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BACKGROUND Although a great deal of attention has been 
directed to the risk factors for atherosclerotic coronary artery 
disease, relatively little research has been focused on the role of 
the circulating blood itself. 

OBJECTIVES To review the possible role of increased plasma 
viscosity and decreased cellular deformability in the pathogenesis 
of atherosclerotic coronary artery disease. 

SUMMARY Increased plasma viscosity or decreased erythrocyte 
deformability may reduce blood flow in areas where blood flow is 
already low, such as at arterial branch points and bifurcations as 
well as in advanced coronary artery narrowing. Further, these fac-
tors may favor the development and progression of atherosclerotic 
coronary artery disease through direct mechanical effects on 
either the vascular endothelium or existing atheromatous plaques. 
Beyond their potential direct effects, each may represent a com-
mon link between recognized risk factors and the resulting disease 
process. 

CONCLUSIONS Accumulating evidence suggests that 
increased blood viscosity is an independent risk factor for 
atherosclerotic heart disease and its complications. 
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DURING THE PAST THREE 
decades, the study of 
atherosclerotic coro-
nary artery disease has 

focused primarily on several well-
recognized risk factors, including 
hypercholesterolemia, systemic hy-
pertension, and smoking. Further 
efforts to define the pathogenesis 
of myocardial infarction and other 
acute coronary syndromes have 
been directed toward a series of 
mechanical events occurring at the 
level of the atherosclerotic plaque. 

Poorly represented in the study 
of atherosclerotic coronary artery 
disease is the potential role of the 
circulating blood itself. Specifically, 
the influence of cellular rheology 
and plasma viscosity are recognized 
as key determinants of coronary 
blood flow, peripheral vascular re-
sistance, and tissue perfusion. 

The physical properties of plas-
ma proteins and erythrocytes are 
felt to be particularly important in 
low-flow states, observed com-
monly in areas of blood flow sepa-
ration (arterial branch points and 
bifurcations) as well as in advanced 
coronary artery narrowings. In 
these settings, increased plasma 
viscosity or decreased erythrocyte 
deformability may have an adverse 
effect on coronary blood flow. Fur-
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F I G U R E . Blood viscosity has a tendency to increase in areas of flow separation (eg, arterial bifurcations and branch points). 
In these areas, erythrocytes must be capable of deforming normally, thereby reducing local viscosity, erythrocyte aggregation, 
platelet interactions with the vessel wall, and wall stress. 

ther, they may, through direct mechanical effects on 
either the vascular endothelium or an existing 
atheromatous plaque, favor the development and 
progression of atherosclerotic coronary artery dis-
ease. 

The blood flow within the cardiovascular system 
is influenced by interrelated yet unique factors that 
include blood viscosity, erythrocyte deformability, 
erythrocyte concentration (hematocrit), vessel di-
ameter, pressure gradient, and local shear rates.1 

This article will examine the role of blood viscosity 
and erythrocyte deformability. 

BLOOD VISCOSITY 

Viscosity is a fluid's intrinsic resistance to flow 
within vessels. In streamline (laminar) flow along a 
vessel, adjacent fluid layers move relative to each 
other (shear) as a consequence of the viscous drag 
exerted by the wall. The shear stress is the force per 
unit area causing shearing (flow) and is related di-
rectly to both flow velocity and vessel diameter. 
Therefore, shear stress is increased in narrow areas 
of rapid flow (eg, arterial narrowings). The shear rate 

is the velocity gradient between adjacent fluid lay-
ers. The viscosity of a fluid is defined as the ratio of 
shear stress to shear rate. In laminar flow, the veloc-
ity profile is parabolic, with maximal velocity at the 
center of flow and maximal shear stress at the vessel 
wall.2 

The importance of viscosity as a determinant of 
blood flow is reflected clearly in the Hagenbach-
Poiseuille equation: V = PTIR4/8T|L, where V repre-
sents volume flow rate; P, pressure gradient; R, ves-
sel radius; L, vessel length; and T|, viscosity. 
Therefore, resistance to blood flow comprises a vas-
cular component and a rheologic component. 

Blood viscosity is not a constant, but varies along 
the course of the vessel according to vascular ge-
ometry, flow separation, and local composition of 
the blood. Viscosity increases due to flow separation 
in areas such as arterial bends, bifurcations, and 
poststenotic regions (Figure). At flow velocities near 
zero, whole blood has a viscosity from 100 to 10 000 
times that of water. In contrast, at high flow veloci-
ties, blood viscosity is only two to 10 times that of 
water. Although viscosity decreases steadily with 
decreasing vessel caliber (Fahraeus-Lindqvist phe-
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nomenon), once a critical radius is reached a sudden 
increase in blood viscosity may occur (inversion 
phenomenon).1 

Microscopically, circulating blood consists of red 
blood cells (erythrocytes), white blood cells (lym-
phocytes and polymorphonuclear leukocytes), plate-
lets, and organic and inorganic compounds. Al-
though each component contributes to blood 
viscosity, erythrocytes determine the mechanical 
properties of blood because (1) they occupy approxi-
mately 45% of the total blood volume, (2) their 
concentration exceeds that of white blood cells, and 
(3) they are larger than platelets. Fibrinogen and 
lipoproteins, both large proteins, are also major de-
terminants of plasma viscosity. 

ERYTHROCYTE DEFORMABILITY 

Erythrocyte deformability has a profound effect 
on the mechanical properties of blood flow. The 
ability of an erythrocyte to change shape is depend-
ent on two unique features: its discoid shape (which 
has a high ratio of surface area to volume) and its 
intrinsic membrane flexibility. By weight, the 
erythrocyte's surface membrane is 50% protein (pri-
marily B-spectrin heterodimers and actin), 40% 
lipid (primarily cholesterol and phospholipids), and 
10% carbohydrate. The diameter of a typical eryth-
rocyte is 8.4 (Am. As a typical human capillary is 3.0 
to 4.0 |im in diameter, the erythrocyte must be 
capable of changing shape without changing either 
its oxygen-carrying capabilities or the laminar flow 
potential of moving blood. Interestingly, when an 
erythrocyte deforms, its volume and surface area do 
not change. 

Erythrocyte deformability also is of vital impor-
tance in areas of flow separation and arterial narrow-
ing. In these areas, impaired deformability results in 
an increase in both local shear stress and blood 
viscosity. These abnormalities may, in turn, produce 
either traumatic endothelial injury (impaired nor-
mal vasoreactivity and thromboresistance) or 
plaque disruption (Figure). However, these hypothe-
ses are still unproven. 

The BAKSS (Becker, Arosemena, Kealey, 
Steele, Savilonis) erythrocyte viscometer, devel-
oped at the University of Massachusetts Thrombo-
sis Research Center in cooperation with Worcester 
Polytechnic Institute, is a sensitive device capable 
of exploring these potential associations in greater 
detail. 

VISCOSITY AND CARDIOVASCULAR 
RISK FACTORS 

Noticeably absent from the study of atheroscle-
rotic coronary artery disease has been the role of 
circulating blood itself: specifically, the influence of 
plasma viscosity and cellular rheology. Beyond their 
potential direct effects, each, particularly plasma 
viscosity, may represent a common link between 
recognized risk factors and the resulting disease 
process. 

Smoking 
In the Multinational Monitoring of Trends and 

Determinants in Cardiac Disease (MONICA) pro-
ject, a random sample of a population consisting of 
4022 persons 25 to 64 years of age, plasma viscosity 
was found to be increased in men who smoke.3 Fur-
ther, the observed increase correlated directly with 
the degree and duration of tobacco abuse. A sepa-
rate study by Rothwell et al4 showed that several 
favorable hemorheologic changes take place shortly 
after smoking cessation. A substantial and persistent 
decrease in blood viscosity for both men and women 
occurs within 2 days, due in part to a decrease in 
packed cell volume as well as decreases in total 
plasma protein and fibrinogen concentrations. 

Thus, while not extensive, the available data sug-
gest that alterations in hemorheologic variables may 
be markers for increased cardiovascular risk in 
smokers, and that smoking cessation can reduce the 
risk of cardiac events. Whether this important ob-
servation is the result of hemorheologic changes 
requires further investigation. 

Hypertension 
Since blood viscosity contributes to the total pe-

ripheral resistance, it may hypothetically contribute 
to the development of both hypertension and its 
main cardiac complication, myocardial hypertrophy. 
In the MONICA project,5,6 plasma viscosity demon-
strated a strong association with hypertension. 
Other studies have observed similar findings7 and 
also have suggested that the direct correlation be-
tween blood pressure and blood viscosity is, at least 
in part, due to the rheologic effects of an elevated 
fibrinogen concentration.8 

The relationship between the vascular, neurohu-
moral, and viscous components of total peripheral 
resistance are complex and additive. Therefore, 
relatively small changes in blood viscosity may lead 
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to a clinically important increase in peripheral re-
sistance in patients with hypertension. Although 
the existing data do not provide the definitive an-
swers to the question of whether the observed in-
crease in viscosity is the cause or the effect of hy-
pertension, they nevertheless suggest that 
hemorheologic factors play an important part in 
determining prognosis. 

Lipids 
Plasma total cholesterol concentration is a well-

established primary risk factor for atherosclerotic 
coronary heart disease. There is increasing evi-
dence, however, that the low-density lipoprotein 
(LDL) cholesterol concentration may predict coro-
nary events more accurately than the total choles-
terol concentration. Surprisingly, the association 
between plasma lipoproteins and blood viscosity 
has not been examined in an epidemiological study 
until just recently. In the World Health Associa-
tion-MONICA project, plasma viscosity was 
shown to have a direct linear association with total 
cholesterol and apolipoprotein B, and a small in-
verse association with both high-density lipopro-
tein (HDL) cholesterol and apolipoprotein A-I 
concentrations.9 

Lipids are known to play a key role in determin-
ing the fluidity of biologic membranes. Since eryth-
rocytes lack the ability to synthesize lipids de novo, 
the state of their membrane fluidity depends on the 
existing serum lipid composition and concentration 
to which they are exposed. Administration of cho-
lesterol-enriched diets in animals causes striking 
changes in the lipid composition of the erythrocyte 
membrane, which, in turn, cause profound changes 
in membrane fluidity.10 The phospholipid content of 
the erythrocyte membrane is known to decrease 
with advancing age. In addition, the cholesterol 
ester content increases with age, leading to an in-
creased membrane cholesterol-to-phospholipid ra-
tio. Accordingly, membrane fluidity decreases, as 
does sodium-potassium adenosinetriphosphatase 
(Na\ K+-ATPase) activity.1112 

Sex 
Women have been shown to have a lower blood 

viscosity than men in several large epidemiologic 
studies, including the Scottish Health Study and the 
MONICA project.13 Interestingly, this difference 
decreases steadily with advancing age, especially af-
ter menopause.13 

Atherogenesis 
Studies in animals14"16 and humans17,18 strongly 

suggest that elevated plasma cholesterol concentra-
tions, particularly the LDL fraction, promote 
atherosclerosis. Plasma is believed to be the source 
of most of the cholesterol ester present in 
atherosclerotic lesions.19-21 LDL enters the ath-
erosclerotic arterial wall at increased rates, and in-
tact LDL has been identified in the atherosclerotic 
lesions of several species, including humans. 

Although increased LDL influx and degradation 
contribute to the growth of established lesions, it is 
conceivable that other factors initiate the process 
and that changes in arterial LDL transport and me-
tabolism occur later. 

Coronary atherosclerosis in humans is strikingly 
focal, occurring at bends, bifurcations, and branch 
points. As mentioned previously, it is important that 
blood viscosity decrease and erythrocyte defor-
mability increase to maintain normal blood flow. If 
these physiologic adjustments are not made or are 
prevented, coronary blood flow will be affected ad-
versely. It also is conceivable that atherosclerosis 
(and thrombosis) may be stimulated by the com-
bined effects of turbulent flow, increased shear 
stress, and altered viscosity. 

Blood viscosity has been shown to correlate with 
the extent of atherosclerotic coronary disease as as-
sessed angiographically.22 Although the question of 
cause vs effect may be raised, the Fahraeus-Lindqvist 
phenomenon states that viscosity decreases with de-
creasing vessel caliber. It is unlikely that a critical 
vessel radius is reached where a sudden increase in 
viscosity would be anticipated (inversion phenome-
non). At least in theory, increased local viscosity and 
decreased erythrocyte deformability may promote 
atherosclerosis by increasing the interaction of adhe-
sive cells (platelets, leukocytes) and infiltrating pro-
teins (fibrinogen, lipoproteins) with the arterial en-
dothelium. 

In the Caerphilly and Speedwell studies,23 plasma 
viscosity was a strong predictor of ischemic heart 
disease. Other rheologic abnormalities have been 
observed in patients with coronary artery disease, 
including increased whole-blood viscosity and 
erythrocyte aggregation.24-26 

Thrombogenesis 
Data from the Northwick Park study,27 Gothen-

berg study,28 and the Framingham cohort29 demon-
strate a strong association between total cholesterol 
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concentration and fibrinogen concentration, a rec-
ognized determinant of plasma viscosity. Further, 
according to the results from these large 
epidemiologic studies, increased plasma fibrinogen 
concentrations may represent an independent risk 
factor for atherosclerotic coronary disease. Recently 
published data from the Caerphilly and Speedwell 
Collaborative Heart Disease studies also suggest that 
increased plasma viscosity carries an independent 
risk for cardiac events.30 

The deposition of a thrombus in an area of 
plaque rupture is an accepted mechanism underly-
ing the development of acute coronary syndromes 
(ie, unstable angina, myocardial infarction). In-
creased blood viscosity in these settings would be 
expected to have a prothrombotic effect. Surpris-
ingly, despite the findings of animal studies and 
clinical investigations in humans,31"35 population 
studies to date have not examined the potential 
association between blood or plasma viscosity and 
markers of heightened platelet or thrombin activ-
ity. Further, the adverse effects of increased viscos-
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