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Special Report

Flow Dynamics for Radiologists

II. Practical Considerations in the Live Human

C. W. Kerber, Department of Radiology, University of California, San Diego

D. Liepsch, Fachhochschule Miunchen, Munich, Germany

In reviewing original work on circulation, one
finds that many early fluid dynamicists were also
physicians. For example, the Greek physician
Galen, writing in the second century, was the first
to correlate pulse changes with patient health (1).
In 1628, another physician, William Harvey, made
the important observation that blood actually
circulates rather than ebbs and flows (2). Young,
in 1808, derived the velocity of propagation of
the pulse wave in blood and also made remark-
ably precise estimates of the pressure drop
caused by viscous losses in the arteries (3, 4).
Gradually, as science became more specialized,
and medicine and the physical sciences moved
apart, physicians became less involved in the
study of fluids.

During the past three decades the field now
called biological fluid dynamics (or biorheology)
has expanded logarithmically, but that expansion
of knowledge has been primarily generated by
engineers, physicists, and physiologists (5-10).
Given the current interest in angiographic inter-
ventional techniques and the ability of magnetic
resonance (MR) scanning to show dynamic flow,
it seems timely and prudent for physicians, es-
pecially radiologists, to reenter the field.

But the world of the scientific laboratory, with
its ability to control experiments and measure
precisely, bears little resemblance to the hectic
and sometimes messy angiography suite. In ad-
dition, human body fluids are more complex than
the inert materials used in most scientific studies.

When we compare our analytic problems with
those that engineers face, significant differences
become immediately apparent. First, flow in the
body is not constant, but rather is pulsatile and
moves with a complex waveform. Second, the
fluid that we deal with contains particles and is
viscoelastic rather than Newtonian. Third, the

arteries are viscoelastic, too. Moreover, arterial
walls are not strictly parallel; the walls taper.
Arteries bifurcate frequently, and vessels course
through the body in compound, three-dimen-
sional curves. To complicate matters even more,
arteries are lined by relatively rough endothelia.
They become diseased, develop plaques, and
lessen their elasticity, thus altering the shapes
and positions and diameters of their lumens.
Furthermore, the plaques may ulcerate. Finally,
the flow of blood in the body occurs in the range
in which flow characteristics are neither com-
pletely smooth nor completely turbulent.

We can begin to sort out this complexity in
patients by studying the dynamic interaction of
the system’s three fundamental components: the
pump, the fluid, and the fluid’s container.

The Pump: The Heart and Great Vessels

For our purposes we need not be cardiologists;
it is the heart’s velocity and volume profile that
is important to us. The heart is not the only
engine that causes the forward flow of blood; the
heart and proximal great vessels act as a unit.
The heart’s output is a rapid gush that stops
abruptly at the end of systole. At the root of the
aorta some true turbulence probably exists (11—
13). (This seems to be the only place in the body
where turbulence is found in the absence of
disease.) Central stream velocities at the normal
aortic root are a remarkable 100 to 200 cm/s
(13).

When the left ventricle ejects an aliquot of
blood, part of the energy is transferred to the
elastic arterial walls, which expand radially and
store energy. When systole ends, the aortic valve
closes, and there is some backward flow of blood
toward the heart. This biphasic flow wave can be
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seen as far away as the femoral arteries (Fig 1A).
When the aortic valve closes and the blood re-
bounds against it, the stored energy in the great
vessels acts on the blood column, and as the
great vessels contract, their energy continues to
propel the column of blood forward.

If the circulatory system were a simple series
of tubes, the pressure wave recorded at the aortic
root would be measurable in the veins, although
at diminished amplitude because of the resist-
ances it has encountered. Such is not the case.
Specific vascular beds have their own acceptance
characteristics. In the femoral artery we see per-
sistence of the retrograde flow pattern in diastole.
The external carotid artery, however, has no
retrograde (or biphasic) flow; flow into its
branches falls to zero during diastole (Fig 1B).
The internal carotid artery continues to carry a
large volume of blood antegrade during diastole,
and ultrasonography routinely shows that dia-
stolic velocities are 30% to 40% of the peak
flows of systole (Fig 1C). This flow differential is
important if a catheter tip delivering particles into
the external carotid artery lies near the bifurca-
tion.

Flow and Its Indirect Indicators

This is a good point at which to consider the
differences between pulse, pressure, velocity, and
flow volume. Especially when dealing with the
brain, it is flow volume per time that relates most
directly to neural function. The problem is ob-
vious; it is difficult to get real-time flow informa-
tion in the live human, so we have historically
depended on indirect methods to assess blood
flow.
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The pulse is a high-speed wave that originates
with systolic ejection. The wave is modified by
many influences, but principally by the arteries’
elasticity and tethering, and by the wave'’s reflec-
tion retrograde from junctions and bifurcations.

Flow information cannot be obtained from a
pulse wave. For example, ocean waves still run
in toward the shore at 1 to 2 m/s—even though
the tide flow is going out. In other words, flow
may be toward or away from the direction of a
wave. So, too in an artery. An artery may be
totally occluded distally, but the palpating finger
may feel a pulse.

Historically, after palpating the pulse, measur-
ing the pressure of the blood was the next means
of assessing flow indirectly. Determining the
height of a column of fluid was the first method
of blood pressure measurement (14), and a mer-
cury column remains a convenient way to find a
patient’s blood pressure today. However, pressure
is not flow. Certainly, if there is no pressure in
the arteries, there is usually little or no flow, but
again, the converse is not necessarily true. We
can measure a positive pressure in completely
occluded arteries (at least until clotting occurs) or
in arteries with scant distal runoff. For flow to
occur, there must be a difference in pressure
from the proximal end of the artery to the distal.
Surprisingly little change in pressure is needed to
make blood flow. For example, there is a pressure
difference of only 6 to 8 mm Hg driving the blood
from the origin of the internal carotid artery to
the middle cerebral artery (15). Our arterial tree
is indeed an efficient system.

Studying velocities brings us closer to our goal
of finding flow volume. The recent development
of Doppler ultrasonography has given clinicians

Fig. 1. dltrasound gray-scale Doppler images of a healthy subject.

A, Femoral artery. Flow velocity rises rapidly during systole and then almost as rapidly falls below the baseline as blood rebounds
back toward the heart. As the cycle progresses, the flow returns to baseline.

B, External carotid artery. After a sharp rapid rise to about 60 cm/s, the velocity falls smoothly essentially to baseline at the end of
diastole, with no biphasic or retrograde flow wave back toward the heart.

C, Internal carotid artery. Just centimeters away from the external carotid artery, this vessel feeds a different vascular bed. The
brain's arteries’ resistance accepts blood throughout diastole. Even late in the cycle, the velocity remains 30% to 40% of peak systolic
velocities.
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an accurate and noninvasive method to see real-
time velocity profiles in arteries accessible to the
probe. This technique has been especially valua-
ble in the cervical carotid arteries, in which the
effects of atherosclerosis on velocity have been
well correlated (16-19). Ultrasound correlates ve-
locity to degree of stenosis well.

Extrapolating flow volumes from velocity pro-
files is difficult and is calculated in only a few
ultrasound laboratories. Still, ultrasonography of
arteries in the ultrasound laboratory is a valuable
procedure. Unfortunately, those with little ultra-
sound experience may not appreciate the rich-
ness of information that can be gained by moving
an ultrasound probe across an artery and seeing
in real time the variations in velocity profiles
throughout the cardiac cycle.

Direct flow measurements can be obtained, but
the devices are invasive and require insertion of
a catheter into the vessel. Flow-measurement
catheters depend on some variation of the Fick
principle and are, by neuroradiologic standards,
large and stiff. Some researchers (20) have at-
tempted to measure flow during angiography by
video densitometry, but again, the techniques
have not been adopted widely by radiologists.

MR offers promise in being able to show flow
profiles not only in vessels in general, but also
during a single cardiac cycle. MR now can show
individual slipstreams (Fig 2A), and determining
flow volumes from MR data is an area of active
and important research (21-27). Similar slip-
streams are recognized during conventional an-
giography, too (Fig 2B).

Blood is composed of a fluid—plasma—and
particles—the blood cells. The plasma itself is a
colloidal fluid containing proteins, chiefly albu-
min, which gives the plasma some of its viscous
properties; and solutes, chiefly sodium, chlorine,

Fig. 2. A, This gradient-echo (33/12/4
[repetition time/echo time/excitations], 60°
flip angle) frontal image shows the swirling
pattern of individual slipstreams (arrows) in
both internal carotid arteries as the blood
passes through the distal cervical internal
carotid artery into the petrous internal ca-
rotid artery.

B, Slipstreams are occasionally seen dur-
ing angiography, too. This late arterial phase
of the angiogram shows some unopacified
blood passing through the contrast agent
outlining one slipstream (arrows). However,
this is not physiologic information, because
contrast agent is hyperbaric. Using angiog-
raphy to get physiologic data must wait until
the invention of isobaric contrast agents.
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and bicarbonate ions. The other plasma constit-
uents contribute little to blood’s rheologic prop-
erties, except the clotting component, which has
the desirable property of changing liquid blood to
a solid within the context of certain injuries. The
concentration of red cells is highly important,
because it is the prime determiner of blood’s
viscosity.

The portion of blood that gives it its peculiar
flow properties is the mass of red cells. Individual
cells are able to deform to pass through capillaries
under the influence of pressure or shearing
stresses. However, the majority of the complex
rheologic properties of blood come from its ability
to form and break up large aggregates of stacked
cells called rouleaux.

The viscosity of a Newtonian fluid such as
water or isotonic saline solution remains constant
even if it has a deforming or accelerating force
placed on it, or, more accurately stated, when it
has a shear force applied to it. Blood, however,
is not Newtonian. At higher shear rates, as when
it passes a partial obstruction or when the vessel
makes a bend, blood decreases its viscosity be-
cause the shear breaks up the rouleaux. The
smaller the rouleaux, the lower the viscosity. It
thus behaves as a thixotropic liquid.

Blood flowing in large vessels is generally con-
sidered to behave in a Newtonian fashion. Cer-
tainly the majority of flow in large vessels occurs
under conditions in which inertial forces predom-
inate. Blood in the carotid artery has an average
Reynolds number of about 200. But that Reynolds
number is an average calculation. Looking at the
velocity profile (see Part | of this special report),
we see areas near vessel walls, regions adjacent
to bifurcations, and flow near plaques in which
velocities are low. There, viscous forces predom-
inate. As we will see below when we study bifur-
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cations, there are areas of actual flow reversal, or
slow flow in certain regions of a bifurcation.
Liepsch has shown that blood’s non-Newtonian
properties become important in such regions (28).

Blood’s Kinetic Energy

Although blood’s primary function is the trans-
fer of oxygen, metabolites, and carbon dioxide,
we must consider its action with a broader per-
spective. As a flowing fluid with mass, it does
have energy, and that energy can do work.
Whether the work is useful or damaging to the
organism depends on how the energy of the
slipstreams is channeled. Stehbens has shown
that pathologic states that increase flow volumes
and velocities lead to degeneration of vessels and
to the formation of berry aneurysms (29-31).
Flow dynamics has long been considered a prime
factor in atherogenesis (32-37), but the causes
of the disease are not yet known. At our present
state of knowledge, even respected researchers
cannot agree whether increased shear rates (38,
39) or low shear rates (40) cause atherosclerosis.

The Container: Arteries

The composition and location of the arteries
make them difficult to study. Arteries can be seen
clearly only on the retina. Otherwise, they are
contained within tissues that are generally
opaque. Problems with directly observing arteries
in the cranial vault are especially severe, because
they change course frequently and pass through
dense bone. Moreover, arteries are not optically
clear. Only with the smaller arteries can we vis-
ualize the path of the flowing fluid within them
(41). Arteries have properties completely opposite
those of the pipes the engineers study; arteries
are viscoelastic, and as they deform, angles at
bifurcations change (42-44). The situation is
made even more complex because arteries taper
in diameter about 2% as they pass distally, bifur-
cate frequently, are composed of compound
curves, and are lined by relatively rough endothe-
lium that, with time and disease, becomes even
rougher and even may ulcerate.

The Anatomic and Functional Makeup of
Arteries

The pathologist analyzes arteries anatomically.
Under the microscope, arteries have three layers:
an adventitia, a muscularis, and an intima. The
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rheologist sees them in a different light, asking
how they hold their shape under different flow
velocities and under increasing pressures. Roach
and Burton (45) have shown two functional pas-
sive components of arteries. At relatively low
pressures the arteries expand in response to their
elastic component. Above a certain pressure elas-
tin's limit is overcome. Then the resistance to
expansion comes from the much stiffer collagen.
Beyond these two intrinsic and passive properties,
the overall vascular tone is modified by the au-
tonomically controlled muscle fibers within the
walls. The three functional components acting in
concert give arteries the property viscoelasticity.
The elastic element returns the artery to baseline
size when the stress is removed; the viscous
element results in a property called creep, which
allows the material to deform over time.

The Function of Arteries

An artery’s rheologic function is to resist the
radial pressure of the blood, to be the conduit for
the delivery of blood to the periphery, and to do
so with as little energy loss as possible.

Control of blood pressure is the function of the
smallest arterial vessels. These controlling vessels
are in the 200-um range and smaller, about the
size of striate vessels. It is a remarkably energy-
efficient delivery system, and it is a rapidly com-
pliant one, too. Just imagine the pressure change
in a giraffe’s head as she stops drinking and raises
her head to browse on treetop leaves, an excur-
sion of 17 feet, or a hydrostatic change of some
380 mm Hg, with homeostatic control in seconds.

Aging

As the individual ages, the arteries stiffen, often
dilate, and become tortuous. More elastic
(younger) vessels damp the pulse wave and pres-
sure wave more effectively than stiffer older ves-
sels. Aging increases the pulse wave velocity,
widens the systolic-to-diastolic pressure ratio, and
causes even more reverse flow at bends and
bifurcations (28).

Cell Damage and Blood'’s Velocity

In normal arteries there is little shear stress (or
drag) on the endothelium, because the blood near
the wall moves little. If a plaque significantly
narrows the vessel lumen, however, the higher
velocity of the stream increases the shear stress
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to a point at which actual endothelial cell damage
may occur (38, 46, 47). Rapid velocities usually
also damage platelets and activate certain chem-
ical reactions (48-53). When combined, the ef-
fects on both often lead to local and downstream
clots.

It is less appreciated that too slow a flow in an
artery causes clotting even in the absence of
injury. A common example is a lenticulostriate
artery which supplies a deep arteriovenous mal-
formation. Normally a 50- to 100-um vessel, this
artery may have enlarged tenfold. Then, when
the distal arteriovenous malformation nidus is
occluded by embolization, the large artery carries
only the required scant blood to the capsule.
Commonly, the entire vessel clots down to the
point of rapid runoff, the middle cerebral artery,
resulting in a capsular stroke.

Practical Applications

With these basic concepts in mind we now can
explore three questions critical to our understand-
ing of human arterial flow dynamics. First, what
happens to flow when vessels curve; second,
what happens when they branch; and third, what
happens when they become narrowed by disease
or are modified by the insertion of our catheter?
With this knowledge, we should be able to ma-
nipulate the dynamics to keep our devices where
they belong, to maximize patient safety, and
perhaps even to understand why blood vessel
diseases occur.

Flows through Curves and Bifurcations

Let us begin with a laboratory model, a per-
fectly symmetrical curved tube with perfect lam-
inar flow through it. The central faster slip-
streams, having inertia, attempt to continue in a
straight line until they reach the greater curvature
wall. There, they strike it, split, and rotate, form-
ing dual internal helices (54) (Fig 3). In arteries,
however, we rarely deal with perfect flows, and
generally, a single swirling helix is created. Along
the lesser curve (the concavity of the tube) one
may see areas of stagnant or slow flow, and when
flow velocities are high, regions of separation and
actual flow reversal are seen.

Flow separation is a term used frequently by
rheologists and is important for us to understand.
Ordinarily, slipstreams progress along an artery
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in an orderly fashion. Their velocity profile is
determined by the fluid’s intrinsic properties and
by the proximity to the artery’s origin or inlet, as
explained in detail in Part I. Curves present a
problem to flowing fluid particles (54). The fluid
slipstreams have inertia and tend to continue in
a straight line as the bend is entered. If the
velocity is high enough or the radius of curvature
small enough, the slipstreams break away or
separate from the lesser curvature wall. This
region along the lesser curve is called a separation
zone and contains fluid that is moving sluggishly,
swirling, or even sometimes moving retrograde
(Fig 3) (55-57).

Bifurcations are similar but more complex (58—
64). The prototypical bifurcation begins as a
straight tube, which then divides to form two
daughter limbs (Fig 4). If flow velocities are to
remain relatively constant in the daughter limbs,
the combined cross-sectional areas of the daugh-
ter limbs must be about 30% greater than the
area of the parent vessel. Under most flow con-
ditions, the central, highest energy slipstream
strikes the carina (or apex of the bifurcation) with
some force and then splits to pass downstream
into each daughter limb. This force can be meas-
ured by inserting a small probe into the carina
and is called the dynamic pressure ([p/2]w?, where
p is fluid density and w velocity). In straight
tubes, the central slipstream has the most energy
because it is the fastest. If the flow energy level
is high enough, vessel wall damage and subse-
quent degeneration may occur. Because arteries
are generally curved, the highest energy slip-
stream entering the bifurcation may not strike
exactly at the carina, which could explain in part
why berry aneurysms are not always located at
a bifurcation’s carina. Varying the angle of the
bifurcation causes important changes in the slip-
streams next to the lateral walls. As we have
seen, the slipstreams have mass and energy.
Their inertia makes them continue along in a
relatively straight line, and they do not make the
change in direction abruptly into the daughter
limbs (55). The slipstreams pass toward the wall
adjacent to the carina, and because fluid is incom-
pressible, velocity increases. The region of low
shear at the wall often has a separation zone or
even some reversed flow in it. With time, this low
shear area fills in with endothelium and is called
an endothelial cushion.

In our cast models, even the slightest asym-
metry of the parent vessel causes the fluid enter-
ing the bifurcation to rotate. The observer sees a
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Fig. 3. A, Flows in a rigid, parallel wall, perfectly
curved tube. Assume that flow entering the tube is
laminar with a typical parabolic velocity profile. The
central fastest slipstreams, having inertia, continue in
a straight line until they reach the far wall, forcing the
fluid there in toward the lesser curve, causing dual
internal helixes.

B, Left internal carotid artery. In our human artery
castings, the slipstreams tend to continue along a
straight line, passing toward the wall of each greater
curvature. Being incompressible, they must respond
by increasing their velocities. When the slipstreams
separate from the lesser curvature, areas of low shear
or recirculation form at points d and e. Because most
arterial flow is not perfect, a single helical flow (rather
than the double helix shown in A) usually results as
the fluid exits from the curve.

C, Late arterial phase, frontal view, right internal
carotid angiogram. Note the contrast agent remaining
in the recirculation zone along the lesser curvature of
the intrapetrous internal carotid artery (arrows). Uno-
pacified rapidly flowing blood has washed away the
contrast agent in the stream. The hyperbaric contrast
agent accentuates the size of the recirculation zone.

D, Diagramatic representation of slipstreams as
revealed in B and C. Arrow lengths represent vector
velocities. RZ indicates recirculation zones; S, siphon.
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Fig. 4. A, A prototypical bifurcation. The parent artery divides to form two daughter limbs (or branches). The branch angles must
be specified. Cindicates flow divider or carina. More lateral slipstreams have inertia and tend to continue in a straight line. As slipstreams
are crowded together just beyond the carina, their velocities increase. A lower pressure (or lower shear) region then forms at the lateral
wall of the daughter limb. If the bifurcation angle is large enough or the velocity is high enough, an actual separation or recirculation
zone may form. Note that the recirculation zone in the lower, more sharply angled daughter limb is larger than the upper limb’s zone.

B, If the daughter limb is small in relation to the parent vessel and exits at or near a right angle, the bifurcation is called a T junction.
Examples are the lenticulostriates, posterior communicating, and intercostal arteries. Fluid slipstreams must change direction abruptly,
producing low-shear recirculation zones. In these regions, blood’s non-Newtonian properties become important (28). As the fluid passes

distally into the daughter limb, helical flow usually occurs.

swirling helical flow in the daughter limbs. It
seems that the angles of the bifurcation are im-
portant in the production of or protection from
atherosclerosis. For example, atherosclerosis in
the arm is rare, whereas leg arteries frequently
are affected (65).

One special kind of bifurcation bears mention:
that of the T junction. In a T junction a small
artery exits from the parent vessel at nearly right
angles and is usually small in relation to the
luminal diameter of the parent vessel. Examples
are the intercostal and lumbar arteries exiting
from the aorta, the anterior choroidal and poste-
rior cerebral arteries, and, in most patients, the
anterior cerebral artery. As a small percentage of
parent artery flow enters them, and as the flow
exits from the parent artery at right angles to the
major flow vector, blood’s viscous properties be-
come more important (28).

In humans, we rarely find idealized anatomy.
Because most arteries are curved, almost all bi-
furcations begin with a curve. And because blood
has a rotating helical pattern in curved vessels,
most human bifurcations are presented with a
complex disturbed flow. All arteries are subject
to the general rules of hemodynamics, but to
understand flow in a particular vessel (eg, the Al
segment or the cisternal segment of the anterior

choroidal artery), it may be best to study each
with accurately cast models, non-Newtonian
fluid, and physiologic flow profiles.

The carotid bulb is a peculiar bifurcation be-
cause it contains a focal dilatation of one of the
daughter branches. Furthermore, the velocity and
flow profiles are not the same in each branch.
The external carotid artery has essentially no end-
diastolic flow, whereas in the internal carotid
artery flow continues at about 30% to 40% of
the rate measured at peak systole. This difference
causes an exceedingly complex flow pattern, with
areas of flow reversal in the posterior portion of
the bulb during diastole and some siphoning of
blood from the external carotid artery into the
bulb (Fig 5). Flow dynamics in this important
bifurcation have been studied by Ku in an elegant
doctoral dissertation (Ku DN, Hemodynamics and
Atherogenesis at the Human Carotid Bifurcation,
Georgia Institute of Technology, May 1993) and
by numerous other respected researchers (66—
68, 59, 60).

When an atherosclerotic plaque forms within
the bulb, it fills in the dilatation, and the complex
flows nearly disappear. Then the bulb acts hydro-
dynamically similar to other bifurcations. Why
there is such a striking area of flow reversal in a
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Fig. 5. Normal human carotid bulb. Silicone model of an
injected specimen obtained from a fresh human cadaver. Images
are taken from a television recording. Rate, 60 mL/min. Volume,
480 mL/min. Internal carotid artery/external carotid artery flow
ratio, 70/30. Flow profiles reflect normal internal carotid artery/
external carotid artery flows.

A, During peak systole, the time of highest flow velocities, the
slipstreams continue forward in a relatively straight line but do
not follow the posterior wall of the artery into the bulb dilatation.
They appear slightly crowded together adjacent to the carina. The
fluid in the region of the bulb dilatation (B arrows) has little
forward flow. The slipstreams from prior cycles swirl gently there

and act as an internal lozenge-shaped buffer helping force towards the faster slipstreams toward the carina.

B, During early diastole, flow becomes exceedingly complex. There is no net diastolic flow into the external carotid artery, and the
anterior slipstreams pass from the orifice of the external carotid artery posteriorly into the lateral aspect of the bulb, striking the lateral
wall with some force. They then rebound, flow distally, swirl, and continue onward toward the head, eventually rejoining the more

medial and faster slipstreams in a helical stream.

C, During late diastole, changes are similar but more pronounced.

normal vessel can only be a matter of speculation
now.

The Effects of Plaques and Catheters

We have already seen from Bernoulli's princi-
ple that if a vessel is narrowed, flow velocity
increases, and pressure in the narrow region de-
creases. However, this phenomenon depends on
a gradual and smooth reduction of the vessel
diameter (Fig 6A). If an abrupt, short narrowing
occurs in the vessel, flow becomes highly dis-
turbed (69). Stream velocity must increase for all
the fluid to get through the narrowing. Just prox-
imal and distal to the narrowing, severe eddies
are produced adjacent to the wall. The high-
velocity fluid just beyond the diaphragmlike
narrowing is called a jet. Surprisingly, the region
of the lowest radial pressure and the highest
velocity is always found in the jet some distance
downstream from the diaphragm. This region is
called the vena contracta (Fig 6B). The swirls and
the downstream vena contracta cause difficulty
in MR of abnormal vessels. If the narrowing is
severe enough or long enough, a point will be
reached when the traversing flow quantity will

decrease. It generally takes about an 80% reduc-
tion in cross-sectional area to get a significant
decrease in either flow or pressure; thereafter the
decrease is exponential (70-73) (Fig 7).

When an eccentric short irregular plaque nar-
rows a vessel, the effect is similar to half of a
diaphragm-like constriction. Velocity increases
across the stenosis, and proximal and distal dis-
turbed eddies are produced. There is a low-pres-
sure region in the stenosis, and if the plaque
ulcerates and clot forms on the denuded surface,
the clot may be sucked from the ulceration into
the low-pressure high-velocity flow (Fig 6C). Over
the ulceration the situation is analogous to the lift
produced by the top surface of an aircraft wing.

Catheters can cause flow disturbances. Given
the Poiseuille relationships (ie, area change being
a fourth-power function) the most decrease in
flow volume and increase in velocity will be found
when the catheter size is large in relation to vessel
lumen (74, 75). Measuring pressure from a probe
facing into flowing fluid (the dynamic pressure)
yields a higher value than when the pressure is
measured radially. One may then reason than
that measuring pressure through a catheter point-
ing downstream would yield a lower value. But
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Fig. 6. A, A venturi tube. A gradual reduction in diameter
leads to a smooth crowding of the slipstreams, allowing for their
acceleration without much energy loss, and a pressure fall in the
narrow region.

B, A tight short constriction. The slipstreams are unable to
crowd together smoothly. Flow becomes highly disturbed. Swirls
spin off from the main stream, and there is great energy loss.
The disturbance extends downstream for a greater distance than
upstream. The central rapidly flowing streams are called a jets.
The area of lowest pressure is downstream some distance from
the diaphragm, and is called the vena contracta.

C, An intravascular plaque obeys these same basic principles.
As the plaque narrows the vessel the velocity increases. Arrow
lengths represent velocity. With increased velocity, the pressure
decreases, as shown in Part |. This diagram shows a small clot
being drawn of the ulcer into the rapidly flowing stream by the
lowered pressure.

100%

Flow

0 50 80 100

% Stenosis

Fig. 7. Relationship of flow to luminal narrowing. At about
80% area narrowing a significant decrease of both pressure and
flow occurs. Thereafter, the decrease is exponential. (Adapted
from Mann et al [71].)

at physiologic flow velocities such is not the case,
and we have found good correlation of radial and
microcatheter measurements up to 200 cm/s
(Kerber CW and coworkers, unpublished data).

Summary

Although the rules about flows seem complex
and even at times suggest chaos, some general
principles can be extracted and used by the
radiologist. Normal arteries damp disturbances,
tolerate our catheters well, and generally cause
the blood'’s slipstreams to swirl.

It seems that the swirls and the energy that
accompanies the passage of those swirls are
prime determiners of the development of degen-
erative changes, most importantly of atheroscle-
rosis and berry aneurysms. Knowing this, we now
must direct our research to look beyond today’s
practical applications and this simplistic sum-
mary.

Radiologists who trained during the angiogra-
phy era are often incredulous when they see the
richness of information found in physiologic flow
models. For years, contrast agents have hidden
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the elegant complexity of blood flow. Now, how-
ever, we have two new powerful machines: the
Doppler gray-scale ultrasound and the MR scan-
ner. These machines routinely demonstrate flow
data that we do not as yet use. As angiographers
we have a natural and unconscious bias to make
images produced by our new machines look like
the classic angiogram. It is a powerful and per-
vasive bias. We still call angiography our “gold
standard.” We must overcome that bias.

As valuable as angiography has been to ra-
diology, it may no longer be our benchmark. A
new standard is ready to be developed. The MR
scanner even now not only allows calculation of
global flow in vessels but also analyzes individual
slipstreams. The images shown here are only the
beginning. Keep our old mindset, and the limits
and utility of the MR scanner will not be explored
by radiologists. However, if we physicians, espe-
cially radiologists, reenter the field of fluid dynam-
ics, all of science and our patients will benefit.
We have broad shoulders to stand on and see
into the future. Harvey, Hales, Galen, and Po-
iseuille: all were physicians; they added immeas-
urably to the foundations of rheology and our
understanding of flowing blood. We must be
willing to do likewise.
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