. A signifi¬ 

cance level of p < .05 essentially means that there exists 

less than a 5 percent probability that the observed differ¬ 

ence is due only to random variation, i.e. 95 out of 100 

such comparisons will have authentic data differences. 

In performing these tests, it is implicitly assumed 

that the chance variations arise only from the idiosyncrasies 

of the shearing and analyzing processes. Each series con¬ 

sists of groups of shearing runs; each group utilized the 

blood of a different donor. Any performance differences be¬ 

tween the blood of different donors are ignored in the sta¬ 

tistical analysis. From the statistical perspective, donor 

variation does not exist. 
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B. HEMOLYSIS ANALYSIS 

The plasma hemolysis was determined by the cyan- 

methemoglobin method. The sheared blood sample is centri¬ 

fuged and the supernatant removed. The supernatant is fro¬ 

zen until the actual analysis can be made. Standard 

concentration curves are generated using a cyanmethemoglobin 

standard obtained commercially (Hycel, Inc.)> The standard 

is serially diluted with a cyanmethemogolbin reagent/ the cy¬ 

anmethemoglobin reagent can be made by adding 1.0 grams 

NaHC03, 50 mg KCN, and 200 mg K3(Fe(CN)6 to 1 liter of dis¬ 

tilled water. The absorbance of each diluted standard is 

measured on a spectrophotometer at a wavelength of 540 nm. A 

measured volume of a thawed plasma is then added to 2.5 ml of 

the cyanmethemoglobin reagent. This reagent oxidizes all he¬ 

moglobin forms to methemoglobin. The actual sample volume 

added to the reagent depends upon the extent of hemolysis, 

i.e. it is desirable to operate within a confident range of 

the standard curve. The prepared sample is placed in a cuvette 

which in turn is introduced into the spectrophotometer. A 

steady-state reading is recorded approximately 1 minute later. 

The total blood hemoglobin is determined in a similar 

manner. After adding 20 microliters of whole blood to 6.0 ml 

91 
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After this period, a steady reading is obtainable. Knowing 

the slope of the standard curve and the dilution ratios, 

the plasma and total hemoglobin concentrations can be calcu¬ 

lated. The percent destruction of the erythrocyte was cal¬ 

culated from the following equation: 

% Destruction 
(100-H)A mg% 
1000*Thb 

where H = hematocrit 

A mg% = difference in plasma hemoglobin levels between 

the sheared and zero-sheared samples, in milli¬ 

grams/100 ml plasma. 

Thb = total blood hemoglobin in grams/100 ml whole 

blood. 

Previous studies (Leverett, MacCallum) have used a 

modified benzidine method to determine plasma hemoglobin. 

This method was not used in this study due to the revelation 

that certain processes in the benzidine method are poten¬ 

tially hazardous. An explicit comparison of these two 

hemolysis techniques was not made. At worst, their results 

should at least be proportional to one another. Since only 

the cyanmethemoglobin method was used, the comparisons be¬ 

tween the different series of the present study are perfectly 

valid. 



C. ATP ANALYSIS 

During the course of an incubation series, the whole 

blood was periodically analyzed to determine its adenosine 

triphosphate (ATP) concentration. The technique used was 

developed in the laboratory of Dr. C. H. Brown, Baylor Col¬ 

lege of Medicine. The technique is an adaptation of a more 

general method. Other technique variations basically 

differ in their method of extracting ATP from the erythro¬ 

cytes; some of the extraction techniques appear to be more 

efficient than others, i.e. some produce higher ATP concen¬ 

trations .The present method exploits a natural 

phenomena, the bioluminescence of the firefly. The firefly’s 

lantern contains a luciferin-luciferase enzyme. Light emis¬ 

sion occurs upon mixing this enzyme system with ATP, i.e. the 

potential energy of the phosphate bonds is converted into 

visible light. The rationale of the technique becomes ap¬ 

parent; the ATP must first be extracted from the cells, and 

the extract must then be combined with a luciferin-luciferase 

solution. The light emitted, which is proportional to the 

ATP concentration, is then monitored by a liquid scintilla¬ 

tion spectrometer. 

In the present method, the ATP is extracted using 
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6 percent perchloric acid. The muddy suspension which re¬ 

sults upon the acid addition to the whole blood volume is 

centrifuged. The ATP-rich supernatant is removed and di¬ 

luted with distilled water. The extent of the dilution is 

based upon the operating range of the specific spectrometer 

being used. A volume of diluted sample is added to a scin¬ 

tillation vial containing a sodium arsenate-potassium phos¬ 

phate buffer. A volume of an ATP standard is similarly 

placed in a vial. The standard and the unknown samples are 

prepared in triplicate and stored at 4°C until the final step 

can be performed on the scintillation spectrometer. Gen¬ 

erally, the samples were analyzed within 48 hours of their 

initial extraction. The ATP level remains fairly stable for 

3 to 4 days at 4°C after which they begin to deteriorate. 

When a sufficient number of samples had accumulated, the 

spectrometric measurements were made. A volume of the fire¬ 

fly extract (luciferin-luciferase) was added to an individ¬ 

ual vial and a stopwatch was simultaneously activated. The 

vial was placed in the spectrometer and the light emission 

recording was begun at the 22-second mark. The spectrometer 

sums the light emission over an 8-second period and then dis¬ 

plays the result. The 22-second incubation period allows 

the light emission rate to peak. The ATP concentration 

within the erythrocytes can be calculated knowing the hemato¬ 

crit of the extracted blood volume, the volume of the extract¬ 

ing acid, the dilution ratio, and the spectrometric reading 
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obtained from the ATP standard. A detailed account of the 

procedure and of the chemical formulations can be found on 

the following page. 
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Measurement of Red Cell ATP 

Reagents 

store 4°C 

pH 7.4 

6% perchloric acid (HCIO^) 

Potassium phosphate buffer 
0.01 M K2HP04 
4 mM Mg S04 
adjust pH with 

Sodium arsenate buffer 
0.1 M Na arsenate 
40 mM MgS04 
adjust pH with H2S04, 

through Whatman #1 

store 4°C 

pH 7.4 

filter 
store 4°C 

2 yM ATP in Tris-saline 
+ 1 liter H20) 

(36.4 g Tris + liter 0.91 NaCl 
...pH 7.5, store 4°C... 

Firefly lantern extract (Sigma FLE-50) 

Procedure 

1. Collect 5 ml heparinized blood. 

2. Determine hematocrit. 

3. To one part whole blood add ( - 1) parts 
ice cold 6% perchloric acid. 

4. Centrifuge at 1435 x g for 5 min at 4°C. 

5. Dilute supernatant 1:4 with distilled H20. 

6. Add 5 ul of sample to scintillation vials already 
prepared with 2 ml of sodium arsenate buffer and 
2 ml potassium phosphate buffer. 

7. Run against 50 ul of 2 mM ATP as standard with 
Luciferase assay 

uM/ml RBC = unknown count 
standard count 2 (ATP std.) x .48 

(dil. factor). 

Normal value: approximately 1.5 uM/ml RBC. 



D. CALCIUM ANALYSIS 

Erythrocyte calcium concentration was determined 

using the method of Harrison and Long with slight modifica¬ 

tions. The method basically consists of ashing the 

erythrocytes and then extracting the calcium from the ashed 

residue. The analysis was performed upon sample volumes of 

3-5 ml of packed red blood cells. The packed cells were 

washed 3-4 times with several volumes of isotonic saline. 

The cells were separated from the washing supernatant by 

centrifugation. The buffy coat was aspirated and discarded 

in the washing process. It was necessary to carefully wash 

the cells because of the large concentration difference be¬ 

tween the erythrocytes and plasma. The plasma calcium con¬ 

centration in fresh blood is about 200 times greater than 

that in the red blood cell. The buffy coat is also a major 

source of contamination. When not removed, the apparent cell 

calcium concentration increased several-fold. Once the 

cells were washed, they were stored at 4°C until the analysis 

could be conveniently continued. The next step in the analy¬ 

sis was transferring the measured volume of packed cells to 

a 30 ml Vycor-glass crucible. The crucible was placed on a 

hot plate at a moderate temperature for 3 hours to evaporate 

all discernible water. The crucible was then placed in an 
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electric furnace for 3 hours at 250°C. Next, the tempera¬ 

ture was raised to 400°C and maintained overnight. The 

final ashing step was raising the temperature to 800°C for 

1 hour. When the crucible had cooled, 1 ml of constant¬ 

boiling HC1 was added to dissolve the residue. The acid 

solution was evaporated to dryness on a hot plate. The 

sample was then ready for calcium extraction. The extract¬ 

ing solution was ethanol-HCl (1:1 V/V). The 1-normal HC1 

contained 43.5 mM NaCl. The residue was extracted 3 times 

with 0.5 ml aliquots. Disposable 1.0 ml tuberculin syringes 

were used in the extraction process. The measured volume of 

the collected extract was then stored in a capped test tube 

at 4°C until the actual calcium analysis could be made on 

an atomic absorption spectrophotometer. The spectropho¬ 

tometer readings were calibrated by submitting ethanol-HCl 

solutions which contained known calcium concentrations. The 

crucibles were cleaned by boiling them in HC1 for 15-20 

minutes. They were rinsed in distilled-deionized water, 

dried on a hot plate, and sealed with Parafilm. 



E. REDUCED EXPERIMENTAL DATA 

1. Oxygen Series 

Shearing Time: 2 minutes Bottom gap: 0.015 mm 

Anticoagulant: ACD 

Average Temperature Rise: 1600 dynes/cm^ - 1°C 
3000 dynes/cm^ - 4°C 

Initial Temperature Range: 21° - 25°C 

Sample Volume: 2.5 cc (cone-plate + couette volumes) 

Donor: GJ 
Date: August 9, 1974 

Shear Stress 
(dynes/cm^) % Hemolysis 

Oxygen Tension 
(mm Hg) Number of Runs 

1000 0.82 474. 2 
1600 1.73 323. 3 
1000 0.93 11.3 2 
1600 1.85 12.1 2 

Donor: 
Date: 

WK 
August 16, 1974 

Shear Stress Oxygen Tension 
(dynes/cm2) Hemolysis. . (mm Hg). Number of Runs 

1600 1.71 510. 5 
3000 17.1 527. 5 
1600 1.45 2.9 5 

. . .3000 . . . . 14.9 2.1 4 
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Donor: JH 
Date: September 6, 1974 

100 

Shear Stress 
(dynes/cm^) % Hemolysis 

Oxygen Tension 
(mm Hg) Number of Runs 

1600 4.41 539. 2 
3000 17.6 528. 2 
1600 2.14 2.6 2 
3000 14.9 1.4 2 

Donor: FS 
Date: September 27, 19 74 

Shear Stress Oxygen Tension 
(dynes/cm2) % Hemolysis (mm Hg) Number of Runs 

1600 1.07 534. 4 
1600 1.59 1.4 4 
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2. Incubation Series 

Shearing Time: 2 minutes Bottom gap: 0.03 mm 

Anticoagulant: defibrination 

Average Temperature Rise: 1600 dynes/cm - 1°C 
2100 dynes/cm^ - 2°C 
3000 dynes/cnr - 4°C 

Initial Temperature Range: 21° - 25°C 

Sample volume: 1.5 cc (couette volume) 

a. Defibrinated Series 

Shear Stress 
Shearing Period (dynes/cm^) % Hemolysis Number of Runs 

Donor: JH 
Date: February 20, 1975 

0-4 hrs 1600 1.63 2 
25-29 hrs 1600 11.6 2 
0-4 3000 17.7 2 

25-29 3000 29.8 2 

Donor: JH 
Date: March 5, 1975 

0-4 hrs 1600 0.83 3 
25-29 1600 10.3 2 
0-4 3000 20.7 2 

25-29 3000 29.2 2 

Donor: WK 
Date: March 25, 1975 

0-4 hrs 1600 1.04 2 
25-29 1600 12.2 1 
0-4 2100 12.4 1 

25-29 2100 19.4 1 
0-4 3000 25.7 1 

25-29 3000 44.3 1 
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Defibrinated Series (con’t) 

Shearing Period 
Shear Stress 
(dynes/cm^) % Hemolysis Number of Runs 

Donor: GJ 
Date: April 15, 1975 

0-4 hrs 1600 0.81 2 
25-29 1600 10.7 2 
0-4 2100 12.1 1 

25-29 2100 16.2 1 
0-4 3000 16.4 2 

25-29 3000 29.8 2 

Donor: FS 
Date: May 6, 1975 

0-4 hrs 1600 2.10 3 
25-29 1600 5.45 2 
0-4 2100 8.2 2 

25-29 2100 10.2 4 
0-4 3000 19.0 2 

25-29 3000 16.2 2 

Donor: GA 
Date: June 5, 1975 

0-4 hrs 1600 1.09 2 
25-29 1600 5.6 1 
0-4 2100 3.57 2 

25-29 2100 11.2 2 
0-4 3000 18.3 2 

25-29 3000 18.6 2 

Donor: WK 
Date: June 11, 19 75 

0-4 hrs 2100 6.71 5 
25-29 2100 13.6 5 
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b. Glucose Series 

Shear Stress 
Shearing Period (dynes/cm2) 

Donor: JH 
Date: April 2, 1975 

0-4 hrs 1600 
25-29 1600 
0-4 2100 

25-29 2100 
0-4 3000 

25-29 3000 

Donor: GA 
Date: April 8, 1975 

0-4 hrs 1600 
25-29 1600 
0-4 2100 

25-29 2100 
0-4 3000 

25-29 3000 

Donor: FS 
Date: April 22, 19 75 

0-4 hrs 1600 
25-29 1600 
0-4 2100 

25-29 2100 
0-4 3000 

25-29 3000 

Donor: WK 
Date: April 24, 1975 

0-4 1600 
25-29 1600 
0-4 2100 

25-29 2100 
0-4 3000 

25-29 3000 

% Hemolysis Number of Runs 

0.69 2 
0.78 2 
3.6 1 
1.56 1 
12.4 1 
4.29 1 

0.36 2 
0.41 2 
1.01 2 
0.57 2 
6.67 2 
2.73 1 

1.35 3 
0.51 3 
4.26 2 
1.22 2 
12.4 3 
6.16 3 

1.04 2 
0.53 3 
4.08 2 
1.06 2 
18.4 2 
6.41 2 
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c. ACD Series 

Shearing Period Shear Stress 

Donor: GA 
Date: March 11, 1975 

0-4 hrs 1600 
25-29 1600 
0-4 2100 

25-29 2100 
0-4 3000 

25-29 3000 

Donor: JH 
Date: May 28, 1975 

0-4 hrs 1600 
25-29 1600 
0-4 2100 

25-29 2100 
0-4 3000 

25-29 3000 

Donor: BM 
Date: June 3, 1975 

0-4 1600 
25-29 1600 
0-4 2100 

25-29 2100 
0-4 3000 

25-29 3000 

% Hemolysis Number of Runs 

0.40 2 
0.43 2 
0.91 2 
0.96 2 
5.55 2 
4.20 2 

0.68 3 
0.68 3 
2.62 3 
1.64 3 
17.5 2 
9.89 2 

0.86 3 
I. 00 3 
3.81 3 
2.66 3 
12.3 2 
II. 4 2 
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d. Citrate Series 

Shearing Period Shear Stress % Hemolysis Number of Runs 

Donor: WK 
Date: April 10, 19 75 

0-4 hrs 1600 0.37 2 
25-29 1600 0.84 2 
0-4 2100 2.31 2 

25-29 2100 1.81 2 
0-4 3000 17.5 2 

25-29 3000 9.86 1 

Donor: JH 
Date: April 17, 1975 

0-4 hrs 1600 0.87 2 
25-29 1600 1.36 2 
0-4 2100 4.13 2 

25-29 2100 3.76 2 
0-4 3000 15.8 2 

25-29 3000 13.8 2 

Donor: GA 
Date: April 29, 1975 

0-4 hrs 1600 0.48 3 
25-29 1600 0.82 2 
0-4 2100 1.39 2 

25-29 2100 2.20 2 
0-4 3000 13.9 3 

25-29 3000 7.16 2 
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e. XylitoT Series 

Shearing Period Shear. Stress %. Hemolysis Number of Runs 

Donor: WK 
Date: May 15, 1975 

0-4 hrs 1600 0.65 2 
25-29 1600 4.11 2 
0-4 2100 6.19 2 

25-29 2100 9.80 2 
0-4 3000 20.9 2 

25-29 3000 18.2 2 

Donor: GJ 
Date: May 20, 1975 

0-4 hrs 1600 1.02 2 
25-29 1600 6.02 3 
0-4 2100 7.91 2 

25-29 2100 10.5 3 
0-4 3000 14.5 2 

25-29 3000 15.2 2 

f. Adenosine Series (Adenosine added at 24.5 hrs) 

Shearing Period Shear Stress % Hemolysis Number of Runs 

Donor: WK 
Date: March 25, 1975 

0-4 hrs 1600 1.04 2 
25-29 1600 4.20, 12.2* 1, 1* 
0-4 2100 12.4 1 

25-29 2100 13.8, 19.4* 1, 1* 
0-4 3000 25.7 1 

25-29 3000 26.7, 44.3* 1, 1* 

*No Adenosine 
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g. Delayed Glucose Series 
(Glucose added at 25.5 hrs) 

Shearing 
Period : Shear Stress % Hemolysis Number of Runs 

Donor: JH 
Date: May 13, 1975 

0-4 hrs 1600 1.99 1 
25-29 1600 5.83 2 
0-4 2100 5.39 2 

25-29 2100 18.1, 25.3* 2, 2* 
0-4 3000 23.1 1 

25-29 3000 28.5 2 

*No glucose 

Donor: GA 
Date: May 22, 1975 

0-4 hrs 1600 0.33 
8.1+, 6.3* 

1 
25-29 1600 3.4+, l+> 1+, 1* 
0-4 2100 2.34 

16.0+, 15.5* 
1 

25-29 2100 2.6+, 1+, 1+, 1* 
0-4 3000 9.98 

24.1+, 21.9* 
1 

25-29 3000 5.6+, 1+, 1+, 1* 

+Glucose added at 7.25 hrs 
^Glucose added 
*No glucose 

at 11.5 hrs 
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