HEMODIMANIK

Hidrodinamigin konusu akis halindeki sivilar oldugu dikkate alindiginda, Hemodinamigin
konusununda esas olarak akis halindeki kan oldugu hatirlanmalidir. Ayrica kan ile birlikte
hareket halindeki diger viicut sivilarinin da davranisini agiklayabilmek i¢in belirli fizik yasalarini
bilmek gerekir. Bu fizik ilkeleri ¢eperleri sert borular i¢inde akan viskdz (Newtonian) sivilar i¢in
gecerlidir. Fakat cogu durumlarda bazi yaklasimlarla kanin ve damarlarin bu kosullara uyduklari

kabul edilir.

Akis Hizi ve Debi Kavramlari: Bir akiskanin aktig1 boru ig¢inde birim zamanda aldig1 yola akis
hiz1 denir ve hiz birimi ile belirtilir (m/s, cm/s gibi). Akis borusunun kesit alan1 her yerde ayni

degilse akis hiz1 kesit alani ile degisir ve farkli iki kesit alan1 i¢in (A; ve A, gibi) hiz degisimi

Avi=A v,

bagmtis1 ile belirlidir. Bu iliski akis borusu esnek olmayan sert c¢eperli bir boru ve akigskan

sikistiritlamayan bir s1vi (su gibi) oldugu kabul edilerek elde edilebilir.

Dolagim sisteminde bir agacin dallar1 gibi kalindan inceye sayilar1 hizla artan arteriyollerin
toplam kesit alan1 arterlerinkinden ¢ok daha biiytiktiir. Bu nedenle kan arteriyol aginda arterlerde

oldugundan ¢ok daha yavas hareket eder.

Akiskanin birim zamanda bir kesitten gecen hacmine akigkanin debisi denir. Debinin birimi (SI
da) m’/s “dir fakat pratikte ml/dak veya l/dak daha ¢ok kullanilir. Ornegim kanin aorttaki debisi
ortalama 5 1/ dak kadardir.

Viskozite Kavrami: Bir boru iginde sivinin akis hizi ile onu hareket ettiren basing arasinda
dogrusal bir iliski varsa sivi Newtonian bir sividir. Boyle bir siviya viskoz sivi da denir ve
vizkozlik sivinin i¢ siirtiinme kuvvetleri ile ilgili bir 6zelliktir. Vizkozligiin 6lciisii vizkozliik
katsayisidir ve genellikle m harfi ile gosterilir. Vizkozitenin tersine akiskanhk denir. Bir

akiskanin vizkozite katsayis1 ne kadar kiiciik ise akiskanligi o kadar yiiksektir.

Kan parcaciklar (hiicreler) icerdiginden tam olarak viskdz bir sivi degildir. Bu nedenle kanin

goriiniirdeki viskozitesinden bahsedilir ve 6rnegin suya gore degeri verilir.



Kompliyans ve Diren¢ Kavramlari: Vizkoz yani kan gibi i¢ siirtiinmeli bir akigkanin yatay bir
akis borusundaki akis debisinin (D) borunun uglar1 arasindaki basing farki (P) ile orantilt oldugu

Poiseuille tarafindan bir bagint1 ile ifade edilerek asagidaki bagint1 ile gdsterilmistir.
D=P/R

Akigkanin cinsine, niteligine (vizkosite gibi) ve akis borulariin 6zelliklerine (boy ve cap gibi)

bagli olan R parametresine akis direnci ad1 verilir.

Damar ceperleri esneklik katsayilar1 biribirinden farkli 6zel bir yap1 oldugundan genisleyebilir ve
sisebilir ozelliktedirler. Bu 6zellikler damarlarda sert-rijit akis borularinda gézlenmeyen tiirden
olaylarin ortaya ¢ikmasina neden olur. Damarlarin genisleyebilmeleri birim basing (P) basina

hacimdeki bagil degisim (AV/V) olarak verilir ve asagidaki baginti ile ifade edilir.
B=AV/V P
Damar yataklarinin genisleyebilmelerini agiklamak i¢cim kompliyans kavrami kullanilir ve
C =AV/AP =BV

ile ifade edilir. Venlerin kompliyanslar1 arterlerinkinden farklidir ve ven6z sistemin kompliyansi

arteriyel sisteminkinden kat kat fazladir.

Laplace Yasasi: Damar gibi silindirik ve genisleyebilir bir akis borusunun ig¢i ile dis1 arasindaki
basing farkina transmural basing (P¢) denir. Bu farki dengelemek icin damar ceperlerinde

ortayagikan gerilme (T), laplace yasasi ile verilir ve
T =Per
seklinde ifade edilir.

Diizgiin (Laminar) ve Girdapli (Tiirbiilan) Akis Bicimleri: Bir akis sirasinda akis cizgilerinin
hep biribirine paralel kaldig1 akis hizinin akig borusunun hicbir yerinde zamanla degismedigi akis
tiirli laminar veya diizgiin akis olarak tanimlidir. I¢ siirtiinmeli bir akiskan yataginda akiyor iken
bir engelle karsilasiyorsa, ¢eperler piiriizliiise ve ya akis hiz1 kritik bir degerin {izerine ¢ikiyorsa
akis girdaph olur. Girdapl akis sirasinda Poiseuille yasasi gegersizlesir ve akis direnci diizgiin

akiga gore daha bliyliktiir.



Bernoulli Principle

The Bernoulli principle, as applied to the circulatory system, is based upon the energetics
associated with flowing blood (or any moving fluid or gas). The kinetic energy (KE) of
flowing blood is proportionate to the velocity squared (derived from KE = % pV?%; where p =

density and V = mean velocity). The total energy (E) PE = 100 g 98
of flowing blood is equal to KE plus potential energy
(PE) (ignoring gravitational forces). The PE can be — —
thought of as the pressure exerted against the wall of -
the blood vessel (i.e., lateral pressure). KE = 2 2 2
E=102 101 100
E=KE +PE (where KE oc V) V= 10 10
Therefore, E < V2 + PE PE =100 50 70
T
This relationship shows that as the velocity of the — kI —p
flowing blood increases, there is a disproportionate +
increase in KE and total energy (E). Although we KE = 2 32 z
. . E =102 g2 2
usually think of blood flowing through a vessel as V= 10 a0 10

being driven by a pressure gradient along the length of
the vessel, it is actually the difference in the total energy of the flowing blood along the length
of a vessel that determines the flow achieved at any given resistance. As blood flows through
a vessel, there is a loss of total energy because of frictional (heat) energy loses. If we were to
consider the energetics along the length of a vessel of constant radius, we would see that there
is a gradual decline in total energy as the potential, or pressure energy falls. This is illustrated
to the right (top panel) where a hypothetical length of blood vessel of constant radius shows a
2 mmHg decrease in potential and total energy between its two ends. The KE is constant
along the length of the vessel because the velocity is the same at every point along the vessel.

The situation is very different for a blood vessel that has a stenosis, or narrowing of the lumen
as shown to the right (bottom panel). The mid-section of the vessel has its radius decreased
by 50%. This results in a 4-fold increase in velocity (from 10 to 40) in that section of the
vessel because at constant flow, velocity is inversely related to radius squared (V oc 1/r*). This
increase in velocity causes a 16-fold increase in KE because KE oc V2. If KE were the
equivalent of 2 mmHg at the entrance of the vessel, it will now be 32 mmHg in the stenotic
region instead of 2 mmHg. There will be a significant reduction in total energy in the stenotic
region despite the increase in KE because there is a disproportionate loss of PE due to
increased resistance (frictional forces). In the post-stenotic segment, the velocity will return to
the pre-stenotic value (because radius and velocity are the same in the pre- and post-stenotic
segments). Therefore, KE is the same in the post- and pre-stenotic segments. There will be,
however, an additional loss of PE due to turbulence, thereby further decreasing total energy.

It might seem paradoxical that the lateral pressure (PE) is lower in the stenotic segment than in
the post-stenotic segment. Volume flow, however, stills goes from left to right in this
illustration because it is the total energy that actually drives the flow along the vessel.

The above considerations illustrate an important principle. Blood flowing at higher velocities
has a higher ratio of kinetic energy to potential (pressure) energy. High kinetic energies are
found in the aortic arch because of the high ejection velocities achieved by the left ventricle
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during systole. When stroke volume is augmented as during
exercise, the moving blood has an even higher kinetic energy.

An interesting, yet practical application of the Bernoulli
. ) principle is found when blood pressure measurements are made
E N d-port (E) pressure = KE + PE  from within the ascending aorta. As described above, during
Side-port (S) pressure = PE ventricular ejection, the velocity and hence kinetic energy of the
flowing blood is very high. The instantaneous blood pressure
that is measured within the aorta will be very different depending upon how the pressure is
measured. As illustrated to the right, if a catheter has an end-port (E) sensor that is facing the
flowing stream of blood, it will measure a pressure that is significantly higher than the
pressure measured by a side-port (S) sensor on the same catheter. The reason for the
discrepancy is that the end-port measures the total energy of the flowing blood. As the flow
stream "hits" the end of the catheter, the kinetic energy (which is high) is converted to
potential (or pressure) energy, and added to the potential energy to equal the total energy. The
side-port will not be "hit" by the flowing stream so kinetic energy is not converted to potential
energy. The side-port sensor, therefore, only measures the potential energy, which is the
lateral pressure acting on the walls of the aorta. The difference between the two types of
pressure measurements can range from a few mmHg to more than 20 mmHg depending upon
the peak velocity of the flowing blood within the aorta.

Turbulent Flow

Turbulence occurs when smoothly flowing, laminar flow is disrupted. This occurs distal to
stenotic (narrowed) heart valves or arterial vessels, at vessel branch points, and in the
ascending aorta at high cardiac ejection velocities (e.g., during exercise).

The onset of turbulence under ideal conditions can be predicted by calculating the Reynolds
number (Re):

Ra = (ﬁﬂp)
7

Where v = mean velocity, D = vessel diameter, p = blood density, and 1 = blood viscosity

There is a critical Reynolds number above which laminar flow is disrupted and turbulence
occurs. Therefore, as blood flow velocity increases in a blood vessel or across a heart valve,
there is not a gradual increase in turbulence as the Reynolds number increases. Instead,
laminar flow will continue until a critical Reynolds number is reached, at which point,
turbulence will develop. Under ideal conditions (e.g., long, straight, smooth blood vessels),
the critical Re is relatively high. However, in branching vessels, or in vessels with
atherosclerotic plaques protruding into the lumen, the critical Re is much lower so that there
can be turbulence even at normal physiological flow velocities.
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Flowin = Flow Out

It is important to note that as diameter decreases,
there is a disproportionate increase in mean velocity
because velocity oc 1/1° (this relationship is based
upon the relationship between flow, velocity, and
cross-sectional area of a vessel, where flow =
velocity x area, and area = m- * as shown to the

therefore,

ol

2
Ve 1/r right). For example, if an arterial stenosis reduces
the vessel diameter by 50%, mean velocity will
Volume flow (F) eguals mean velocity (V) increase 4-fold. The net effect will be a 2-fold

times vessel cross-sectional area (A), where increase in Re, bringing the Re closer to its critical
A =7 times radius squared (r*). Therefore, yalue fgr the dgvelopment oftgrbulenqe. Besides
at constant flow (flow in = flow out), Vec1/r?. increasing Rc;, increased velocity ?,ISO 1ncreases.the
. kinetic energy of the flowing blood, which
Normal Flow 2-Times Normal Flow can lead to a decrease in potential energy

T w (Bernoulli effect) and result in vessel

collapse and flutter under some conditions.

& & Turbulence generates sound waves (e.g.,

AP =10 mmHg AP =35 mmHg ejection murmurs, carotid bruits) that can be
heard with a stethoscope. Because higher

velocities enhance turbulence, audible sounds resulting from turbulence become louder
whenever blood flow is increased across the valve or through the vessel where the turbulence
is occurring. Elevated cardiac outputs, even across anatomically normal aortic valves, can
cause physiological murmurs because of turbulence. This sometimes occurs in pregnant
women who have elevated cardiac output and who may also have anemia, which decreases
blood viscosity. Both factors increase the Reynolds number and increases the likelihood of
turbulence.

Turbulence causes increased energy loss and a higher pressure drop than predicted by the
Poiseuille relationship. For example, as illustrated to the right, if blood flow is increased 2-

fold across a stenotic arterial segment, the pressure drop across the stenosis may increase by 3

or 4-fold. The Poiseulle relationship would simply predict a 2-fold increase in the pressure

drop across the lesion because the pressure gradient is proportional to flow under laminar

flow conditions.

Therefore, turbulence alters the relationship between flow and perfusion pressure such that the relationship is no
longer linear as described by the Poiseuille relationship (see figure at right). Instead, a greater perfusion pressure is
required to propel blood at a given flow rate. Alternatively, a given flow that is turbulent will result in a greater
pressure drop across a resistance than predicted simply by the radius and length of the resistance element. This figure

illustrates the relationship between pressure and flow across a stenotic lesion (e.g., stenotic valve or arterial segment)
in which turbulence occurs.

Determinants of Resistance to Flow (Poiseuille’s Equation)

There are three primary factors that determine the resistance to blood flow within a single
vessel: diameter (or radius), length, and viscosity of the blood.

Vessel resistance (R) is directly proportional to the length (L) of the vessel and the viscosity
() of the blood, and inversely proportional to the radius to the fourth power (r*).
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Therefore, a vessel having twice the length of another vessel (and each having the same
radius) will have twice the resistance to flow. Similarly, if the viscosity of the blood increases
2-fold, the resistance to flow will increase 2-fold. In contrast, an increase in radius will
reduce resistance. Furthermore, the change in radius will alter resistance to the fourth power
of the change in radius. For example, a 2-fold increase in radius will decrease resistance by
16-fold! Therefore, vessel resistance is exquisitely sensitive to changes in radius (or diameter
which is proportionate to radius).

Vessel length does not change appreciably in vivo and, therefore, can generally be considered
as a constant. Blood viscosity normally does not change very much; however, it can be
significantly altered by changes in hematocrit, temperature, and by low flow states.

If the above expression for resistance is combined with the equation describing the
relationship between flow, pressure and resistance (F=AP/R), then

AP -r*
n-L

F o

This relationship (Poiseuille’s equation) was first described by the French physician
Poiseuille (ca. 1820). It is a description of how flow is related to perfusion pressure, radius,
length, and viscosity. In the body, however, flow does not conform quantitatively to this
relationship because this relationship assumes long, straight tubes (blood vessels), a
Newtonian fluid (e.g., water, not blood which is non-Newtonian), and steady, laminar flow
conditions. Nevertheless, the relationship clearly shows the dominant influence of vessel
radius on resistance and flow and therefore serves as an important concept to understand how
physiological (e.g., vascular tone) and pathological (e.g., vascular stenosis) changes in vessel
radius affect flow, and how changes in heart valve orifice size (e.g., in valvular stenosis)
affect flow and pressure gradients

across heart valves. 1.0

The relationship between flow and
radius for a single vessel is shown in 0.8 - Fec 1
the figure to the right. In this

. : o 0.6 1
analysis, laminar flow conditions are
assumed, and pressure, viscosity, and
vessel length are held constant. As
vessel radius decreases, there is a
dramatic fall in flow because flow is
directly related to radius to the fourth 0 A ; : :
power. For example, when radius is
one-half normal (0.5 relative radius), 0.0 0.2 0.4 0.6 0.8 1.0
flow is decreased by a factor of 16. Relative Radius
The new flow, therefore, is only
about 6% of the original flow. This
illustrates how very small changes in vessel radius can have dramatic effects on flow.

0.4 -
0.2 4

Relative Flow
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' ' I "l*__ L\ Press determine resistance across a heart valve are
40 - ,' LAPress |4 the same as described above except that
T2k |c v, length becomes insignificant because path
04F T T " of blood flow across a valve is extremely
short compared to a blood vessel.
120 4L HVEPY _— Therefore, when resistance to flow is
LV Vol \ described for heart valves, the primary
(ml) 80 - factors considered are radius and blood
viscosity.
40 S~ Esv .
. A~ , Cardiac Cycle
Heart o o A singl le of cardi ivi be divided
Sounds P - A single cycle of cardiac activity can be divide
. into two basic stages. The first stage is
0 0.4 0.8 diastole? which represen‘Fs Ventricplar ﬁlling
Time(sec) apd a brief pteIOd just prior to filling at which
o time the ventricles are relaxing. The second
Abbreviations: , stage is systole, which represents the time of
LV Press, left ventricular pressure contraction and ejection of blood from the
a, a-wave; ¢, c-wave; v, v-wave

ECG, electrocardiogram
LVEDVY, left ventricular end-diastolic volume
LVESV, left ventricular end-systolic volume

ventricles.

To analyze these two stages in more detail, it is
convenient to divide the cardiac cycle into
seven phases. The first phase begins with the p-
wave in the electrocardiogram, which represents atrial depolarization. The last phase of the
cardiac cycle ends with the appearance of the next p-wave. In order to understand the events of
the cardiac cycle, the reader should first review basic cardiac anatomy.

The entire cardiac cycle, which contains information on aortic, left ventricular and left atrial
pressures, along with ventricular volume, heart sounds and the electrocardiogram, is shown to the
right. Detailed descriptions of each phase can be obtained by clicking on each of the seven
phases listed below.

Phase 1 - Atrial Contraction

Phase 2 - Isovolumetric Contraction
Phase 3 - Rapid Ejection

Phase 4 - Reduced Ejection

Phase 5 - Isovolumetric Relaxation
Phase 6 - Rapid Filling

Phase 7 - Reduced Filling

Inotropy

Changes in stroke volume can be accomplished by changes in ventricular inotropy
(contractility). Changes in inotropy are unique to cardiac muscle. Skeletal muscle, for
example, cannot alter its intrinsic inotropic state. Changes in inotropy result in changes in
force generation, which are independent of preload (i.e., sarcomere length). This is clearly
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curves. A shiftfrom A to B occurs with decreased inotropy, and
from A to Cwith increased inotropy.

demonstrated by use of length-tension

diagrams in which an increase in inotropy results in an increase in active tension at a given
preload. Furthermore, inotropy is displayed in the force-velocity relationship as a change in
Vmax; that is, a change in the maximal velocity of fiber shortening at zero afterload. The
increased velocity of fiber shortening that occurs with increased inotropy increases the rate of
ventricular pressure development. During the phase of isovolumetric contraction, an increase
in inotropy is manifested as an increase in maximal dP/dt (i.e., rate of pressure change).

Changes in inotropy alter the rate of force and pressure development by the ventricle, and
therefore change the rate of ejection (i.e., ejection velocity). For example, an increase in
inotropy shifts the Frank-Starling curve up and to the left (point A to C in Figure 1). This
causes a reduction in end-systolic volume and an increase in stroke volume as shown in the
pressure-volume loops depicted in Figure 2. The increased stroke volume also causes a
secondary reduction in ventricular end-diastolic volume and pressure because there is less
end-systolic volume to be added to the incoming venous return. It should be noted that the
active pressure curve that defines the limits of the end-systolic pressure-volume relationship
(ESPVR) is shifted to the left and becomes steeper when inotropy is increased. The ESPVR is
sometimes used as an index of ventricular inotropic state. It is analogous to the shift that
occurs in the active tension curve in the length-tension relationship whenever there is a
change in inotropy.

Changes in inotropy produce significant changes in ejection fraction (EF). Increasing
inotropy leads to an increase in EF, while decreasing inotropy decreases EF. Therefore, EF is
often used as a clinical index for evaluating the inotropic state of the heart. In heart failure,
for example, there often is a decrease in inotropy that leads to a fall in stroke volume as well
as an increase in preload, thereby decreasing EF. The increased preload, if it results in a left
ventricular end-diastolic pressure greater than 20 mmHg, can lead to pulmonary congestion
and edema. Treating a patient in heart failure with an inotropic drug (e.g., beta-adrenoceptor
agonist or digoxin) will shift the depressed Frank-Starling curve up and to the left, thereby
increasing stroke volume, decreasing preload, and increasing EF.

Changes in inotropic state are particularly important during exercise. Increases in inotropic
state help to maintain stroke volume at high heart rates. Increased heart rate alone decreases
stroke volume because of reduced time for diastolic filling, which decreases end-diastolic
volume. When the inotropic state increases at the same time, end-systolic volume decreases
so that stroke volume can be maintained.

Factors Regulating Inotropy
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Catecholamines

"ﬁ;otropic State The most important mechanism regulating inotropy
(Contractility is the autonomic nerves. Sympathetic nerves play a
B :\ prominent role in ventricular and atrial inotropic
—T Heart Rate regulation, while parasympathetic nerves (vagal
(Anrep Effect) Systolic (Treppe) efferents) have a significant negative inotropic
Failure effect in the atria but only a small effect in the

ventricles. Under certain conditions, high levels of
circulating epinephrine augment sympathetic
adrenergic effects. In the human heart, an abrupt
increase in afterload can cause a small increase in
inotropy (Anrep effect) by a mechanism that is not fully understood. An increase in heart rate
also stimulates inotropy (Bowditch effect; treppe; frequency-dependent inotropy). This latter
phenomenon is probably due to an inability of the Na'/K '-ATPase to keep up with the
sodium influx at higher heart rates, which leads to an accumulation of intracellular calcium
via the sodium-calcium exchanger. Systolic failure that results from cardiomyopathy,
ischemia, valve disease, arrhythmias, and other conditions is characterized by a loss of
intrinsic inotropy.

In addition to these physiological mechanisms, a variety of inotropic drugs are used clinically
to simulate the heart, particularly in acute and chronic heart failure. These drugs include
digoxin (inhibits sarcolemmal Na'/K'-ATPase), beta-adrenoceptor agonists (e.g., dopamine,
dobutamine, epinephrine, isoproterenol), and phosphodiesterase inhibitors (e.g., milrinone).

Mechanisms of Inotropy

Most of the signal transduction pathways that stimulate inotropy ultimately involve Ca'",
either by increasing Ca’ influx (via Ca’™ channels) during the action potential (primarily
during phase 2), by increasing the release of Ca by the sacroplasmic reticulum, or by
sensitizing troponin-C (TN-C) to Ca™".

Determinants of myocardial oxygen consumption

Myocyte contraction is the primary factor determining myocardial oxygen consumption
(MVO,) above basal levels. Therefore, factors that enhance tension development, the rate of
tension development, or the number of tension generating cycles per unit time will increase
MVO,. For example, doubling heart rate approximately doubles MVO, because ventricular
myocytes are generating twice the number of tension cycles per minute. Increasing inotropy
will also increase MV O, because the rate of tension development is increased as well as the
magnitude of tension, both of which result in increased ATP hydrolysis and oxygen
consumption. Increasing afterload, because it increases tension development, also increases
MVO:.. Increasing preload (e.g., ventricular end-diastolic volume) will also increase MVO,;
however, the increase is much less than what might be expected because of the LaPlace
relationship.

The LaPlace relationship says that wall tension (T) is proportional to the product of
intraventricular pressure (P) and ventricular radius ().

ToxPr

(Law of LaPlace)
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Effects of changes in heart rate, aortic pressure,
inotropic state, and stroke volume on myocardial oxygen
consumption (MVO ). Changes in stroke volume have a
much smaller influence on MO, than changes in heart

rate, inotropy, or aocrtic pressure.

Wall tension can be thought of as the tension
generated by myocytes that results in a given
intraventricular pressure at a particular ventricular
radius. Therefore, when the ventricle needs to
generate greater pressure, for example with
increased afterload or inotropic stimulation, the wall
tension is increased (i.e., increased myocyte tension
development). This relationship also shows us that a
dilated ventricle (as occurs in dilated
cardiomyopathy) has to generate increased wall
tension to produce the same intraventricular
pressure.

We observe empirically that wall tension and

MVO; are closely related. For this reason, changes in intraventricular pressure and
ventricular radius affect MVO,. As stated above, changes in ventricular preload volume do
not affect MVO; to the same extent quantitatively as changes in afterload. This is because
preload is usually expressed as the ventricular end-diastolic volume, not radius. If the
ventricle is assumed to be a sphere, then the ventricular volume (V) is related to radius (r) by:

vV

Therefore,

=4mr

r o 7

Substituting this relationship into the LaPlace relationship,

TocP-E{/I?

This relationship indicates that a 100% increase in ventricular volume (V) will increase wall
tension (T) by only 26%. In contrast, increasing intraventricular pressure (P) by 100% will
increase wall tension (T) by 100%. For this reason, wall tension, and therefore MVO,, is far
less sensitive to changes in ventricular volume than pressure (see figure at right). In
summary, increasing heart rate (HR), aortic pressure (AP), and inotropy (Ino) increase MVO,
about 4-times more than an equivalent percent change in stroke volume (SV).

These finding have implications for the treatment of patients with coronary artery disease
(CAD). For example, drugs that decrease afterload, heart rate, and inotropy are particularly
effective in reducing MVO, and relieving anginal symptoms. CAD patients should avoid
situations that lead to large increases in afterload such as lifting heavy weights. It is very
important that hypertensive CAD patients are fully complying with their anti-hypertensive
medications because hypertension dramatically increases MVO; due to increased afterload.
CAD patients can also be encouraged to participate in exercise programs such as walking that
utilize preload changes to augment cardiac output by the Frank-Starling mechanism. It is
important to minimize adrenergic activation in CAD patients because sympathetic activation
of the heart and vasculature increases heart rate, inotropy, and systemic vascular resistance,
all of which lead to significant increases in oxygen demand by the heart.
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SV 504 Frank-Starling Mechanism
(ml]
The heart has the intrinsic capability of increasing
its force of contraction and therefore stroke volume
in response to an increase in venous return. This is

0 ' - called the Frank-Starling mechanism in honor of
0 10 20 the scientific contributions of Otto Frank (late 19
LVEDP (mmHg) century) and Ernest Starling (early 20™ century).

. o : _ This phenomenon occurs in isolated hearts, and
Figure 1. Frank-Starling mechanism. Increasingvenous therefore is ind dent of land h |
return to the left ventricle increases left ventricular end- ; crefore 1S independent of neura ar.1 umora
diastolic pressure (LVEDP) and volume, thereby increasing  influences. Increased venous return increases the
ventricular preload. This results in an increase in stroke ventricular filling (end-diastolic volume) and
volume (5V). The “normal” operating point is at a LYEDP of s b s .
~8 mmHg and a SV of ~70 mi/beat thereforgr preload, Whlch is the initial §tretchmg of

the cardiac myocytes prior to contraction. Myocyte
stretching increases the sarcomere length, which
100 causes an increase in force generation. This
mechanism enables the heart to eject the additional
venous return, thereby increasing stroke volume

(SV).
s 50 The mechanical basis for this mechanism is found
(ml) in the length-tension and force-velocity

relationships for cardiac myocytes. Briefly,
increasing the sarcomere length increases troponin
C calcium sensitivity, which increases the rate of

' - cross-bridge attachment and detachment, and the
0 10 20 amount of tension developed by the muscle fiber
LVEDP (mmHag) (see Excitation-Contraction Coupling). The effect
of increased sarcomere length on the contractile
proteins is termed length-dependent activation.

Figure 2. Family of Frank-Starling curves. Changesin
afterload and inotropy shift the Frank-Starling curve up or
dawn.

It is traditionally taught that the Frank-Starling mechanism does not result in a change in
inotropy, although there is a change in force generation; however, because increases in
preload are associated with altered calcium handling, a clear distinction cannot be made
between length-dependent and length-independent changes in contractile function in terms of
whether or not these are inotropic changes or non-inotropic changes.

There is no single Frank-Starling curve for the ventricle. There is actually a family of curves,
each of which is defined by the afterload imposed upon the heart and the inotropic state of the
heart. Figure 2 shows how a ventricle functions at different afterload and inotropic states. To
summarize, changes in venous return will cause a ventricle to move along a single Frank-
Starling curve that is defined by the existing conditions of afterload and inotropy.

Frank-Starling curves how changes in ventricular preload lead to changes in stroke volume.
This graphical representation, however, does not show how changes in venous return affect
end-diastolic and end-systolic volume. In order to do this, it is necessary to describe
ventricular function in terms of pressure-volume diagrams.
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