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HE rapid development of new plastic polymers and their immediate, sometimes 
regretfully early, application in cardiovascular surgery have brought up 

once more the problem of compatibility between blood and foreign surfaces. The 
manufacturers of plastics with their technologic facilities have almost succeeded 
in producing materials that would satisfy the classic standards of strength, elasticity, 
chemical inertness, biologic acceptability, water repellency, and smoothness. Ex-
perimental testing on animals and clinical application of these materials have given 
some fair and many disappointing results. If a truly imaginative application of 
plastics in cardiovascular surgery is to come, then a thorough study of the basic 
characteristics of blood vessels, blood, and hemodynamics should give us some 
understanding about the process that occurs when blood comes in contact with 
a plastic. This paper represents an effort to review and to coordinate some well-
known data from the literature. 

For many years the smoothness and nonwettability of intima were considered 
to be responsible for the minimal friction of the circulating blood and, conse-
quently, to be the defense against intravascular clotting. Later investigations of 
Samuels and Webster,1 have produced evidence of an active reaction of the intima 
to physical and chemical damage, and the close relationship of this reaction to 
the thrombotic process. It has been found that at the beginning of the injury or 
when injury is not great, the cells of the intima do not change morphologically, 
but that fibrin and platelets temporarily adhere firstly to the intercellular lines and 
later cover the cells with a thin film. When the dimage progresses or when it is 
great initially, the intercellular lines enlarge, the cells become vacuolated and 
separated, and fibrin is increasingly deposited over the area of cellular desqua-
mation. While these morphologic changes described by Samuels and Webster1 can 
be the results of the direct injury to the cells of the intima, O'Neill2 has explained 
them as the consequences of impaired nutrition through the vasa vasorum. 

The intercellular lines of the intima, their existence, nature, and function were 
the object of many investigations. Recent application of electron microscopy by 
Florey, Poole, and Meek3 revealed that there is no definite anatomic structure 
corresponding to the previously suggested intercellular cement of the normal 
intima, and that the overlapping of cell edges or cell junctions can give under the 
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ordinary microscope the impression of an amorphous substance. Chambers and 
Zweifach* have observed that the area in between cells, at that time still called 
"intercellular cement," undergoes changes with decrease in blood flow or damage 
to perivascular tissue. Ohta and associates5 have found that after injury, heparin-
like metachromatic granules appear in the enlarged intercellular spaces, but that 
the further advance of injury inhibits the production of granules. They, as well 
as the other authors, have observed in experimental animals that histamine, dex-
tran, peptone shock, and heparinization produce more of the metachromatic 
substance.''6 The perivascular localization of the mast cells and the diffusion of 
granules from them into the intima is the explanation suggested by McGovern4 

and Riley,7 but the fact that mast cells are not found around all vessels has led to 
the conclusion that the cells of the intima themselves might be able to secrete 
heparin-like substances under various conditions of stress.5 

Thrombosis and Electric Phenomena on the Intima 

Sawyer and Pate8 were among the first investigators to explore the electric 
phenomena that appear on normal and injured blood vessels. In their many in vivo 
experiments that have been repeated under various conditions the existence of 
the potential difference between the normal undamaged intima and the adventitia 
has been established; the intima is electronegative up to 5 mv. This potential 
difference and the electronegativity of the intima can increase for a short time at 
the beginning of injury.9 Later, when injury—piercing, transection, or crushing— 
advances in intensity and duration, the potential difference decreases, disappears, 
or reverses and the intima becomes electropositive up to 10 mv.8 Fresh blood 
vessels kept in vitro retain their normal potential differences for about one hour 
after extirpation; then the electronegativity of intima decreases, disappears, and 
after five hours it repeatedly shows electropositivity.10 Not only do the potential 
changes of the injured vessel correspond to the degree and the duration of injury, 
but the appearance and extension of the subsequent thrombosis in them are also 
closely related to the amount and the duration of the injury current.9 Follow-up 
studies of fresh homografts of the abdominal aorta in dogs showed, too, that an 
increased electropositivity of the intima of the graft is always present together 
with thrombosis and infection.8 

While the decrease and the reversal of the differences in normal electric potential 
of blood vessel wall have been found to be closely related to injury and thrombosis, 
it was noticed, too, that injury to perivascular tissues influenced the normal po-
tential differences of blood vessels in a similar fashion, even when the blood 
vessel itself was spared.8 Once more, the extent of thrombosis was directly related 
to the severity of the perivascular injury, the duration of the injury, and the di-
ameter and wall thickness of the vessel.'1 Attempts to create around blood vessels 
an electric field of a magnitude similar to that of the previously determined currents 
of injury, have resulted in values of "thrombotic" current close to the current of 
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injury, 20 jua.12 In other experiments in which enzymatic action of thromboplastin 
of injured tissue was prevented by shielding the intact blood vessel with a dialyzing 
membrane, electric or ionic factors or both were demonstrated in the pathogenesis 
of thrombosis resulting from perivascular injury." The reproducible occurrence 
of thrombosis in that part of a blood vessel that i > electrically made positive has 
established electric thrombosis as one of the most reliable methods for the stand-
ardized experimental production of intravascular clotting.U / 15 Moreover, the 
ability of a positive electrode to induce occlusion of small blood vessels by thrombi 
has been successfully used as a hemostatic tool in a limited number of surgical 
patients with the postoperative complications caused by defects of the blood-
clotting mechanisms.14 

At the same time when the described injury carrents of the vascular wall or 
perivascular tissues were related to intravascular clotting of blood, it was demon-
strated, too, that in an injured vessel the thrombosis could be totally or partially 
prevented, if the vessel was negatively charged with the passage of the ejectric 
current of low voltage and amperage of the same o rder of magnitude as the injury 
current.17' 18 On the other hand when a vessel is shielded from the injured peri-
vascular tissues with an insulator, the appearance of mural thrombi is not so fre-
quent, and only low injury potential differences were measured between the intima 
and the surrounding points of injury.19 Schwartz and Richardson20 have negatively 
charged intravascular stainless steel tubes, and kept them, free of thrombi for from 
1 to 12 hours during the passage of current. It is not easy to explain why in their 
experiments the application of negative charges produced a prolonged (up to 
72 hours) antithrombotic effect after the current had been discontinued. The 
application of currents of higher voltage by other investigators did not prevent 
the occurrence of thrombi in damaged blood vessels, and on the basis of the 
histologic changes probably damaged the vascular wall.21 With the advance and 
improvement of experimental technics, the previously found magnitudes of po-
tential differences on normal and injured vessels will stand corrections, but the 
highly reproducible finding of the electronegativity of the normal intima, and re-
versal of polarity after injury must be considered i.s basically correct. 

Recent and still incomplete experimental data about the origin of electric 
phenomena on blood vessels indicate that the metabolic processes in the intima 
or in the wall may be directly responsible for the electronegativity of intima, the 
existence of potential differences, and for their changes following trauma.11 The 
existence of an active flux of sodium and chloridi; ions across the blood vessel 
wall was demonstrated with radioactive sodium and chlorine. In the aorta the flux 
has the direction from the intima toward the adventitia, with a net efflux of sodium 
ions, and a small excess of negative ions, usually chloride, on the side of the intima. 
The flux of ions across the wall of the vena cava has still unexplained direction— 
from the adventitia toward the intima—but it consists of a net influx of chloride 
ions, which creates a similar excess of electronegativity on the intima. The flux 
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across the vena cava five to six times higher than across the aorta is explained on 
the basis of the thickness of the aortic wall. A flux of potassium ions could not 
be detected in these experiments, and the measurements have not yet been per-
formed on injured, thrombosed, or atherosclerotic vessels. An increase in tem-
perature results in an immediate increase of the flux, and the increase per degree 
centigrade is surprisingly close to the increase of the metabolic rate in general. As 
long as the temperatures are kept within the physiologic range the direction of 
fluxes does not change.22 Anoxia increases the net flux at the very beginning, but 
it is immediately followed with a reduction, disappearance or reverse direction of 
fluxes with the net influx of positive ions across the wall of the aorta.23' 2 4 All 
these experimental data are encouraging the assumption that the active metabolic 
process in the intima or blood vessel wall are maintaining a certain normal, throm-
bosis-preventing potential difference with the intima electronegative. 

It is interesting to analyze some experimental data that might be important to 
the explanation of the anticoagulant effect of heparin in the light of bioelectric 
phenomena. As mentioned before, at the beginning of injury there is a coinciding 
increase of heparin-like substance in the intercellular cement,5 and a sharp tem-
porary increase of the electronegativity of the intima.9 Heparin is a mucopoly-
saccharide with a higher static electronegative charge than that of any other organic 
compound in the animal body.25 When it is injected it increases the electronega-
tivity of intima in respect to adventitia,18 and when it is given before the extirpation 
of vessels it protects the ionic fluxes against the effect of anoxia." With these 
facts in mind it is understandable why the effects of heparin are limited if it is 
not applied at the very onset of thrombosis or if the other thrombus-promoting 
conditions, injury, stasis, anoxia, are persisting.21' 24 Heparin is capable of pre-
venting the experimental "electric" thrombosis in positively charged blood vessels, 
even when the administration of Dicumarol* and low levels of prothrombin do 
not have a significant anticoagulant effect.'5, 18 

Bioelectric Properties of Blood and Blood Flow 
The existence of the negative electrostatic charges on the surface of red blood 

cells is a well-established fact:2 7 under normal physiologic conditions it is a con-
stant for a species; it ranges in different species from -7.0 to -21.1 mv.;2 8 and 
its volume is progressively decreased with the age of subjects.29 The origin of the 
negative charge is not yet clear. For the white blood cells, it has been found that 
in an electric field of low strength they move toward the anode, even faster than 
do the red blood cells.27, 3 0 This may be one explanation for the migration of 
polymorphonuclears toward the electropositive foci of injury, anoxia, or inflam-
mation.27 ' 31 The surface of platelets contains negative electrostatic charges of 
the same strength as that of the white blood cells, causing the platelets to move 
"with the same speed toward the positive pole during the electrophoresis.27 The 

*Bishydroxycoumarin, Wisconsin Alumni Research Foundation. 
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presence and importance of platelets for the triggering of the normal clotting of 
blood (platelets being one of the richest sources of thromboplastin) is challenged 
by the evidence that the clotting of plasma from which the platelets have been 
removed as well as possible can be started and accomplished in vitro, where the 
surface properties of different containers have a definite influence upon the length 
of the clotting time.32 ' 3 3 Even though the platelets may not initiate the fibrin 
formation, they play an essential role in the late: retraction of the clot.34 The 
passage of the electric current through the solution of fibrinogen, results in accu-
mulation of fibrin on the positive electrode.16 

The static negative electric charge on molecules of blood proteins is the basis 
of the everyday application of electrophoresis in clinical laboratories. The negative 
charges per unit of surface of protein molecules vary for different plasma proteins. 
Certain animal species with higher concentration:; of globulins and fibrinogen, 
molecules with lower mobility, also have higher negative electrostatic charges on 
the red blood cells.27 I f one considers blood as a suspension of electronegatively 
charged cellular elements in the colloidal solution of hydrophylic electronegatively 
charged proteins, then it seems appropriate to expect that the local or general 
changes in pH, electrolytes, and concentration of various protein fractions will 
affect the stability of the suspension by altering i:he magnitude of charges and, 
consequently, will increase the tendency of parti :les to adhere together (faster 
sedimentation rate and rouleaux formation) or to the surface of the intima. 

In spite of the firmly established gross relationship between the hemodynamics 
and the occurrence of a thrombus, there is a complete absence of data about the 
electric differences and ion fluxes in the blood vessel wall during hemodynamic 
changes. The intima reacts to the acute and excessive decrease in blood flow rate 
with an increased production of the intercellular material,4 and there is a temporary 
maintenance or increase of the electronegativity o: its surface,9 but these pheno-
mena are not intercorrelated yet, nor has the real importance of the acute flow re-
duction been determined. The striking importance of turbulence for the triggering 
and promoting of an acute thrombotic occlusion was described after the early 
experimental implantation of vascular prostheses with a "positive or negative" 
disproportion in diameters between the prostheses and host vessels,35, 36 but the 
possible existence of bioelectric phenomena at thes e localizations was not investi-
gated. Certain anatomic structures in the arterial vascular tree, with the constant 
production of eddy currents at these parts, were described as the points of pre-
dilection for the occurrence of thrombosis,37, 3 8 but the ion fluxes of these seg-
ments also have not been measured. 

Plastics 
During the last hundred years an abundant volume of work has been done to 

create material with surface properties similar to those of the intima of blood 
vessels. The smoothness of the intima was the property of the intravascular lining 
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first to impress investigators; it was considered to be the most important quality 
for the prevention of thrombosis under physiologic conditions.3' A rough surface 
had a destructive effect upon platelets, and consequently blood clotting time in 
rough-surfaced test tubes was shortened/0 The original significance of this fact 
suffered greatly, since only a slight prolongation of clotting times occurred in test 
tubes with certain highly polished surfaces such as glass, methylmethacrylate, 
polyethylene, stainless steel.41 Moreover, early postoperative thrombosis appeared 
in smoothly lined experimental vascular prostheses of polyurethane, nylon, poly-
vinyl, polyethylene, and methylmethacrylate.42, 4 3 Technically it is not possible 
to obtain the same degree of smoothness on all surfaces. 

Nonwettability was the other attribute of the intima which was considered to 
be of essential importance for the prevention of intravascular blood clotting, 
along with a possibly erroneous assumption that a water-repellent surface would 
necessarily be blood-repellent.39' 4 3 - 4 5 However, the length of times of clotting, 
in test tubes of various materials, could not be directly related to a coefficient of 
wettability as measured by the size of contact angles between the water and surfaces 
of these materials.44' 4 7 Furthermore, experimental vascular prostheses made of 
water-repellent materials were occluded by thrombi after their implantation into 
the animal body.43 

The advance of knowledge about the static electronegative charges on blood 
cells and proteins has led to the hypothesis that some materials (glass or stainless 
steel) contain ionic "active" surfaces. These surfaces activate or adsorb and con-
centrate a substance from plasma in the sufficient amount for the initial steps of 
blood clotting or thrombosis to take place; whereas electric nonconductivity of 
methylmethacrylate and paraffin should prolong the blood clotting time.33 , 4 8 - 5 0 

The thrombosis that occurs in vascular prostheses made of nonconductive plastics 
has challenged the value of this hypothesis.42' 4 3 

When no thrombi developed in the vascular prostheses made of woven or 
knitted plastic filaments of nylon, orlon, dacron, teflon, and other materials, despite 
the fact that neither the polymers nor the prostheses satisfied any of the previously 
mentioned standards, it was discovered that the internal surface of a graft should 
have a certain roughness or porosity, to offer a suitable basis for fixation of a fibrin 
layer. 4 3 / 5 1 - 5 4 Other possible mechanisms for the protective function of the porosity 
are not yet clearly explained. One would not have predicted this result; the pros-
theses accumulate locally a great number of platelets;55 porosity and fibrin are 
conductive for the thrombus-promoting injury currents from the perivascular 
tissues after surgical implantation; and, although the differences of electric poten-
tials between this layer and the surrounding tissues are not reported, it should 
not be expected that the fibrin film itself could be electronegative immediately 
after its formation. It is likely that the real and sole reason for the good results of 
these prostheses, besides, perhaps, a still unexplained role of the fibrin layer, lies 
in the favorable hemodynamic conditions, because the results are only good as 
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long as the diameters are larger than 4 mm., anc prostheses are implanted in a 
straight, fixed position. A decrease in diameter belc w 4 mm., an increase in length, 
and a sharp angulation are followed.by failures. A similar explanation could be 
given for the satisfactory results with freeze-dried homografts. Immediately after 
the operation they are electroneutral, and a normal electronegativity appears about 
20 days postoperatively if infection and thrombosis do not occur.8 Results with 
homografts do not surpass those with plastic porous prostheses. Their usefulness 
lies in the supporting role of collagen, a polymer of animal origin. 

The significance of hemodynamic conditions is even more evident in the case 
of the intracardiac implantation of plastic materials.56 When the strips of plastics, 
2 cm. long and 1 cm. wide, were sutured to the internal surface of the right atria 
of dogs, thrombi covered them regardless of the lature of material and smooth-
ness of the surface. After implantation the throm 3us was largest during the first 
week, later decreasing in size, and after 20 days it was organized and formed a 
smooth, thin, transparent membrane. To avoid dire ct contact with the suture lines, 
plastic materials were mounted only in the middle portion of a 4 cm. long and 
1 cm. wide stainless steel frame, and a different result was observed. Thrombi at 
the suture lines were small and organized, and t ley could not extend over the 
plastic. When the plastic had smooth surfaces thsy stayed free of thrombi, and 
when their surfaces were rough an envelope of thrombus was deposited directly 
from the blood stream. From these data it was concluded that the points of turbu-
lence with stagnating blood flow near the suture lines were the sources of thrombi, 
and that inside the heart (if not in the aorta) smooth surfaces not containing the 
foci of microturbulence will remain free of thrombi if exposed to the high-velocity 
blood flow. The clinical performance of the present ball valve as the successful 
valvular prosthesis with low resistance to the blood flow and high-velocity flow 
over almost all parts, has confirmed the above-mentioned conclusions.57, 5 8 

Gott and associates59, 60 performed experiments with plastics coated with a 
solution of colloidal graphite. They assumed tha: this substance might prevent 
the occurrence of thrombosis in intravascular tubular implants, by making their 
surfaces smooth, by dissipating any possible positive charges that would appear 
on the surface, and/or by a small negative charge on the graphite surface. Short 
and smooth plastic rings covered with colloidal graphite and implanted into the 
inferior vena cava of dogs stay free of thrombus for up to four hours. Our eight-
day trials with longer, narrower, implanted tubes coated with the same solution of 
colloidal graphite did not result in protective action of graphite, nor did the in-
sertion of the graphite cloth into the right hearts of animals produce less throm-
bosis than did knitted teflon.61 These contradictory data indicate that the action 
occurring at the interface between graphite and biood deserves further attention. 

Blood—Plastic Interface and Compatibility 

The determination of the clotting time of blcod or plasma in tubes and/or 
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intravascular or intracardiac implantation of plastics have been the main if not 
the only technics for the determination of compatibility of blood with "foreign 
surfaces." The inadequacies of these two methods for the investigation of phe-
nomena at the blood — plastic interface may be the cause of the contradictory 
evidence of the past. 

The length of time of the in vitro blood clotting is a function of: the existing 
blood-clotting system in the animal; its damage during sampling; surface proper-
ties of the material of the container. Trauma of still crude technics of blood sampling 
initiates the blood-clotting process before the sample reaches the container. When 
the sample reaches the test tube, only a thin film of blood is in close contact with 
the test tube walls, and the surface properties of the material cannot influence the 
clotting process that is advancing in the other parts of the specimen under rather 
favorable conditions of anoxia and standstill. Moreover, it is difficult to distinguish 
whether or not, or to what extent the surface of the container influences the progress 
of blood clotting. It is hard to believe that improvements in the present technics 
of the clotting time test, such as less traumatic sampling, smaller and thinner 
containers, maintenance of adequate environmental temperature and humidity, 
adequate agitation and oxygenation of samples, could give us a much better 
understanding of the surface properties of materials. 

The intravascular or intracardiac implantation of plastics offers some advantages 
over the blood-clotting test. In these experiments the material is usually placed in 
the position of its future application, and blood is flowing over it with more or 
less unimpaired hemodynamics. Beside this improvement the technic has many 
handicaps. The most important drawback of in vivo procedures is that they give 
only good or bad end results (plastics are not or are covered with thrombus), but 
they teach us nothing about the phenomena that occur at the blood — plastic 
interface and influence the final outcome. 

The limitations of the above-mentioned methods have led to the study of 
surface properties of various materials through a determination of their zeta po-
tentials. The streaming potential that can be measured as a fluid passes over the 
surface of a material, can be related to the magnitude of zeta or electrokinetic 
potential by the equation of Helmholtz:62 

Z R D P * 
S = • 

4 IRIJ 

Early work with this sensitive method was performed with capillaries of various 
materials, and dilute saline, potassium chloride, or plasma as fluids, it being assumed 
that higher concentration of electrolytes or presence of colloids would result in 

*S = streaming potential, millivolts; Z = zeta potential, millivolts; R = resistivity of fluid, esu; D = 
dielectric constant of fluid; P = pressure drop across capillary, dyne cmy = viscosity of fluid, poise. 
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low and practically insignificant values of zeta potential.47' 4 3 Subsequent modifi-
cations of the apparatus and technic permitted the use of undiluted fluids and 
whole blood.44 It has been found that materials such as glass, quartz, polyethylene, 
polystyrene, sulfonated polystyrene, or glass coated with colloidal graphite, as 
tested with saline or Ringer lactate have well-defined, reproducible, individually 
different values of zeta potential. The values ranged from -15 to -31.5 Mv., and 
the highest electronegative zeta potential was recorded with sulfonated poly-
styrene. When the same materials were tested with fresh or heparinized blood, 
plasma, or serum the magnitude of zeta potential dropped close to zero in the 
fraction of a second, and significant difference between various materials disap-
peared. It seems that the zeta potential is almost immediately abolished by the 
deposition of a layer when a protein-containing fluid is passed through the capillary. 
As a working hypothesis we assume that this coat is either fibrin or globulin; 
thus it is unlikely that the zeta potential itself has the ability to prevent the occur-
rence of thrombosis on plastics. However, a profile 3f the zeta potential in relation 
to time, when plastics are perfused with diluted sol ations of plasma proteins, may 
teach us something about the very first phenomena that occur when blood comes 
in contact with plastics. 

Conclusion 
The existence of bioelectric phenomena in the walls of blood vessels has been 

repeatedly demonstrated, through the potential cifference between the normal 
intima and adventitia; the intima is electronegative. Experimental data suggest 
that the metabolism of the blood vessel wall or intima may be responsible for 
maintaining the potential difference. Moreover, a decrease, disappearance, or re-
versal of potential difference is related to the occurrence of thrombosis in blood 
vessels. There is no known relation to the morphologic changes in the intima 
during the thrombotic process. Exposure of an injuied blood vessel to the negative 
pole of a low-voltage battery has prevented thronbosis. It is likely that future 
improvements of apparatus and experimental technics will yield different and more 
exact values for voltages of "normal" and "thrombotic" potential differences, 
but it is equally likely that the principle of a direct correlation between the electro-
positivity and thrombosis will stand the test of time. 

Present-day plastic materials do not match the surface properties of the normal 
intima, when the surface of the plastics are not exposed to ideal hemodynamic 
conditions of undisturbed high-velocity flow. Curtent technics for the study of 
the blood—plastic interface, in vitro clotting time and in vivo implantation, are 
inadequate to reveal the phenomena that occur a: the interface. It is our hope 
that the determination of the profile of zeta potential in relation to time, determined 
with various prosthetic materials when brought in contact with blood fractions, 
will enable us to learn about the changes that appear at the blood—plastic inter-
face at the very inception of thrombosis. 
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