Regulation of SV and CO




Stroke Volume, Cardiac Output and E_jection Fraction

Stroke Volume (SV)

SV = The volume (ml) of blood ejected during one ventricular systole (it is
the same for RV and LV if no valve regurgitation, or shunt exists) =
EDV-ESV

SV x HR = Total ml ejected in 1 minute (ml/min) = Cardiac Output (CO,
KAOA)

Cl (Cardiac Index) = CO/BSA
Ejection Fraction (EF) = SV/EDV = (EDV-ESV)/EDV



= SV x HR =(CO, KAOA): Critical circulatory parameter

= Ejection Fraction (EF): Powerful predictor of prognosis

Normal = 60%

When reduced = HFrEF (Heart Failure with reduced EF), approximately 50-60% of HF
pts

When severely reduced (< 35%) =» risk of SCD (Sudden Cardiac Death) = Reduced

survival. Need for AICD (Automatic Implantable Cardioverter Defibrillator)




Regulators of SV (_CO_) and EF

» Preload
= Afterload

= Contractility




EDV & ESV

= Preload is the volume at which the heart is most

filled with blood at the end of diastole: this value

Is equal to end-diastolic volume (EDV).

End Systolic Volume (ESV) is the volume of blood

remaining in the ventricles after systole.




Starling’s Law of the Heart

* The greater the stretch of the myocardial
fibers, the stronger the force of the
contraction.

Mechanism of
Starling Law:

An increase in preload =
increase in the sarcomere
length = increases troponin
C calcium sensitivity =»
increases the rate of cross-
bridge attachment and
detachment, and the amount
of tension developed by the
muscle fiber = This
increases SV...




Preload = How far the band is stretched
just before letting go




Preload

@

According to the Frank-Starling mechanism,
the greater the stretch, the greater the force E@; 7
kg

oy




Cardiovascular Physiology
Cardiac Output

* Influencing stroke volume
— Pre Load Relationship between Stretch and

« The amount of stretch 200 ;—-oree within the Jeft ventricle
within the contractile
myocardial fibers

Represents the “load” :
placed on the muscle 3
fibers before they
contract " | | |

They respond 100135 200 300 400
according to length-

tension patterns

observed in muscle tissue

by Frank, then by Starling
— Became known as the Frank-Starling Law of the Heart
— “The heart will pump all the blood that is returned to it”

Normal
resting
values
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Force: indicated by
stroke volume (mL)
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Stretch: indicated by ventricular end-diastolic volume (mL)




Starling’s Law of the Heart

= The heart adjusts its pumping rate to the rate of blood
return. How?

More blood returning stretches atria and ventricles more

Stretching SA node muscle causes faster rhythmicity

Stretching heart muscle causes faster conduction

Stretching heart muscle causes stronger, more complete

contraction...

EkmraideuTikdg 216X0¢ (E2): H apxn kai 1o TEA0G TnN¢ KA Acitoupyiag, o vouog IfSﬁ




Preload and SV...

Active
Tension

EDV

Initial Muscle Fiber Length Figure 1. Len , _ iac
{PFE|EI-EI-E|;I muscle. The effects of increasing preload

on active tension.

Starling’s Law of the Heart
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Length Tension Relationship
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Relationship Between End-Diastolic
Volume and Stroke VVolume
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Example: Exercise

The EDV and Stroke Volume

At rest
EDV is low
Myocardium stretches less
Stroke volume is low
With exercise
EDV increases (venus return)

Myocardium stretches more

Stroke volume increases

Skeletal Muscle Pump

Relationship Between End-Diastolic
Volume and Stroke VVolume

Increased
venous

return \

Stroke volume (ml)

I resting |1
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100 200 300
Ventricular end-diastolic volume (ml)




EkOBeTIkKA oxéon dIaoTOAIKNC TTieong pe oyko: EDV vs. EDP...

, Systole | Diastole . Systole Diastole

Fig 3.3 LV Pressure-Volume Relatiqnship during Diastole
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Active
Tension

initial Muscle Fiber Length
{Preload)

Lermnyg

EDV

=ac

muscle. The effects of increasing preload
on active tension.

Fig 3.3 LV Pressure-Volume Relationship during Diastole

‘ LV Pressure
(mmHg)

100

=N
(ml]

10
LVEDP (mmHg)




Initial Muscle Fiber Length
{Preload)

T
10
muscle. The effects of increasing preload LVEDPF (mmHg)
on active tension.

Figure 1. Length-tension relationship for cardiac
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Afterload

= Afterload is the pressure the ventricle must
overcome to eject blood during systole...

= Afterload can be defined as the "load" that the heart must eject

blood against.

= The afterload is closely related to the blood vessel pressure,
and accordingly to resistance (Systemic SVR, & Pulmonary
PVR).




Afterload

i N

Afterload, on the other hand, is the resistance
that the ventricle must overcome to eject




Afterload

Decreased Arterial Pressure (Afterload) When arterial pressure IS

140 ~+EDV_~ .
{ reduced, the ventricle can

LV t | L o \ :
Vol 804  “Je-gsv | | eject blood more rapidly,

(ml} g g -
N SV = EDV - ESV 2 W . which increases the stroke

Figure 2. Effects of reducing arterial pressure (afterload) on ventricular volume [ERYA®) lume and there by
changes in the beating heart. Decreased afterload decreazes end-systolic

volume (ESV), and to a lesser extent, end-diatolic volume (EDV). The net effect

is an increase in stroke volume (SV). decreases the end -SYStOl IC

volume.




Effect of an increase in afterload on SV

® Anincrease in afterload = increase in ESV and a

decrease in SV.

An increase in afterload shifts the Frank-Starling

curve down and to the right (from A to B).

Explanation: increase in afterload decreases the
velocity of fiber shortening. This reduces the rate of

volume ejection so that more blood is left within the

10 1 ventricle at the end of systole (increase ESV)

L VEDP (mmHg) A decrease in afterload shifts the Frank-Starling

: , , curve up and to the left (A to Q).
iqure 1, Effects of changes in afterload on Frank-Starling

curves, A shift fromA to B occurs with increased afterload, and
rom A to C with decreased afterload.




Preload and Afterload

Preload:
volume
entering
ventricles

Afterload:

resistance left
ventricle must
overcome to
circulate blood
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Contractility

The more forceful the contraction, the more
blood it ejects.




Sympathetic
Parasympathetic Activation Circulating
(WVagal) Inhibition Catecholamines
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rom & to & owith increased inotropy.




Effects of Sympathetic Stimulation on
Stroke VVolume

Sympathetic
stimulation
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Contractility = Intrinsic recoil of the band

Pt

' Afterload = Mass of the rock

T

CITR
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Preload = How far the band is stretched
just before letting go




Determinants of RV & LV-EDP

» Preload =2 Volume of Fluids (Venus Return) = EDV

» Afterload =2 Impedance to ejection (Large vessel pressure

=» Resistance...)

= Contractility =» Force of Contraction




Regulation of RV & LV-EDP

1 Preload = T EDV = 1 EDP
1 Afterload = T ESV = 1 EDV = 1 EDP
t Contractility = | ESV = | EDV = | EDP

Fig 3.3 LV Pressure-Volume Relationship during Diastole




SV = EDV - ESV

EF = IV 100

(%) EDV

Normal EF = 55-70%

CO = SV -HR




To KE (Ejection Fraction; EF)

* H TTI0 oNuAVTIKN KAIVIKN

TTAPAUETPOC TNC KAPOIAKNC

AEITOUpPYIOC




To KE (Ejection Fraction)

= [IpocdI0pidel TNV TTPOYVWON TWV
KOpOIOAOYIKWY aoBevwy

duoioAoyiko: 60%




To KE (Ejection Fraction; EF)

* [MMpoodlopileTal NE ATTEIKOVIOTIKEG MEOOOOUG

(YEWHETPIKEG TTAPADOXECQ)
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Factors Affecting Heart Rate (HR) Factors Affecting Stroke Volume (SV)

Autonomic innervation Heart size

Hormones Fitness levels

Fitness levels Gender

Age Contractility

Duration of contraction
Preload (EDV)

l Stroke Volume (SV) = EDV - ESV I

¥

SV




Factors that Regulate Cardiac Output

Cardiac

Stroke volume
output Cardiac rate

i S

A S
| Contraction End-diastolic  Mean arterial
: / strength volume (EDV) pressure

Parasympathetic Sympathetic
nerves nerves Stretch
Frank-

Starling




Cardiodynamics

Skeletal Blood Changes in
muscle volume peripheral
activity circulation
Factors affecting heart rate \ l / Factors affecting stroke volume

Atrial Venous Filling Autonomic
reflex return time innervation
| = = - m |

Hormones

€ = =
Preload Contractility Vasodilation or
vasoconstriction

- ) l

Autonomic -di i 2 H
: A Hormones End-diastolic End-systolic 9
innervation volume volume

| | | L] il

Afterload

HEART RATE STROKE VOLUME

CARDIAC OUTPUT

A Summary of the Factors Affecting Cardiac Output




Summary of Cardiovascular Responses
to Exercise

4 4 A 4
Cardiac T Stroke

Metabolic Sympathetic
—-— vasodilation vasoconstriction
in muscles in viscera

4 A4 s
tSympatho — ‘ Improved Skeletal

rate volume

adrenal venous - muscle
system return activity

4
Deeper
breathing




Factors Involved in Regulation of Cardiac Output

Crisis stressors (exercise, physical or emotional
trauma, increased body temperature)

Low blood pressure, low blood volume

| Increased activity of muscular (hemorrhage, excessive sweating)

pump and respiratory pump | : T I I

Increased

renal activity
{conservation of L |
Ma' and water)

| High blood pressure

Chemicals: Bloodborne |
thyroxine, epinephrine, {short-term
excess Ca2+ effects only)

Venous return Increased contractility Sympathetic nervous | Crisis has passed
‘ of cardiac muscle | system activity

Increased blood volume

EDV EDV || ESV Parasympathetic nervous system
[ ] ' ] controls via cardiocinhibitory center
and vagus nerves

¥

Increases, stimulates

Stroke volume [SV) X ) Heart rate (HR)

= Reduces, inhibits (ml/beat) > (beats/min)

| Initial stimulus

Physiological response Caﬂ:liiacl output (CO)

Result (mil/min)




Blood Pressure




Pressure (mmHg)
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Pressure increases as
| Systole | Diastole | blood flows into the aorta

I
I Aortic valve closes
I

Pressure falls as blood
L/ﬂmws out of the aorta

Dicrotic notch
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/ notch

Systolic
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Pulse Pressure
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SV

o Tidal wave

\ Reflected

,

Percussion Wave = rise due to LV ejection;
Tidal Wave = echo of the percusion wave by the

arterial system;
Dichrotic notch is the abrupt closure of the

aortic valve: dicrotic wave is the reflected wave
from the peripheral vasculature




Pulsus parvus et tardus

The first indication that the rise IS sIow IS the absence of a tap.

Then you may notice that the sensation is one of a caressing lift.

The normal rise is a tap;
the slow rise i1s a caress.

SOS: If you feel a tap followed by a push, then you may be

feeling an anacrotic shoulder followed by a late s/ow-rising tidal wave




Rapid Rates of Rise (Brisk Pulse) with Normal Pulse
Pressures

= [f there are two outlet orifices for ejection, as in MR or VSD

The increased volume produces
a Starlj t on the LV

Incompetent
mitral
valve

Normal systole Systole with MR




El Collapsing pulse

Normal Pulse Water hammer pulse

Collapsing pulse also known as Watson’s
water hammer pulse is described in aortic
regurgitation with a rapid upstroke and
descent.

Causes of collapsing pulse

1. Aortic regurgitation
2. Patent ductus arteriosus

k

WATER HAMMER PULSE (

Collapsing pi




Bounding pulse/ water hammer pulse

This tvpe of pulse nses suddenly followed by
a quick fall.
L
Quick rise 1s due to increased stroke volume,
and the quick fall 1s due to  quick passage of
blood from aorta to ventricle. ] ] » ;
S : . What is Corrigan’s pulse?
Seen 1n aortc iIncompetence. i . :
- ANS: It is the bounding carotid seen by eye.

What are the most common cardiac causes of a bounding pulse?

ANS: Aortic regurgitation (AR), persistent ductus arteriosus, and coarctation.

What are the most common noncardiac causes of a rapid rise with increased
pulse pressure?

ANS: Thyrotoxicosis, pregnancy, and severe anemia.

Why is the pulse of AR bounding?

ANS: a. There is a high systolic pressure because a large volume is ejected.
The large volume is from two sources: the diastolic AR flow plus
the mitral diastolic flow. The Starling effect caused by stretching
the LV creates the rapid rise.

b. There is a low diastolic pressure.




Rapid Rates of Rise with Increased Pulse Pressure

= Most common cardiac causes of a bounding pulse

Aortic regurgitation (AR), persistent ductus arteriosus,

and coarctation.

= Most common noncardiac causes of a rapid rise

with increased pulse pressure

Thyrotoxicosis, pregnancy, and severe anemia.




Corrigan pulse...

= The loud sounds heard when the
stethoscope is placed over the rapidly rising
large pulsations of the femoral artery are

called Traube’s sign, or pistol-shot sounds




Corrigan pulse.:-

= The lower diastolic pressure in AR is only partly due to backflow
into the LV during systole.

= |t is mostly due to the reflex decrease in TPR caused by the large
stroke volume stretching the carotid and aortic sinuses.

Although sAR will generally have a diastolic pressure of about 50 mmHg or
less, if the patient goes into heart failure the resultant reflex increase in
peripheral resistance caused by low output may raise the diastolic pressure
to normal values.




Duroziez double murmur...

Duroziez’ double murmur:

1st = systolic murmur heard by gradually compressing the femoral

artery with a finger proximal to the stethoscope

2nd = diastolic murmur produced by gradually compressing the artery

distal to the stethoscope (backflow in all the large arteries in diastole).

Note: Traube’s sign and Duroziez’ double murmurs are more of historical than

practical interest because no more information is gained from them than b}_{a'=ﬁ

palpating the pulses or taking a blood pressure




AIkOpu@oc (Bisferiens) o@uyuog

MeyaAog OYKOC TTAAUOU TToU £€WOEiTal TAXEWC

MeoOOUOTOAIKN EupPACn

Bernoulli effect...or
Midsystolic LVOTO

AlkOpudog oduypoe: Percussion
& tidal waves.

HOCM ... o B
Dicrotic notch Hﬁﬁ;@fﬂ-




Bisferiens pulse in a patient with severe AR. (EDM =
early diastolic murmur ot AR at left sternal border:
MDM = mid-diastolic murmur at apex [Austin Flint
murmur]).

AIKPOTIKO KUUQ

AIKPOTIKA EVTOUN
NCl s



The rate of rise in HOCM is among the fastest in cardiology
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AIKPOTOC OPUYUOC

Reduced SV

H deutepn KopuPry TNV O100TOAN QUECWG META
TOV S, (UTTOTAON ME AUENUEVEG AVTIOTAOEIG OTTWC
o€ TTUPETO, tamponade, coapr oceia Kapdiakr)

QVETTAPKEIQ, UTTOYKAIMIKO shock, post-AVR)

Increased TPR

|

51 S2
Dicrotic pulse




D, Aiképudog adpuypds oe HOCM. Zmtavia YnAadpntoc.

E, AlkpoTikOG 6PuypOG: EVIOYUMEVO OLKPOTIKO KUK OTIWG GE O,

ocofapn KA, vtoykatptko shock, tamponade, AVR.




Pulsus paradoxus

= Tamponade, cupTeoTiKn MK, Bpoyxikd doBua,

UTTOYKOIUIKO shock, TTveupoviKr EuBOAN...

1. Why do some asthmatic patients seem to have a marked inspiratory fall in
blood pressure?

ANS: Bronchospasm may raise the intrathoracic pressure very high (similar
to a Valsalva maneuver), and inspiration will, by contrast, seem to lower
the systolic pressure excessively. Actually, it is an expiratory rise in
blood pressure, not an inspiratory fall.




Pulsus alternans

= 20Bapn HUOKAPODIAKK OUCAEITOUPYIO, EKTOKTOOUOTOAEC
(AAY o@uypocg diIdupiac pulsus bigeminus). Me
MECOUETPO (<10 mmHg diagopq)...

» ‘ExkAuon pe dioupnon, 6pBia Béon...(UETATPOTTA o€ {
output)




Pulsus
alternans (g2
beats, LV
systolic
faiure) versus
Pulsus
paradoxus
(lower during
inspiration)

Arterial pressure
(mmbg )

Pulsus paradoxus




Bernoulli effect

/‘4&/\ )

Midsystolic LVOTO A
| I i

S So S S2
Bisferiens — HOCM Bisferiens — Aortic
regurgitation

I\
i i J\-i—/F

S So S So
Dicrotic pulse MNMormal carotid pulse




Pulses paradoxus

Inspiration Expiration

Pulses parvus et tardus

Bisferiens pulses

Pulses alternans /\\ /\ /\\ /\

Small and weak pulses

Largeandbﬂundingpulses /k /\\ /.\\ /\\ %




[TaBoAOYIKOG OPUYUOG

= Pulsus tardus: Fixed obstruction to left ventricular
outflow (valvular aortic stenosis, congenital fibrous
subaortic stenosis). Bpaoeia avoéog, poilog, Bpaduc Kal
TTAPATETAMEVOG UE MIKPO UWoc. Anacrotic notch & acrotic

pulse.

Pulsus parvus: 6Quypog HIKpoU UWoug AOyw
EAATTWMPEVOU OYKOU TTAAMOU.

Pulsus parvus et tardus: cofapr] otévwon aopTrc.

‘Eviovoc o@uypoc YTTEPKIVNTIKA KUKAOpopia & LV
volume loading (VSD, MR, AR)




[TaBoAOYIKOG OPUYUOG

Corrigan or water-hammer pulse: ooBapr'}\AR; Algvidia avodog,
Taxeia Trrwaon Xwpeig dicrotic notch. (xapnAr avriotaon aopTng Kal
MEYAAOG QYyKOG TTaApOU). 21NV ogeia AR, TTpwiun ouykAion tng MV
TTapePTTIODICEl QUTA TA PAIVOUEVA.

Bounding arterial pulses: PDA, AV fistulas, thyrotoxicosis,

pregnancy, fever, and anemia, severe bradycardia, arteries
proximal fo CoA.

Hill's sign: AR (] kKaTaOoTAOEIG JE AUENPEVO OYKO TTaAPoU)
O'UO'TO)\IK[]_I'ITIEZO'H OTA KATW AKpa gival HeyaAUTEPN ATTO TA AVW AKPOA
> 20 mm Hg.

KataoTtdoeig pe augnuévo oyko TmaApou: Becker's sign (opatég.
G(puésl)glo;ov ap@IBAnoTpocidr)) and Mueller’s sign (opaTeC OQUEEIC
OTAPUANG).




[TaBoAOYIKOG OPUYUOG

AV dissociation: diakUuuavaon o@uyuou (eTTi Taxukapdiag, uttoyia KOIAIOKNG
Tayxukapdiag)

Bisferiens pulse: peyahog 0ykog TTaAuou TTou egwheiTal Taxewg, N

neooouaToAlkr atrogpacn (AR, AR & AS, otraviwg o€ veapoucg eVAAIKEC,
HOCM).

Dicrotic pulse: H deUtepn kopu@n otV O100TOAN APECWG PETA TOV S,
(UTTOTOON PE EAATTWHEVEG AVTIOTAOEIG OTTWG O€ TTUPETO, tamponade,
oofapn Kapdiakr AVETTAPKEIA, UTTOYKAIUIKO shock)

Pulsus alternans: 2oBapr} puokapdlak OUCAEITOUPYIa, EKTAKTOOUOTOAEG
(AAX o@uyuoc didupiag pulsus bigeminus)

Pulsus paradoxus: tamponade, ouuteaTikn K, Bpoyxiko acOua,
UTTOYKQIUIKO shock, TTvEUpOoVIKN EUBOAN.




Quick Diagnoses Possible from the Carotid Pulse

= Feel for a gentle tap =» carotid with a normal amplitude and rate of rise.

If you feel no tap but only a “push” you should assume that AS is
probably present.

If you feel a sharp tap (brisk pulse) due to a rapid rate of rise, consider

MR, VSD, or HCM if the pulse volume or pressure is normal.

If the pulse amplitude is increased, consider AR, PDA, or CoA




Where are Korotkoff sounds loudest? (a) In the center of the cuft, (b) at the edge
of the cuff, or (c¢) a few centimeters distal to the cuff edge?

ANS: In the center of the cuff.

e

Since a stethoscope chest piece cannot be placed
completely under a cuft, the best compromise is
to slip as much as possible of the diaphragm chest
piece under the distal edge of the cutt.

Site of
loudest

Korotkoft
sounds




= Vasoconstriction

= Vascular growth

= Inflammation

= Platelet
aggregation

Vasculature

4

« Water retention
« Aldosterone

« Na* reabsorption
« Efferent
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« Catecholamine
release
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The usual commercial leg cuff. such as
that shown here. must be rolled diago-
nally around the thigh, to keep the

edges snug against the skin. The sys-
tolic blood pressure in the legs should
not be over 20 mmHg higher than in
the arms




A convenient method of taking a leg
pressure if you do not have a thigh cuft.
A pediatric bell should be used to

achieve an easy air seal behind the
medical malleolus.




Leg Blood Pressure in Aortic Regurgitation

1. How does AR affect the blood pressure in the legs in comparison with that in the
arms? What is this sign of AR called?

ANS: AR exaggerates the tendency for the leg systolic pressure to be higher
than that in the arms. If the difference is greater than normal, i.e., more
than 20 mmHg, it is known as a positive Hill’s sign [7].

Note: It is easy to remember because blood pressure increases, i.e., goes
“uphill™ in AR as the examiner goes down the body.

Why is the cuff systolic pressure in AR higher in the legs than in the arms?

ANS: One theory is that reflected waves from the periphery sum with for-

ward waves. These summed waves are known as standing waves.




FHE TR R
Tidal wave |
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Onset almoeost simultaneous

Intra-arterial pressure tracings in a patient with coarctation of the
aorta show that the onsets of the femoral and radial pulses remain
almost simultaneous. In coarctation, a delay in the femoral is felt
on palpating both arteries simultaneously because the percussion
wave distal to an obstruction is obliterated by an anacrotic shoul-
der, which is imperceptible. Thus only the tidal wave is felt in the
femoral artery, whereas the earlier percussion wave is felt in the
unobstructed radial artery|




Radio-Femoral delay: CoA

Bwv placing the patient’s wrist over his or
her femoral artery as you palpate both,
you can best perceive the obvious delay
of the femoral pulse peak over that of the
arm. In using the radials rather than the
brachials to test for differences between
the arm and leg, you take advantage of
the increased rapidity of pulse rise as you
palpate more peripherally down the arm.




Orthostatic hypotension

= |f a patient has a history of presyncope or syncope on standing
(orthostatic hypotension), how long should the patient stand before

checking for a fall in blood pressure?

= ANS: If the blood pressure does not fall immmediately, you should

recheck after 3—5 min of standing.

Note: A drop of more than 15 mmHg in systolic pressure or any fall in

diastolic pressure suggests hypovolemia or autonomic dysfunction...




