
1

Chapter 11
11-1
11-2
11-3
11-4
11-5



Circulatory System 
Components

Cardiovascular system
--Blood: a fluid that circulates around the body 

through blood vessels
--Heart: four-chambered pump
--Blood vessels: arteries, arterioles, capillaries, 

venules, and veins
Lymphatic system
--Lymphatic vessels, lymphoid tissues, lymphatic 

organs (spleen, thymus, tonsils, lymph nodes)
2



Heart Location
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Located in thoracic cavity (between 
the lungs in the mediastinum) just 
above the diaphragm

Size of fist, weighs approximately 
250–350 g (0.5% of BW), and 
surrounded by pericardium



Heart Orientation

Anterior surface deep to sternum and ribs
Inferior surface between apex and right border
Right border faces right lung
Left border (pulmonary border) faces left lung 4

Heart has 2 surfaces: Anterior and Inferior
2 borders: Right and Left

Base: directed posteriorly, 
superiorly and to the right

Apex: Directed anteriorly, 
inferiorly and to the left



Surface Projection of the Heart

Superior right point at the superior border of the 3rd right 
costal cartilage
Superior left point at the inferior border of the 2nd left costal 
cartilage, 3 cm to the left of midline
Inferior left point at the 5th intercostal space, 9 cm from the 
midline
Inferior right point at superior border of the 6th right costal 
cartilage, 3 cm from the midline
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~ 2/3 of mass to the left of the midline



Superior vena cava
(from upper body)

Aorta (to systemic organs)

Left atrium

Interventricular septum

Apex of heart
Descending aorta
(to lower body)

Left ventricle

Inferior vena cava
(from lower body)

Right atrium

Right ventricle

Heart Structure
Four Chambers: 

Two upper (atria) + Two lower (ventricles)
Receiving chambers Pumping chambers



Heart Structure
Functional heart
--Left heart: atrium and ventricle 

in the left side of heart
--Right heart: atrium and ventricle 

in the right side of heart
Septum: left heart and right heart 
are separated by a wall
--Interatrial septum
--Interventricular septum
Base: wider upper pole (end) of 
heart (top)
Apex: narrower lower pole 
(bottom) 7



Tissue Layers of Heart Wall
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The wall of the heart has three layers: Epicardium, Myocardium 
(95%), and Endocardium
Pericardium 2 main parts: Fibrous and  Serous pericardium
--Fibrous pericardium: tough, inelastic, dense irregular connective tissue –

prevents overstretching, protection, anchorage
--Serous pericardium: thinner, more delicate membrane – double layer 

(parietal layer fused to fibrous pericardium, visceral layer also called 
epicardium)

--Pericardial fluid reduces friction – secreted into pericardial cavity



Pericardium and Heart Wall
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Pericarditis is an inflammation of the pericardium
Endocarditis is an inflammation of the endocardium (usually 

involves the heart valves)
Associated bleeding into the pericardial cavity compresses 

the heart (cardiac tamponade) and is potentially lethal

Cardiac Tamponade



Chambers of the Heart

Right Atrium (RA)
Receives blood from 3 sources
--Superior vena cava, inferior vena cava and coronary sinus

Interatrial septum has Fossa ovalis
--A remnant of the fetal foramen ovale

Tricuspid valve (right atrioventricular valve)
--Blood flows through into right ventricle
--Three cusps composed of dense CT covered by endocardium



Right Ventricle (RV)
Forms most of anterior surface of heart
Papillary muscles are cone shaped trabeculae carneae (raised bundles 
of cardiac muscle)
Chordae tendineae: cords between valve cusps and papillary muscles
Interventricular septum: partitions ventricles
Pulmonary semilunar valve: blood flows into pulmonary trunk

Chambers of the Heart
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Left Atrium (LA)
Forms most of the base of the heart
Receives blood from lungs - 4 pulmonary veins (2 right + 
2 left)
Bicuspid valve: blood passes through into left ventricle
--Two cusps= Mitral valve= Left Atrioventricular valve

Chambers of the Heart
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Left Ventricle (LV)
Forms the apex of heart (thickest chamber)
Chordae tendineae anchor bicuspid valve to papillary muscles
Blood passes through aortic valve (aortic semilunar valve) into ascending 
aorta; some blood flows into coronary arteries, remainder to body
During fetal life ductus arteriosus shunts blood from pulmonary trunk to aorta 
(lung bypass) closes after birth with remnant called ligamentum arteriosum

Chambers of the Heart



Myocardial Thickness and Function
Thickness of myocardium 
varies according to the 
function of the chamber
Atria are thin walled, 
deliver blood to adjacent 
ventricles
Ventricle walls are thicker
because they pump blood 
greater distances
--Right ventricle supplies 

blood to the lungs (little 
flow resistance)

--Left ventricle wall is the 
thickest to supply systemic 
circulation 14Right ventricle < Left ventricle 



Heart Valves

Four valves (2 atrioventricular & 2 semilunar)
Valves open and close in response to pressure changes as the heart 
contracts and relaxes (valves prevent backward flow of blood)

Heart valves disorders
Stenosis is a narrowing of a heart valve which restricts blood flow
Insufficiency or incompetence is a failure of a valve to close 
completely
Stenosed valves may be repaired by balloon valvuloplasty, surgical 
repair, or valve replacement 15



Fibrous Skeleton of Heart

Support structure for heart valves
Insertion point for cardiac muscle bundles
Electrical insulator between atria and ventricles

--prevents direct propagation of AP’s to ventricles16

Dense CT rings surround the valves 
of the heart, fuse and merge with the 
interventricular septum



AV valves open
AV valves open and allow 
blood to flow from atria into 
ventricles when ventricular 
pressure is lower than atrial 
pressure

--Occurs when ventricles are 
relaxed, chordae tendineae are 
slack and papillary muscles are 
relaxed

AV valves close
AV valves close preventing 
backflow of blood into atria 

--Occurs when ventricles contract, 
pushing valve cusps closed, 
chordae tendinae are pulled taut 
and papillary muscles contract to 
pull cords and prevents 
regurgitation 17

Action of AV Valve



Action of AV Valve
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Atria Contracts
Ventricle Relaxed Atria Relaxed

Ventricle Contracts



Semilunar valves 
SL valves open with ventricular contraction
--Allow blood to flow into pulmonary trunk and aorta

SL valves close with ventricular relaxation
--Prevents blood from returning to ventricles, blood fills 

valve cusps, tightly closing the SL valves
19

Action of Semilunar Valve
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Action of Semilunar Valve

Ventricle Relaxed
Ventricle Contracts



What are the ventricles doing?

Atria contract
blood fills ventricles through 

AV valves

Ventricles contract
blood pumped into aorta and 

pulmonary trunk through 
SL valves
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Heart Valves
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Pathway of Blood Flow
Cardiovascular system 
= closed system
Flow through systemic
and pulmonary 
circuits is in series
Left ventricle aorta 

systemic circuit 
vena cava right 
atrium right 
ventricle pulmonary 
artery pulmonary 
circuit pulmonary 
veins left atrium 
left ventricle
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Systemic Circulations

Pulmonary Circulation

Heart 
Circulation 



Systemic & Pulmonary Circulations

* (coronary sinus)
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Myocardium has its own 
network of blood vessels 
(blood in chambers does not 
supply nutrients to cardiac cells)
Coronary arteries branch 
from ascending aorta
--Anastomoses provide alternate 

routes or collateral circuits
--Allows heart muscle to receive 

sufficient oxygen even if an 
artery is partially blocked

Coronary capillaries
Coronary veins

--Collects in coronary sinus
--Empties into right atrium

Coronary Circulation
Blood flow: 4-5% of cardiac output 

(200-250 ml/min)
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Branches off aorta above aortic 
semilunar valve
Left coronary artery
--Circumflex branch 

In coronary sulcus, supplies 
left atrium and left ventricle

--Anterior interventricular art.
Supplies both ventricles

Right coronary artery
--Marginal branch

In coronary sulcus, supplies 
right ventricle

--Posterior interventricular art.
Supplies both ventricles

Coronary Artery



Coronary Artery
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Characteristics of Coronary 
Circulation

The path is shorter and 
faster blood flow
High blood pressure and blood volume
High arteriovenous oxygenated blood 
difference and oxygen uptake rate
Blood supply mainly in diastolic period 
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Blood Flow Regulation of 
Coronary Circulation

1. Myocardial metabolism
--

7~9 ml/min
--

5 (Autoregulation)
--

(adenosine)
-- ATP 

AMP 5'-nucleotidase
adenosine

30
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Adenosine

Blood Flow Regulation of 
Coronary Circulation
1. Myocardial Metabolism

Hypoxia

Hypoxia



Blood Flow Regulation of 
Coronary Circulation

2. Neuronal Regulation
--
-- -receptor)

-receptor)

--

--
ACh 
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Blood Flow Regulation of 
Coronary Circulation

3. Humoral Regulation
--Epinephrine norepinephrine

-- - -receptor

--Thyroxine

--Vasopressin angiotensin II
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Blood Flow Regulation of 
Coronary Circulation

4. Vascular Endothelium
--Vasorelaxants: nitric oxide, prostacyclin and 

bradykinin. 
--Vasoconstrictors: endothelin and thromboxane A2
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Blood Flow Regulation of 
Coronary Circulation
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Coronary
vasomotor tone

ATP-sensitive K channels
open



Coronary Artery Disease (CAD)
Atherosclerosis
Coronary artery spasm, or 
A clot in a coronary artery

Risk factors:
High blood cholesterol levels
High blood pressure
Diabetes
Obesity
Cigarette smoking
“Type A” personality
Sedentary lifestyle

36



Myocardial Ischemia and 
Infarction (MI)

Reduced blood flow through coronary arteries may cause 
ischemia.  Ischemia causes hypoxia and may weaken the 
myocardial cells.  
Ischemia is often manifested through angina pectoris.
--A complete obstruction of flow in a coronary artery may 

cause myocardial infarction (heart attack).  
--Tissue distal to the obstruction dies

and is replaced by scar tissue.  
--Treatment may involve injection 

of thrombolytic agents, coronary
angioplasty, or coronary artery
bypass grafts.
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Angioplasty
Stent
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Treatment:
Drugs
Bypass graft



Fetal Circulation
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Fetal Circulation



Clinical Application:
Patent Ductus Arteriosus

( 4 10
)

(patent ductus arteriosus, 
PDA) (

) ( )

PDA
PDA

40%

Indomethacin (NSAID)
(TAE)
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Hepatic Portal Circulation

Enterohepatic Circulation

Bile salt

Nutrient utilization
Blood detoxification by the liver

Hepatic Portal System= Portal Venous System
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Hepatic Portal 
Circulation



Histology of Cardiac Muscle
Compared to skeletal muscle fibers, 
cardiac muscle fibers are shorter in 
length, larger in diameter, and 
squarish rather than circular in 
transverse section
They also exhibit branching and
usually one centrally located 
nucleus
Fibers within the networks are 
connected by intercalated discs: 
desmosomes (hold fibers together)+ 
gap junctions (action potential)
The same arrangement of actin and 
myosin as skeletal muscles
They do have less sarcoplasmic 
reticulum than skeletal muscles and 
require Ca+2 from ECF for 
contraction



Properties of Cardiac Muscle
Intercalated disks

--Gap junctions (cause heart to contract as a unit)
--Desmosomes (resist stress)

Atria and ventricles
--Separate units

Aerobic muscle
No cell division after
infancy—growth by
hypertrophy

1. 99% Contractile cells (for pumping)
2. 1% Autorhythmic cells (set pace)

45



Cardiac Muscle Cell
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Contractile cells Autorhythmic cells 



Autorhythmic Cells
Autorhythmicity is the ability to generate own rhythm
Autorhythmic cells: provide a pathway for spreading 
excitation through the heart (conduction system= 
electrical activity)

--Specialized cardiac muscle fibers
--Self-excitable
--Repeatedly generate action potentials that trigger heart 

contractions
--2 important functions

1.Act as pacemaker
2.Form conduction system

Recording the electrical activity of the heart with an 
electrocardiogram (ECG) 47



Conducting System of Heart
Two types of autorhythmic cells
1. Pacemaker cells

--Spontaneously depolarizing membrane potentials to 
generate action potentials

--Coordinate and provide heart rhythm
--Sinoatrial node (Pacemaker)+Atrioventricular node

2. Conduction fibers 
--Rapidly conduct action potentials initiated by 

pacemaker cells to myocardium
--Conduction velocity = 4 meters/second
--Ordinary muscle fibers, CV = 0.4 meter/second
--Internodal pathways+Bundle of His+Purkinje fibers



Autorhythmic Cells
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Location Firing Rate at Rest
SA node 70–80 APs/min*
AV node 40–60 APs/min
Bundle of His 20–40 APs/min
Purkinje fibers 20–40 APs/min

Cardiac cells are linked by gap junctions
Fastest depolarizing cells control other cells
Fastest cells = pacemaker = set rate for rest 
of heart

* Action potentials per minute



Cardiac Electrical Connections

Atria contract, then followed by ventricles
Coordination due to presence of gap junctions and 
conduction pathways
Intercalated disks (Junctions between adjacent 
myocardial cells): Desmosomes to resist mechanical stress + 
Gap junctions for electrical coupling 50
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Conducting 
System of Heart

SA node RA LA
Rapid 
Simultaneous contraction 
right and left atria

AV node transmission
Only pathway from atria to 
ventricles
Slow conduction - AV nodal 
delay = 0.1 sec
Atria contract before ventricles
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AP Spread of 
Heart



Rhythm of Conduction System

SA node fires spontaneously 90-100 times per minute
AV node fires at 40-50 times per minute
Artificial pacemaker needed if pace is too slow
Extra beats forming at other sites are called ectopic 
pacemakers

--Caffeine & nicotine increase activity

ANS
Hormones

Opens K+ channels
Slows HR

cAMP Na+ channels open
Speeds HR



Ionic Basis of Electrical Activity in
Pacemaker Cell

Autorhythmic cells (SA nodes) 
have pacemaker potentials
Pacemaker potentials (slow
depolarization): closing K+

channels and opening Na+ 

channels (orange)+ closing Na+

channels and opening Ca++ 

channels (yellow)
Rapid depolarization phase of 
AP: more opening Ca++ 

channels (green)
Repolarization phase: closing 
Ca++ channels and opening K+ 

channels (pink)



SA node setting pace since is the Fastest
Spontaneous Depolarization           

Sodium ions “leaking” in through 
the F-type [funny] channels 

PLUS
Calcium ions moving in through
the T-type Ca channels cause a 
threshold slow depolarization

The rapid opening of voltage-gated 
calcium channels (L-type) is responsible 
for the rapid depolarization phase

Reopening of potassium channels
PLUS

Closing of calcium channels 
are responsible for the
repolarization phase



Ionic Basis of Action Potential in 
Pacemaker Cell
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PNa >PK

T= transient; L=long-lasting



Ionic Basis of Electrical Activity in
Cardiac Contractile Cell (Myocardial Cell)

1. Some voltage -gated potassium channels 
close in response to depolarization

2. Depolarization opens voltage-gated 
calcium channels which not only 
contributes to further depolarization but 
triggers the muscle contraction 57

Five phases:
Phase 0—increased PNa

Phase 1—decreased PNa
1.Voltage-gated K channels close
2. L-type voltage-gated Ca 

channels open

Phase 2—increased PCa, 
decreased PK

Phase 3—increased PK, 
decreased PCa

Phase 4—resting membrane 
potential

AP
250–300 msec



Opening of  potassium 
channels results in the
repolarization phase

The prolonged “plateau” of 
depolarization is due to the slow 
but prolonged opening of 
voltage-gated calcium channels 

PLUS
closure of potassium channels 

The rapid opening of voltage-
gated sodium channels is 
responsible for the rapid 
depolarization phase

58



59

Ionic Basis of Action Potential in 
Myocardial Cell
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Action Potential in 
Different Positions of  Heart
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Excitation-Contraction Coupling in Myocardial Cells

Voltage-gated Ca++ channels 

Ligand-gated Ca++ channels
(ryanodine receptors)/SR 



Electrocardiogram
External measure of electrical activity of the heart
A simple, non-invasive test that records the heart’s 
electrical changes  accompany each cardiac cycle 
(heartbeat) is called an electrocardiogram (ECG
or EKG)
--Body = conductor 

Currents in body can spread
to surface (ECG, EMG, EEG)

--Distance and amplitude of spread depends on 
size of potentials and
synchronicity of potentials from other cells

--Heart electrical activity—synchronized 64



Leads of ECG

1. (bipolar limb leads)
--

(Lead I-III)

2. (unipolar leads)
-- (-) (+) 

(unipolar limb leads): aVL, aVR, aVF
(unipolar chest leads): V1-V6 65

(+) (-) 
(leads)



66

Leads of ECG
(bipolar limb leads)

1. Lead I: LA (+) and RA (-)
2. Lead II: LL (+) and RA (-)
3. Lead III:LL (+) and LA (-)



Leads of ECG

67

(unipolar leads):

(R) (L) (F)
:

1. aVL: (-) 
(+) 

2. aVR: (-) 
(+) 

3. aVF: (-) 
(+)
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Leads of ECG
(unipolar leads):

(-) V1~V6



Electrocardiogram
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P wave: atrial depolarization
QRS complex: ventricular 
depolarization and atrial
repolarization
T wave: ventricular 
repolarization
PQ interval: AV nodal delay
(conduction time from atrial to 
ventricular excitation)
QT interval: ventricular systole
TQ segment: ventricular 
diastole
ST segment: time of complete 
ventricular depolarization
RR interval: time between 
heartbeats
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Sequence of Cardiac Excitation
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QT interval

TQ segment



Clinical Application: Arrhythmias
Sinus rhythm = pace generated by SA node
Arrhythmias is an irregular heartbeat - the heart may 
beat too fast (tachycardia= fast rhythm), too slowly 
(bradycardia= slow rhythm), too early (premature 
contraction), or too rapid and irregular (fibrillation)
Caused by a defect in the conduction system
Classify by rate (tachycardia, bradycardia), or mechanism
(automaticity, reentry, junctional, fibrillation), or site of 
origin (atria or ventricles)

RR interval>normal (1 s)RR interval<normal (0.85 s)



Atrial fibrillation can result from atrial flutter (extremely 
fast:200-300 bpm and regular) and cause clotting and 
inefficient filling of the ventricles.
Ventricular fibrillation (ventricles can’t pump blood and death 
occurs) can result from ventricular tachycardia. 
Defibrillation is the application of an electrical stimulus to 
shock the heart back into a normal SA rhythm.  For chronic 
issues people can have “pacemakers” implanted. 



Arrhythmias
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An ectopic focus is an abnormal pacemaker that takes 
over the conduction system usually because it goes 
faster than the SA node.
Premature contraction is called Extrasystole. The 
preventricular contractions (PVCs) are the most 
problematic. 

PAC, followed by an extra 
ventricular contraction



A disease in the electrical conduction system of the 
heart angina (chest pain) or myocardial infarction 
(heart attack).
Slowed/diminished conduction through AV node
occurs in varying degrees.
1. First degree AV block (PR prolongation)
--Increases duration PQ interval (>0.2 s)
--Increases delay between atrial and ventricular contraction
--The most common causes are an AV nodal disease, 

enhanced vagal tone (for example in athletes), 
electrolyte disturbances and medications (ACh, Ca 
channel blockers, beta-blockers, digitalis) 
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Arrhythmias: Heart Block 



2. Second degree AV block
--Slowed, sometimes stopped conduction 

through AV node
--One or more (but not all) of the atrial 

impulses fail to conduct to the ventricles due to 
impaired conduction

--Lose 1-to-1 relationship between P wave and 
QRS complex

--Lose 1-to-1 relationship between atrial and 
ventricular

78

Arrhythmias: Heart Block 



3. Third degree AV block (Complete heart block)
--Loss of conduction through the AV node
--Impulse generated in the SA node in the atrium does not 

propagate to the ventricles
--P wave becomes independent of QRS
--Atrial and ventricular contractions are independent (a

pacemaker in the Purkinje fibers takes over, but this is 
slow (20 40 bpm)

--The most common cause is coronary ischemia

79

Arrhythmias: Heart Block 
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Cardiac Cycle
A cardiac cycle = the systole (contraction) and diastole
(relaxation) of both atria + the systole and diastole of 
both ventricles (at 75 bpm, one cycle requires 0.8 sec)
Pressure and volume changes during the cardiac cycle
End diastolic volume (EDV)
--Volume in ventricle at end of diastole, about 130 ml

End systolic volume (ESV)
--Volume in ventricle at end of systole, about 60 ml

Stroke volume (SV) SV = EDV - ESV
--The volume ejected per beat from each ventricle, 

about 70 ml
81



Cardiac Cycle

82

Two main periods of cardiac cycle:
Systole (contraction) + Diastole (relaxation)

At 75 beats/min, one cycle requires 0.8 sec (60÷75)

1.
(0.1 s)

2.
(0.3 s)

3.
(0.4 s)



Opening of Valves During the 
Cardiac Cycle

Valves open passively due to pressure 
gradients
--AV valves open when 

Pressure atria > pressure ventricles
--Semilunar valves open when 

Pressure ventricles > pressure arteries
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Four Phases of Cardiac Cycle
Ventricular filling (Phase 1)

--Pressure atria (venous return) > pressure ventricles
--AV valves open
--Passive phase—no atria or ventricular contraction
--Active phase—atria contract (pushes final 20-25 ml 

blood into ventricle)
Isovolumetric ventricular contraction (Phase 2)

--Ventricle contracts—increases pressure
--AV and semilunar valves closed
--No blood entering or exiting ventricle
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Four Phases of Cardiac Cycle
Ventricular ejection (Phase 3)
--Pressure ventricles > pressure arteries 
--Semilunar valves open

Isovolumetric ventricular relaxation 
(Phase 4)
--Ventricle relaxes—decreases pressure
--AV and semilunar valves closed
--No blood entering or exiting ventricle

85
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Four Phases of Cardiac Cycle



rapid ventricular filling diastasis
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Phase 1

Phase 2 Phase 3

Phase 4



Ventricular Systole

Isovolumetric ventricular contraction 
--AV and aortic valves closed
--Ventricular pressure increases until it 

exceeds atrial pressure
Ventricular ejection
--Aortic valve opens
--Blood moves from ventricle to aorta
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Ventricular Diastole
Isovolumetric ventricular relaxation
--Ventricle muscle relaxes so that pressure is 

less than aorta
--Aortic valve closes
--Pressure in ventricle continues dropping 

until it is less than atrial pressure
Ventricular filling
--AV valve opens
--Blood moves from atria to ventricle
--Passive until atrium contracts
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Ventricular Pressure

90



Aortic Pressure
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Ventricular Volume

EDV = end-diastolic volume, volume of blood in ventricle at the end of 
diastole (~130 ml)
ESV = end-systolic volume, volume of blood in ventricle at the end of 
systole (~60 ml)
SV = stroke volume, volume of blood ejected from ventricle each cycle 
(SV = EDV –ESV= 70 ml)
Ejection Fraction (EF), fraction of end-diastolic volume ejected during a 
heartbeat (EF=SV/EDV=0.54=54%~50-75% rest normal)



Phase 1

Phase 2

Phase 3

Phase 4
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Pressure-Volume Loop

95
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Heart Sounds
The sound of a heartbeat 
comes primarily from the 
turbulent flow caused by the 
closure of the valves, not 
from the contraction of the 
heart muscle.
The first heart sound (soft
Lubb) = closing of AV 
valves (occurs at 
ventricular systole).
The second heart sound 
(louder Dupp) = closing of 
semilunar valves (occurs at 
ventricular diastole).

Where to listen on chest wall for heart sounds ?

S2

S1
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S2

S1



Clinical Application:
Murmurs

A heart murmur is an abnormal sound that 
consists of a flow noise that is heard before, 
between, or after the lubb-dupp or that may mask 
the normal sounds entirely. 
Some murmurs are caused by turbulent blood 
flow around valves due to abnormal anatomy 
or increased volume of flow. 
Not all murmurs are abnormal 
or symptomatic, but most indicate
a valve disorder.
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Clinical Application:
Murmurs
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Mitral stenosis: 
may result in pulmonary hypertension



Heart Disease

Risk factors:
high blood cholesterol level
high blood pressure
cigarette smoking
obesity
lack of regular exercise

Other factors include:
diabetes mellitus
genetic predisposition
male gender
high blood levels of 
fibrinogen
left ventricular hypertrophy

Risk factor for developing heart 
disease is high blood cholesterol 
level.

Promotes growth of fatty 
plaques 
Most lipids are transported as 
lipoproteins
-- HDLs remove excess

cholesterol from circulation
-- LDLs are associated with the

formation of fatty plaques 
-- VLDLs contribute to 

increased fatty plaque 
formation

There are two sources of 
cholesterol in the body:

In foods we ingest & formed by 
liver



Measurement of Cardiac Function
Human cardiac output can be measured by a variety of 
methods
1.Echocardiography: a noninvasive technique that uses 

ultrasonic waves 
--detect the abnormal functioning of cardiac valves or 

contractions of the cardiac walls, and can also be used 
to measure ejection fraction

2.Cardiac angiography: requires the temporary threading 
of a thin, flexible tube called a catheter through an artery 
or vein into the heart

--a liquid containing radio-opaque contrast material is 
then injected through the catheter during high-speed 
x-ray videography

--useful for evaluating cardiac function and for 
identifying narrowed coronary arteries 102



Cardiac Angiography

103



Cardiac Output(CO) = 
Heart Rate(HR) × Stroke Volume(SV)

Average blood volume = 5.5 liters
Volume of blood pumped by each ventricle per 
minute
At 70 ml stroke volume (SV=EDV-ESV) & 72 
beat/min (HR)-- 5 L/min at rest
Regulate heart rate and stroke volume
--Extrinsic and intrinsic regulation

1.Extrinsic—neural and hormonal
2.Intrinsic—autoregulation



Regulation of Heart Rate
In a healthy system SV is fairly constant.  If blood volume 
drops or if the heart weakens, then SV declines and CO is 
maintained by increasing HR (CO= SV x HR)
Things that increase HR are positive chronotropic factors
Things that decrease HR are negative chronotropic factors
Adjustments in heart rate important in short-term control of 
cardiac output and blood pressure
Autonomic nervous system (neural regulation) and 
epinephrine/norepinephrine (hormonal regulation) most 
important
Heart rate is also controlled by the input from the ANS: SNS 
increases heart rate; PSNS decreases heart rate
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Regulation of Heart Rate
Autonomic Regulation

106
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Regulation of Heart Rate
Autonomic Regulation

SA node intrinsic firing rate = 100/min
--No extrinsic control on heart, HR = 100 bpm 

SA node under control of ANS and hormones
--Rest: parasympathetic dominates, HR = 75 bpm
--Excitement: sympathetic takes over, HR increases



Sympathetic Regulation of 
SA cell (Heart Rate)

Spontaneous
(Increase rate of pacemaker potential and HR )



109

Parasympathetic Regulation of 
SA cell (Heart Rate)

Decrease rate of spontaneous depolarization 
and hyperpolarize cell (HR )



2. Chemical regulation of HR
Hormones
--Epinephrine and norepinephrine increase heart rate and contractility 
(same effect as sympathetic effect)
--Glucagon, insulin and thyroid hormones also increase heart rate and  
contractility
Cations
--Ionic imbalance can compromise pumping effectiveness
Relative concentration of K+, Ca2+ and Na+ important

110

1. Autonomic regulation of HR
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Cardiac Output(CO) = 
Heart Rate(HR) × Stroke Volume(SV)



Regulation of Stroke Volume
SV= EDV-ESV
3 primary factors affecting stroke volume
1. End-diastolic volume (preload)
2. Ventricular contractility (strength of ventricular contraction)
3. Afterload (total peripheral resistance)

Ventricles never completely empty of blood 
--Every beat the heart pumps about 60% of the blood in its 

chambers or 70 mL
--More forceful contraction will expel more blood

Extrinsic controls of SV: Change in Contractility
--Sympathetic drive to ventricular muscle fibers 
--Hormonal control

Intrinsic controls of SV: Changes in EDV 112
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Regulation of Stroke Volume
1. Preload=EDV (Intrinsic controls)

--Frank-Starling Law of Heart (EDV is determined by length 
of ventricular diastole and venous return)

--More muscle is stretched, greater force of contraction
--More blood more force of contraction results

2. Contractility
--Autonomic nerves, hormones, Ca+2 or K+ levels (Extrinsic 

controls)
--Is affected by positive and negative inotropic agents

Positive inotropic agents increase contractility
Negative inotropic agents decrease contractility

3. Afterload
--Amount of arterial pressure created by the blood in the way
--High blood pressure creates high afterload



Extrinsic Controls of 
Stroke Volume

Sympathetic innervation of contractile cells
--Cardiac nerves
--NE binds to 1 adrenergic receptors
--Increases cardiac contractility

Parasympathetic innervation of contractile 
cells
--Not significant

Hormones
--Thyroid hormones, insulin, and glucagon 

increase force of contraction 114
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Sympathetic Effects on Contractility

Increases cardiac contractility



Extrinsic Controls of Stroke Volume
Sympathetic Regulation
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Increased sympathetic 
activity

--Increased adrenal 
epinephrine release

--Increases strength of 
contraction 
(contractility)

--Increases SV
--Increases rate of 

contraction
--Increases rate of 

relaxation



Extrinsic Controls of Stroke Volume
Sympathetic Regulation
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Regulation of Stroke Volume
1. Preload=EDV (Intrinsic controls)

--Frank-Starling Law of Heart (EDV is determined by length 
of ventricular diastole and venous return)

--More muscle is stretched, greater force of contraction
--More blood more force of contraction results

2. Contractility
--Autonomic nerves, hormones, Ca+2 or K+ levels (Extrinsic 

controls)
--Is affected by positive and negative inotropic agents

Positive inotropic agents increase contractility
Negative inotropic agents decrease contractility

3. Afterload
--Amount of arterial pressure created by the blood in the way
--High blood pressure creates high afterload
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Intrinsic Controls of Stroke Volume
Frank-Starling’s Law

Preload

(Increase venous return)

Increased EDV 
Increased contractility
Increased stroke volume



End diastolic volume =
preload is controlled 
by factors that affect 
venous return:
--Total blood volume
--Venous pressure 

120

Intrinsic Controls of Stroke Volume
Frank-Starling’s Law

Veins are compliant = stretch at a given pressure. They hold 
more blood than arteries but maintain lower pressure
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Intrinsic Controls of Stroke Volume
Frank-Starling’s Law
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Frank-Starling’s Law
(preload=EDV)

Ventricular contractility 
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Regulation of Stroke Volume
1. Preload=EDV (Intrinsic controls)

--Frank-Starling Law of Heart (EDV is determined by length 
of ventricular diastole and venous return)

--More muscle is stretched, greater force of contraction
--More blood more force of contraction results

2. Contractility
--Autonomic nerves, hormones, Ca+2 or K+ levels (Extrinsic 

controls)
--Is affected by positive and negative inotropic agents

Positive inotropic agents increase contractility
Negative inotropic agents decrease contractility

3. Afterload=Total peripheral resistance (TPR) 
--Amount of arterial pressure created by the blood in the way
--High blood pressure creates high afterload



Regulation of Stroke Volume
Afterload (TPR)
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TPR inversely related to 
SV or CO
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CO = HR × SV



127Afterload

Preload

CO = HR × SV
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Blood Vessels

129

The Cardiovascular System:
Blood Vessels, Blood Flow and Blood Pressure



Structure and Function of 
Blood Vessels

Blood vessels form a closed system of tubes that 
carry blood away from the heart, transport it to the 
tissues of the body, and then return it to the heart 
(one-way)
--Arteries carry blood AWAY from the heart
--Microcirculation

Arterioles are small arteries that connect to capillaries
Capillaries are the site of substance exchange between the 
blood and body tissues
Venules connect capillaries to larger veins

--Veins carry blood TO the heart

William Harvey
(1578-1657) 
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Types of Blood Vessels
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Fibrous connective tissue (collagen)
Elastic connective tissue (elastin)

The types of structures involved are:
1. Arteries

Elastic arteries 
Muscular arteries
Arterioles
Capillaries 

2. Veins
Venules



Blood Vessel Characteristics
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Basic structure of Blood Vessel 
The walls of arteries and veins have three 
layers or tunics:
--Tunica interna (intima): inner layer; 

composed of simple squamous endothelium on 
a basement membrane and connective tissue

--Tunica media:  middle layer; composed of 
smooth muscle tissue (regulates diameter of 
lumen)

--Tunica externa: outer layer; composed of 
connective tissue (helps anchor vessel to 
surrounding tissue)
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Elastic arteries 

Muscular arteries

Postcapillary venules

Muscular venules



135



Arteries

The wall of an artery consists of 
three major layers
Tunica interna (intima)
--simple squamous epithelium 

known as endothelium
--basement membrane
--internal elastic lamina

Tunica media
--circular smooth muscle & 

elastic fibers
Tunica externa
--elastic & collagen fibers

136

Elasticity & Contractility



Arteries as Pressure Reservoirs

Rapid transport pathway
--Large diameter and Little resistance

Walls contain elastic and fibrous (collagen) tissue
--Under high pressure

Arteries as a pressure reservoir =storage site for pressure
--Thick elastic arterial walls
--Low compliance
--Expand as blood enters arteries during systole
--Recoil during diastole

Vasoconstriction – decrease in lumen diameter
Vasodilation – increase in lumen diameter

137

Elasticity & Contractility



Arteries as Pressure Reservoirs
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Sympathetic Innervation of 
Arteries

Vascular smooth muscle is innervated by 
sympathetic nervous system
--Increase in stimulation causes muscle contraction 
or vasoconstriction

Decreases diameter of vessel
--Injury to artery or arteriole causes muscle 
contraction reducing blood loss (vasospasm)

--Decrease in stimulation or presence of certain 
chemicals causes vasodilation

Increases diameter of vessel
Nitric oxide, K+, H+ and lactic acid cause vasodilation



Elastic Arteries
Largest arteries with more elastic fibers and less smooth 
muscle are called elastic arteries (aorta) and are able to 
receive blood under pressure and propel it onward
They are also called conducting arteries because they conduct 
blood from the heart to medium sized muscular arteries
They function as a pressure reservoir
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Muscular Arteries
These arteries deliver blood to specific organs 
(mesenteric artery, renal artery etc.)
Medium-sized arteries with more muscle than elastic 
fibers in tunica media (little elastin)
These arteries can play a large role in the regulation of 
blood pressure (smooth muscle regulates radius)
--For example, the mesenteric artery carries ~25 % of the CO, 

so alterations in its diameter would have a large effect
Capable of greater vasoconstriction and vasodilation 
to adjust rate of flow
--walls are relatively thick
--called distributing arteries because they direct blood flow
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Arterioles
Arterioles (resistance arteries) are 
the smallest arteries (tunica media 
containing few layers of muscle)

--Part of microcirculation
--Connect arteries to capillaries or 

metarterioles
--Contain rings of smooth muscle

to regulate radius, and thus, 
resistance (altering blood flow 
and arterial blood pressure)

Their diameter is controlled by 
neural, hormonal, and local 
chemicals
Arterioles provide greatest 
resistance to blood flow (F = P/R)



Blood Pressure in Vessels
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Largest pressure drop in 
vasculature: 85 to 40 mm Hg



Changes in Arteriole Radius

Arteriolar tone
--Contraction level (radius) 

independent of extrinsic 
influences

Vasoconstriction
--Increased contraction (decreased

radius)
Vasodilation
--Decreased contraction (increased

radius)

Radius dependent on contraction state of 
smooth muscle in arteriole wall

Functions: 1. Controlling blood flow to individual capillary beds
2. Regulating mean arterial pressure



Intrinsic Control of Arteriole Radius
Regulation of blood flow to organs based 
on need
Regulated by varying resistance

F = P/R
--If you increase resistance by vasoconstriction and 

keep pressure the same, then flow to a tissue decreases
--If you need to increase flow to a tissue, then you either 

increase the pressure or vasodilate to decrease 
resistance

Ex. Organ blood flow = P / organ resistance
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Arteriole Radius and Blood Flow
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F = P/R

Pressure gradient ( P)
Organ blood flow driving force
= Arterial pressure (AP) – Venous pressure (VP)



Pressure gradients ( P) drive blood 
flow from high pressure to low pressure
Heart creates pressure gradient for 
bulk flow of blood
Pressure gradient = pressure in aorta 
minus pressure in vena cava just 
before it empties into right atrium
Pressure in aorta = mean arterial 
pressure (MAP) = 85 mm Hg
Pressure in vena cava = central venous 
pressure (CVP) = 0 mm Hg
Pressure gradient = MAP – CVP = 85-0 
= 85 mm Hg 148

Arteriole Radius and Blood Flow
F = P/R

85

0
15

P greater
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Arteriole Radius and Blood Flow
F = P/R

Cardiac output is distributed unequally to different organs 
due to unequal resistance to blood flow through the organs
Flow varies due to differences in resistance

constant
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Arteriole Radius and Blood Flow
F = P/R

Blood flow changes when resistance changes
(Local and extrinsic regulation)

constant



Local Control of Arteriole Radius
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Contractile state of smooth muscle in Arteriole Radius of arterioles
Vascular resistance Blood flow and blood pressure

F = P/R

Metabolic Regulation 

Myogenic Autoregulation



Local Control of Arteriole Radius
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1. Metabolic Regulation=Active Hyperemia
Active Hyperemia: increased blood flow in response 
to increased metabolic activity
Changes associated with increased metabolic activity 
generally cause vasodilation
--Carbon dioxide
--Potassium 
--Hydrogen ions

Changes associated with decreased metabolic activity 
generally cause vasoconstriction
--Oxygen
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Local Control of Arteriole Radius
1. Metabolic Regulation=Active Hyperemia

Steady state
--O2 delivered rate= 

consumed rate
--CO2 removed rate= 

produced rate
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Local Control of Arteriole Radius
1. Metabolic Regulation=Active Hyperemia

Increased metabolic rate
--O2 delivered rate<

consumed rate
--CO2 removed rate< 

produced rate
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Local Control of Arteriole Radius
1. Metabolic Regulation=Active Hyperemia

Response to low O2 and 
high CO2
--Vasodilation
--Vasodilation increases 

blood flow
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Local Control of Arteriole Radius
1. Metabolic Regulation=Active Hyperemia

Increased blood flow
--Delivers more O2
--Removes more CO2
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Local Control 
of Arteriole 

Radius

1. Metabolic Regulation
=Active Hyperemia
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Local Control of Arteriole Radius
2. Blood flow Regulation=Reactive Hyperemia

Blockage of blood flow 
to tissue

--Metabolites increase and 
oxygen decreases

--Vasodilation
Release blockage

--Increased blood flow due 
to low resistance

--Metabolites removed, 
oxygen delivered
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Local Control of Arteriole Radius
3. Myogenic Autoregulation=Myogenic Response

Myogenic Autoregulation: change in vascular 
resistance in response to stretch of blood vessels 
in absence of any external factors
Increased perfusion pressure increases blood flow and 
pressure in arterioles
Increased pressure in arteriole stretches arteriole wall
Stretch of vascular smooth muscle induces 
contraction of vascular smooth muscle ( blood flow)—
inherent property of smooth muscle
Purpose—keep blood flow constant (autoregulate)
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Local Control of Arteriole Radius
3. Myogenic Autoregulation=Myogenic Response
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Local Control of Arteriole Radius
4. Chemical Messengers=Local Vasoactive Substances

Actions on smooth muscle in Arteriole Radius of arterioles
Vascular resistance Blood flow and blood pressure

ex. BK, histamine etc.

(PGI2)

ex. coronary arteries



Vasoactive Substances of 
Vascular Endothelium 



Independent Regulation of Blood Flow 
During Exercise
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Cardiac output increases during exercise
Distribution of blood does not increase proportionally
Disproportionate flow diverts blood to muscles
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Independent 
Regulation of 
Blood Flow 

During Exercise
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Extrinsic Control of Arteriole Radius
Flow (F) = P/R
CO = MAP / TPR
MAP = CO x TPR

MAP = SV x HR x TPR
Mean arterial pressure depends on TPR
TPR depends on radius of arterioles
Radius of arterioles regulated by extrinsic 
mechanisms to control mean arterial pressure

--Sympathetic activity
--Hormones
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Extrinsic Control of Arteriole Radius
F = P/R

Adrenergic receptors

Altered TPR Altered MAP 

Greater affinity 



Extrinsic Control of Arteriole Radius
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AII is synthesized from angiotensinogen (precursor)
Angiotensinogen  renin angiotensin I  ACE angiotensin II
Action

--Vasoconstriction
--Increases TPR (total peripheral resistance)

(ADH)



Control of Arteriole Radius

168Altered TPR Altered MAP 



Capillaries 
Microscopic vessels (5 10 µm in diameter) that connect arterioles 
to venules (smallest blood vessels)
Found near every cell in the body but more extensive in highly 
active tissue (muscles, liver, kidneys & brain)
--Entire capillary bed fills with blood when tissue is active
--Lacking in epithelia, cornea and lens of eye & cartilage

Exchange vessels exchange of nutrients & wastes between blood 
and tissue fluid (total SA = 600 m2)
Capillary walls (lack tunica media and tunica externa)= a single 
layer of cells (endothelium=simple squamous epithelium tissue) 
and a basement membrane
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Capillaries Capillaries form 
microcirculation –flow 
from metarteriole through 
capillaries and into 
postcapillary venule
Capillary beds –arise 
from single metarteriole

--Vasomotion: intermittent 
contraction and 
relaxation

--Thoroughfare channel: 
bypasses capillary bed

Blood flow to capillaries 
is regulated by:
--Vasoconstriction and 

vasodilation of arterioles
--Precapillary sphincters



171

Thoroughfare channel Arteriovenous anastomosis



Vessel Area and Velocity of Blood
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Capillaries
--Have greatest total 

cross-sectional 
area

--Have slowest 
velocity of blood 
flow, enhances 
exchange



Types of Capillaries
Continuous capillaries
--Intercellular clefts are gaps between 

neighboring cells
--Skin, muscle, adipose tissue, skeletal 

& smooth, connective tissue, CNS 
and lungs

--Most common kind have tight 
junctions 

Fenestrated capillaries
--Plasma membranes have many holes 

(more permeable)
--Kidneys, small intestine, choroid 

plexuses, ciliary process & endocrine 
glands

Sinusoid (Discontinuous)
--Very large fenestrations
--Incomplete basement membrane
--Liver, bone marrow, spleen, anterior 

pituitary, & parathyroid gland



Continuous Capillaries
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Most common
Small gaps between endothelial cells
--Allows small water-soluble molecules 

to move through



Fenestrated Capillaries
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Large gaps between endothelial cells 
forming pores or fenestrations 

--Allow proteins and in some cases 
blood cells to move through
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Types of Capillaries



Local Control of Blood Flow Through 
Capillary Beds

Local control of smooth muscle in microcirculation
1. Arterioles
2. Metarterioles

Intermediate between arterioles and capillaries
Directly connect arterioles to venules
Function as shunts to bypass capillaries
Rings of smooth muscle at strategic locations
--Contract and relax in response to local factors
--Contract increase blood flow through capillaries
--Relax decrease blood flow through capillaries

3. Precapillary sphincters
177



Local Control of Blood Flow Through 
Capillary Beds

3. Precapillary Sphincters:
Rings of smooth muscle that 
surround capillaries on the 
arteriole end

--Contract and relax in 
response to local factors only

--Contraction constrict 
capillary decrease blood 
flow

--Relaxation increase blood 
flow

--Metabolites cause relaxation



Capillary Exchange
Movement of substances between blood and interstitial fluid
3 exchange mechanisms across capillary walls
1. Diffusion (most important method)

Substances move down their concentration gradient 
--O2 and nutrients from blood to interstitial fluid to body cells
--CO2 and wastes move from body cells to interstitial fluid to blood
Can cross capillary wall through intracellular clefts, fenestrations or 
through endothelial cells (lipid bilayer)
--Most plasma proteins cannot cross
--Except in sinusoids – proteins and even blood cells leave
--Blood-brain barrier (Mediated transport)– tight junctions limit diffusion

2. Transcytosis
Passage of material across endothelium in tiny vesicles by endocytosis
and exocytosis
--large, lipid-insoluble molecules such as insulin or maternal antibodies 

passing through placental circulation to fetus
3. Bulk flow



Capillary Exchange

180

Diffusion--most common mechanism
--Lipophilic—across membrane
--Lipophobic—through pores

Transcytosis--exchangeable proteins
Mediated transport--in brain



Capillary Exchange
3. Bulk Flow

Bulk flow = Passive process in which large 
numbers of ions, molecules, or particles in a fluid 
move together in the same direction
Based on pressure gradient
Diffusion is more important for solute exchange
Bulk flow more important for regulation of 
relative volumes of blood and interstitial fluid
Filtration= from capillaries into interstitial fluid
Reabsorption= from interstitial fluid into 
capillaries
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Net filtration pressure = 
hydrostatic pressure of the 
blood in the capillaries -
hydrostatic pressure of the 
fluid outside the capillaries
Net reabsorption = 
movement of fluid into the 
capillaries 
--Blood plasma has higher 

colloid osmotic pressure than 
interstitial fluid

Bulk Flow

Capillary Exchange
3. Bulk Flow



Starling Forces 
Across Capillary Walls

Starling forces for bulk flow: hydrostatic 
and osmotic pressures
Hydrostatic pressure gradient = 
force due to fluid
Osmotic pressure = osmotic force exerted 
on water by nonpermeating solutes
--Only nonpermeating solute = proteins
--Oncotic pressure (colloid osmotic pressure) = 

osmotic force of proteins
183



Hydrostatic Pressure Gradient
Capillary hydrostatic pressure = capillary BP

--Arteriole end = 38 mm Hg
--Venous end = 16 mm Hg
--Favors filtration

Interstitial hydrostatic pressure = 0–1 mm Hg
--Favors reabsorption

Hydrostatic pressure gradient  
--Arteriole end: 38 – 1 = 37 mm Hg, filtration
--Venous end: 16 – 1 = 15 mm Hg
--Favors reabsorption
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Osmotic Pressure Gradient
Capillary oncotic osmotic pressure

--25 mm Hg (plasma protein 6-8 g/100 ml)
--Favors reabsorption

Interstitial fluid oncotic osmotic pressure 
--0–1 mm Hg (relatively few protein)
--Favors filtration

Osmotic pressure gradient 
--25 – 0 = 25 mm Hg
--Favors reabsorption
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Starling Forces 
Across Capillary Walls

2 pressures promote filtration
1. Capillary (blood) hydrostatic pressure 

generated by pumping action of heart
2. Interstitial fluid colloid osmotic pressure
2 pressures promote reabsorption
1. Capillary (blood) colloid osmotic pressure 

promotes reabsorption (due to blood plasma 
proteins > ISF)

2. Interstitial fluid hydrostatic pressure 
186



Net filtration pressure (NFP)=
(PCAP + IF)  – ( CAP + PIF)
Net across capillary: filtration > 
absorption
Net filtration = 3 L/day
Lymphatic system picks up excess 
filtrate and returns it to circulation

Starling’s Law

Filtration  Reabsorption



Starling Forces 
Across Capillary Walls
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Body Water Distribution

2/3 of TBW=ICF 

80% of ECF 20% of ECF 

Osmotic forces (control the movement of water: ISF-capillaries; 
ISF-ICF), water excretion (urine formation) and water intake 
(drinking) play a important role in blood volume homeostasis



Clinical Application: Edema

Excess filtration
--Increased blood pressure 

(hypertension)
--Increased permeability of 

capillaries allows plasma 
proteins to escape

Inadequate reabsorption
--Decreased concentration of 

plasma proteins lowers blood 
colloid osmotic pressure

Inadequate synthesis or loss 
from liver disease, burns, 
malnutrition or kidney disease; 
blockage of lymphatic vessels 
postoperatively or due to 
filarial worm infection 

An abnormal increase in interstitial fluid 
(Filtration > Reabsorption)

PCAP

IF

CAP



Clinical Application: Edema
An abnormal increase in interstitial fluid 

PCAP

IF

CAP

IF

ex. CHF

ex. histamine etc.



Venules
Small veins collecting 
blood from capillaries
Smaller than arterioles
Form part of 
microcirculatory 
exchange unit with 
capillaries
Tunica media contains 
only a few smooth 
muscle cells & scattered 
fibroblasts
--Very porous endothelium 

allows for escape of many 
phagocytic white blood 
cells



Veins Veins consist of the same 
three tunics as arteries but 
have a thinner tunica 
interna and media and a 
thicker tunica externa
--Less elastic tissue and 

smooth muscle
--Thinner-walled than 

arteries
--Contain valves to prevent 

the backflow of blood
Veins are highly 
distensible= capacitance 
(compliant) vessels that 
act as blood reservoirs
--64% total blood volume in 

systemic veins at rest



Blood Distribution
64% of blood volume at 
rest is in systemic veins 
and venules
--Function as blood reservoir

• Veins of skin & abdominal
organs (liver and spleen)

--Blood is diverted from it in
times of need

• Increased muscular activity
produces venoconstriction

• Hemorrhage causes 
venoconstriction to help 
maintain blood pressure

13% of blood volume in 
arteries & arterioles

194



Venous Valves
Valves allow unidirectional 
blood flow

--Present in peripheral veins
--Absent from central veins

Valves – folds on tunica interna
forming cusps

--Aid in venous return by 
preventing backflow

Portal vein – blood passes 
through second capillary bed

--Hepatic or hypophyseal
Vascular (venous) sinuses are 
veins with very thin walls with 
no smooth muscle to alter their 
diameters
--Brain’s superior sagittal sinus and 

the coronary sinus of the heart



Venous Pressure
Blood pressure in veins is ~15 mm Hg. This is not 
sufficient to move blood back to the heart. So there are the 
“pumps”:
1. Respiratory pump: Inhalation increases abdominal 

cavity pressure in relation to thoracic pressure and helps 
to propel blood back to the heart

2. Muscular pump: Muscles contract blood moving 
forward and being prevented from backflow by the 
venous valves. This moves blood toward the heart 

The smooth muscle in the veins is under SNS control and 
contract (venoconstriction) when stimulated, similar to the 
arterial smooth muscle. This causes contraction and a 
narrowing of the lumen 196



Factors Affecting 
Venous Pressure
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Skeletal muscle pump
Respiratory pump
Blood volume
Venomotor tone



Clinical Application: Varicose Veins
Twisted, dilated superficial veins
--Caused by leaky venous valves

• Congenital or mechanically stressed from 
prolonged standing or pregnancy

--Allow backflow and pooling of blood
• Extra pressure forces fluids into 

surrounding tissues
• Nearby tissue is inflamed and tender

The most common sites are in the 
esophagus, the lower limbs, and veins 
in the anal canal (hemorrhoids)
Deeper veins not susceptible because of 
support of surrounding muscles
The treatments for varicose veins in the 
lower limbs include:  sclerotherapy, 
radiofrequency endovenous occlusion, 
laser occlusion, and surgical stripping



Regulation of Blood Volume by Kidneys
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180 L of filtrate is moved 
across the glomeruli per day, 
yet only about 1.5 L is 
actually removed as urine. 
The rest is reabsorbed into 
the blood
The amount of fluid 
reabsorbed is controlled by 
several hormones in 
response to the body’s needs
Antidiuretic hormone 
(ADH)=vasopressin (AVP)
Stretch receptors in left 
atrium, carotid sinus, and 
aortic arch also inhibit ADH 
release
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Regulation of Blood Volume by Kidneys

Renin-angiotensin-aldosterone system
(RAAS)
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Regulation of Blood Volume by Kidneys

Atrial natriuretic peptide (ANP)



Hemodynamics

Factors affecting circulation
--Pressure differences ( P) that drive the blood flow

• Velocity of blood flow (inversely related to the cross-
sectional area)

• Volume of blood flow (CO=MAP / TPR)
--venous return (4 factors)

• Blood pressure (MAP=CO × TPR)
--Resistance to flow (R) 

An interplay of forces result in blood flow
202

Flow = P/R
CO = MAP / TPR
MAP = CO x TPR

MAP = SV x HR x TPR



Hemodynamic: Pressure Difference
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( P) (R)



Hemodynamics: Resistance

Resistance refers to the opposition to blood flow as a result of friction   
between blood and the walls of the blood vessels (Flow = P/R)
Vascular resistance depends on the vessel radius, blood viscosity, and 
total blood vessel length
Systemic vascular resistance (total peripheral resistance=TPR) refers 
to all of the vascular resistances offered by systemic blood vessels
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Factors Affecting Resistance to Flow
Radius of vessel

--In arterioles (and small arteries) — can 
regulate radius

Length of vessel
--In obesity ( body size) — can total vessel 

length ( R) 

Viscosity of fluid = 
--Blood viscosity dependent on amount of 

RBCs (Hct) and shear rate  

(R) (L) ) 
(r4)

24 16 



Neural Controls
Hormone Controls
Local Controls

Total peripheral resistance
(TPR)
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Extrinsic Control of Vascular Resistance



Blood Pressure
Pressure exerted by blood on walls 
of a vessel 
--Caused by contraction of ventricles
--Highest in aorta

• 120 mm Hg during systole & 80
during diastole

If heart rate increases cardiac
output, BP rises (MAP=CO×TPR)
Pressure falls steadily in
systemic circulation with distance 
from left ventricle
--35 mm Hg entering the capillaries
--0 mm Hg entering the right atrium

If decrease in blood volume is over 
10%, BP drops
Water retention increases blood 
pressure
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Arterial Pressure

~40 mmHg

SBP

DBP

SBP:DBP:PP= 3:2:1

MAP determined by
Heart rate
Stroke volume
Total peripheral resistance

CO = HR x SV

MAP = CO x TPR

=DBP + 1/3 pulse pressure

Aortic valve closure



Effects of Cardiac Output on 
Mean Arterial Pressure
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MAP = CO x TPR



Effects of TPR on Mean Arterial 
Pressure
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MAP = CO x TPR



MAP=CO × TPR

Control of Blood Pressure 
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Determinants of Arterial Pressure

213

MAP = HR x SV x TPR
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Determinants of Mean Arterial Pressure
MAP = HR x SV x TPR



Measuring Blood Pressure

Korotkoff sounds

215Brachial artery
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Pulse is a pressure wave that alternate expansion & recoil of elastic artery 
after each systole of the left ventricle

217
Pulse rate =HR is normally between 70-80 beats/min
Tachycardia is rate over 100 beats/min & Bradycardia under 50

Pulse Points



Control of Blood Pressure
Role of cardiovascular center
--Help regulate heart rate & stroke volume
--Specific neurons regulate blood vessel diameter

(vasomotor tone)Medulla oblongata



Input to CV Center
Higher brain centers such 
as cerebral cortex, limbic 
system & hypothalamus
--Anticipation of competition
--Increase in body temperature

Proprioceptors
--Input during physical activity

Baroreceptors
--Changes in pressure within 

blood vessels

Chemoreceptors
--Monitor concentration of 

chemicals in the blood

Output from CV Center
Heart
--Parasympathetic (vagus nerve)

• Decrease heart rate
--Sympathetic (cardiac accelerator 

nerves)
• Cause increase or decrease 

in contractility & rate

Blood vessels
--Sympathetic vasomotor nerves

• Continual stimulation to 
arterioles producing 
vasoconstriction (vasomotor 
tone)

• Increased stimulation 
produces constriction & 
increased BP 219



Cardiovascular Neural Pathways
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Parasympathetic input to
--SA node (decrease HR)

Sympathetic input to
--SA node (increase HR)
--AV node
--Ventricular myocardium 
(increase contractility)

--Arterioles (increase resistance)
--Veins (increase venomotor tone)



Short- and Long-Term 
Regulation of MAP

Short-term regulation—seconds to minutes
--Regulate cardiac output and total peripheral 

resistance (MAP=CO × TPR)
--Involves heart and blood vessels
--Primarily neural control

Long-term regulation—minutes to days
--Regulate blood volume
--Involves kidneys
--Primarily hormonal control
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Neural Regulation of Blood Pressure

Detector = baroreceptors (pressure-sensitive sensory neurons)
Afferent = CN. IX+X
Integration Center = CV centers in the
brainstem
Controllers (efferent) = ANS
Effectors = heart and blood vessels
Locations = aortic arch+carotid sinuses
Baroreceptors = pressure receptor

--Sometimes called stretch receptors
--Arterial baroreceptors = sinoaortic receptors

Respond to stretching due to pressure changes in arteries
222

Negative feedback loops



1. Baroreceptor Reflexes (BRR)
Neural Regulation of Blood Pressure

Carotid sinus reflex helps 
regulate blood pressure in brain

Aortic reflex regulates 
systemic blood pressure
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1. Baroreceptor Reflexes (BRR)

Neural Regulation of Blood Pressure
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1. Baroreceptor Reflexes
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1. Baroreceptor Reflexes (BRR)

Neural Regulation of Blood Pressure



Clinical Application: Hemorrhage
Hemorrhage results in a 
decrease in blood volume
Blood volume decrease 
decrease in MAP
Hemorrhage causes

--Baroreceptor reflex
--Increase in sympathetic 

activity
--Decrease in 

parasympathetic activity
Reflex compensation MAP = HR x SV x TPR



BRR



Hemorrhage and Blood Flow

GI tract
--Increased resistance
--Decreased blood flow

Brain
--Vasculature not subject 

of extrinsic control
--No change in resistance
--Blood diverted from GI 

tract to brain
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Baroreceptor reflex
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Receptors located close to baroreceptors 
of carotid sinus (carotid bodies) and 
aortic arch (aortic bodies)
Detect hypoxia (low O2), hypercapnia 
(high CO2), acidosis (high H+) and send 
signals to CV
CV increases sympathetic stimulation to 
arterioles and veins, producing 
vasoconstriction and an increase in blood 
pressure
Receptors also provide input to 
respiratory center to adjust breathing rate 
(increased ventilation)

2. Chemoreceptor Reflexes
Neural Regulation of Blood Pressure
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2. Chemoreceptor Reflexes
Neural Regulation of Blood Pressure
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3. Right Atrial Reflexes (Bainbridge reflex)
Neural Regulation of Blood Pressure

Atrial reflex is an increase in heart rate due to an increase in 
central venous pressure
Increased blood volume is detected by stretch receptors located 
in both atria at the venoatrial junctions
This reflex and the baroreceptor reflex act antagonistically to 
control heart rate
The BRR acts to increase heart rate when blood pressure drops. 
When blood volume is increased, the Bainbridge reflex is 
dominant; when blood volume is decreased (BP drops), the 
BRR is dominant
Bainbridge reflex is involved in Respiratory Sinus Arrhythmia

--During inspiration
Sympathetic activity HR (Bainbridge reflex)

--During expiration
Parasympathetic activity HR
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Increased blood volume Atrial Reflexes
(Bainbridge reflex)



Clinical Application: Syncope
Fainting or a sudden, temporary loss of 
consciousness not due to trauma
--Due to cerebral ischemia or lack of 

blood flow to the brain

Causes
--Vasodepressor syncope = sudden emotional stress 
--Situational syncope = pressure stress of coughing, 

defecation, or urination (vagal stimulation)
--Drug-induced syncope = antihypertensives, 

diuretics, vasodilators and tranquilizers
--Orthostatic hypotension = decrease in BP upon 

standing
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Clinical Application:
Orthostatic Hypotension

Orthostatic (postural) hypotension is defined as a drop in 
systolic blood pressure of >20 mmHg within 2 minutes of 
standing
Changing from a lying position to standing loses about 700 ml 
of blood from the thorax, with a decrease in systolic blood 
pressure .The overall effect is an insufficient blood perfusion in 
the upper part of the body

BRR sensitivity

Atherosclerosis



Clinical Application: 
Superventricular Tachycardia 

Carotid sinus massage can slow 
heart rate in paroxysmal 
superventricular tachycardia 
(PSVT) 
Stimulation (careful neck massage) 
over the carotid sinus lowers 
heart rate
--PSVT: tachycardia originating 

from the atria due to re-entry
Anything that puts pressure on 
carotid sinus
--Tight collar or hyperextension of 

the neck 
--May slow heart rate & cause 

carotid sinus syncope or fainting

If vagal maneuvers are not 
effective, used Adenosine, an ultra 
short acting AV nodal blocking 
agent via the A1 receptor



Short-Term Regulation of BP
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BRR



Hormonal Regulation of Blood Pressure
Renin-angiotensin-aldosterone (RAA) system
--Decrease in BP or decreased blood flow to kidney
--Release of renin/results in formation angiotensin II

• Systemic vasoconstriction
• Causes release aldosterone (H2O & Na+ reabsorption)

Epinephrine & norepinephrine
--Increases heart rate & force of contraction
--Causes vasoconstriction in skin & abdominal organs
--Vasodilation in cardiac & skeletal muscle

ADH causes vasoconstriction
ANP (atrial natriuretic peptide) lowers BP 
--Causes vasodilation & loss of salt and water in the 
urine
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Low-pressure baroreceptors
= volume receptors
Location

--Walls of large systemic veins
--Walls of the atria RAA system

Hormonal
Regulation of Blood 

Pressure



Atrial natriuretic peptide (ANP)
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Hormonal Regulation of Blood Pressure



Long-Term Regulation of BP
Blood Volume vs. Blood Pressure
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Long-Term Regulation of BP
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Local Regulation of Blood Pressure
The ability of a tissue to automatically adjust its 
own blood flow to match its metabolic demand for 
supply of O2 and nutrients and removal of wastes 
is called autoregulation
Local factors cause changes in each capillary bed
--Important for tissues that have major increases in 

activity (brain, cardiac & skeletal muscle)
Local changes in response to physical changes
--Warming & decrease in vascular stretching promotes 

vasodilation
Vasoactive substances released from cells alter 
vessel diameter (K+, H+, lactic acid, nitric oxide)
--Systemic vessels dilate in response to low levels of O2
--Pulmonary vessels constrict in response to low levels of 

O2



Clinical Application: 
Hypertension

Hypertension (not a disease) is chronically elevated blood 
pressure. It is usually a “silent” killer because most people don’t 
know that they have it until it has caused significant damage

Prolonged hypertension is the major cause of heart failure, renal 
failure, stroke, and vascular disease



Clinical Application: 
Hypertension
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Clinical Application: 
Hypertension
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CV Center



Angiotensin Receptor Blocker (ARB)
= AT1 receptor antagonists

ACEI

Central Sympatholytics 



Hypertension Treatment
ACEI vs. ARB
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ACEI

ARB



Antihypertensive Drugs
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Angiotensin Receptor Blocker (ARB)
= AT1 receptor antagonists



Clinical Application: Shock
Shock is an inadequate cardiac output (inadequate perfusion) to 
match oxygen usage in the tissues 
As a result, cells forced to switch to anaerobic respiration, lactic 
acid builds up, and cells and tissues become damaged & die 
(blood volume drops by 10-20% or BP does not rise sufficiently)

Signs and symptoms: clammy, cool, pale skin; tachycardia; weak, 
rapid pulse; sweating; hypotension (systemic pressure < 90 mm Hg); 
altered mental status; decreased urinary output; thirst; and acidosis



Types of Shock
Hypovolemic shock is due to loss of blood or body fluids 
(hemorrhage, sweating, diarrhea or extensive burns)

--Venous return to heart declines & output decreases
Cardiogenic shock is caused by damage to pumping action 
of the heart (MI, ischemia, valve problems, cardiac failure
or arrhythmias)
Vascular shock causing drop inappropriate vasodilation--
anaphylatic shock (histamine ), septic shock or neurogenic 
shock (head trauma, spinal cord injury or anesthesis)
Obstructive shock caused by blockage of circulation 
(pulmonary embolism)
Homeostatic responses to shock include activation of the 
RAA system, secretion of ADH, activation of the 
sympathetic division of the ANS, and release of local 
vasodilators
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Homeostatic Responses to Shock
Mechanisms of compensation in shock attempt 
to return cardiac output & BP to normal
--Activation of renin-angiotensin-aldosterone
--Secretion of antidiuretic hormone
--Activation of sympathetic nervous system
--Release of local vasodilators
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Hypovolemic Shock



Cardiovascular Adaptation to Exercise
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Cardiovascular Adaptation to Exercise
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Cardiovascular Adaptation to Exercise



Cardiovascular Changes During Exercise



Lymphatic System
Lymphatic vessels + lymphatic tissue (node & organ)

Lymph (excess interstitial fluid) moves from 
capillaries to veins



Lymphatic Circulation

Lymphatic vessels involved in returning excess filtrate to circulation
Lymph nodes where the lymph is provide a proliferation site for 
lymphocytes and cleaned and examined by immune cells (phagocytes & 
lymphocytes) for pathogens (part of immune system)
Swollen glands (lymphedema)= lymph nodes become swollen and painful



”

“ ”

——

264


