Myocardial ischemia

and
. . Definition of myocardial ischemia :
infarction Y
; Deprivation of oxygen & inadequate removal of

e : metabolites owing to reduced perfusion
Factors determining myocardial oxygen . A . X
supply and demand I\ﬂost typ!cal presentatlon. ,Anglna pectoris
Myocardial oxygen demand (“strangling in the chest”)

2. Mechanisms of myocardial ischemia
3. Acute adaptations to ischemia
4. Ischemic myocardial disease

5. Myocardial infarction

Diastolic perfusion pressure = P,q st = Peap coron
Q ~ PR

max. Q during diastole

Factors determining myocardial oxygen supply

and demand (Fig. 1)
Venturi effect at coronary

Myocardial oxygen supply Myocardial oxygen demand .
ostia - | Py systouc
Diastolic parfusion prassure Wall tension
(=P.rih)
Coronary vascular resistance during systole
= gxtarnal compression
oo arecabontes Heart rate
+ andothelial factons
« neural innervation Compression of coronary bran-
Contractility ches inside myocardium
Op-carrying capacity
Jam e A R e | aortic regurgitation - 1P,g piast
aortic stenosis — | pressure gradient aorta/myocardium
1 +EDP - |coronary perfusion

Local metabolites
O, - vasoconstriction
10, - 1AMP - 1 adenosine - Ca2* entry
into SMC - vasodilation
Lactate, some prostaglandins, H* - vasodilation

Coronary vascular_resistence
External compression of coronary branches

during systole. Subendocardium subjected to Endothelium-dependent vasodilation factors
greater forces, but better perfused (B2 receptors,
relative ischemia). More vulnerable to diminished ADP, ATP endothelium-
flow (hypotension, obstruction of epicardial arteries) bradykinin —  derived relaxing - 1cGMP
histamine factor (EDRF) O
Intrinsic regulation of coronary tone acetylcholine = NO- ) Ca?* release
(autoregulation) + PGI, = prostacycline from SR
Resistence at the level of arterioles and Vasodl"ation

precapillary sphincters. Capillary recruitment
in need (60-80% open in rest). Oxygen
extraction 75%




Pathologically changed endothelia
- activation of platelets - TXA2 - vasoconstriction
- reversal of the effects of endothelium-dependent
vasodilation factors

Neural factors

Parasymp. of little influence

Epicardial vessels - a adrenergic receptors -
temporary vasoconstriction

Subendocardial vessels - B2-adrenergic receptors -
vasodilatation

Autoregulation is sufficient to 60 mmHg in aorta.
Advanced AS - maximal dilation - loss of regulatior

Coronary collateral vessels important mainly in situation of
obstruction
O,-carrying capacity (Hb + lungs) - usually constant

Mpyocardial oxygen demand

Factors:
1. Myocardial wall tension (stress) @ —» T O; consumption

regurgitation — T filling hypertrophy
hypert., stenosis~© (w Oz consum-
s\\“], % i h

g =~ Sl ption per
arterial e gram, but the
vasodilator e overall con-
therapy nitrates —» « filling sumption

rises)

2. Heart rate: p-blocker therapy - | HR
Most important parameter for oxyg. consumption:
HR * BPSYST
3. Contractility: catecholamines - 1 O, consumption
B-blockers - 1 O, consumption

AS
Morphological <dlahatas
narrowing collagen-vascular diseases

Tegurgitation
Decline of _ - in the acrta’
perfusion ~=——____ slenosis
pressure " Mfilling pressures
Coromary
Myocardial ' artery spasms
ischemia hypertension
Lowered resery
(T arteriol tonus) X syndrome
in the myocardium - hypertrophic CMP
TOxygen normal coron. aa.
demand exercise ao stenosgis

anxiely / hypertr. CMP

in the body  anemia +
o
thyreotox. moderate CAD
infections

Lesion - | perfusion (Fig. 2)
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Relationship between resting (dashed line) and
maximal coronary blood flow (solid line) and percentage
of diameter stenosis in a dog. (Modified with permission

5 from Gould and Lipscomb'®’,)

| lumen radius to 50%

(= | cross-sectional area to 25%)

+ exercise and psychol. stress - ischemia
(= clinically important narrowing)

I lumen radius to 10% in rest

1. Atherosclerosis
most common
in proximal segments or rarely diffuse
radius below 50% - stable angina, below 10% -
angina in rest

2. Nonatherosclerotic coronary artery diseases -
inflammatory (autoimmune) processes in small branches:

e polyarteritis nodosa
esystemic lupus erythematosus » collagen-vascular diseases
escleroderma

esrheumatoid arthritis
ediabetes




3. Coronary thrombosis and platelet aggregation
Fissure of an AS plaque - intraintimal thrombosis -
unstable angina or IM (Fig. 3)

Active fissure.

ﬁ‘ Intraintimal thrombus
i

“_W Healed fissure
Oeclusive Mural
thrombus thrombus

Intraluminal thrombus

Evolution of an active fissure with intraintimal
thrombaosis to cither healing with aggravation of the
stenosis or occlusive thrombosis and subsequent myocar-
dial infarction,

artial —»
fissuring, platelet —» unstab-
Tupture, subendoth,  aggregation, | occlu- le angina
ulceration  lissue expos./ thrombus sion
of atheroma- formation complete — IM

tous plag (B0 - 90%6 of all IM)

4 Coronary arfery spasm

AS lesion + platelets plaque fissure transitory

—» thromboxan A; \ ischernia
spasm M

local coronary /

supersensitivity ? fatal arrhythmias

3
Spasmus/obstruction ratio (Fig.4)
100% 0
VASOSPASM 5. Coronary embolism from the left heart, rare
6. Diminished without a
50% o morphological changes of coronary arteries
Def. of C.F.R.: maximum flow + resting flow
FIXED Fig. 51, II
OBSTRUCTION
0 100%
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Schematic ilustration of the relathon betweon physical sclivity (during 24 b) expressed as METS
imultiple of basal metabolic oxypen consumption) asd comnary How rewerve, A= cxercise below bevel of
coronary How reserve without experiencing ischsemia; B=evercise above bevel of mavimal coromary
Hlom reserve; C=coronary Bow reserve i impaired: [V=corenary Bow reserve decreanes so that resting fow i
Impaired and ischaemia oocurs at rest. (Moditicd with permission from Maseri or of"".)
I - fixed treshold for angina pectoris (stable angina)
I1 - variable treshold Tor angina as a resull of a coronary spasm {(variant angina)

5 I - grave unistable angina pecloris

regula-  abnormally high — +CFR l izchemia duning exercise
tory?  —» resistence (arten- ¥ (hypertension,
oles) stress syndrome X = normal coronanes
+ exercise pain}

7. Increased myocardial oxygen demand (see above)




+ contractility
acute (short-term)

defense T anaerobic energy production
Adaptation of myocardial by glveolysis
cellz to 1schemia
hibernation modern* adaptation
 long-term stunning I postizchemic
rescue (" processes
preconditionng

Acute defense — Fig. 6

CELLULAR DAMAGE
TOXINS HYPOXIA  4———ASCHEMIA
LOVIERED OXYDATIVE MEMBRANE DAMAGE
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OFIONE %, toele'd Veotvais It MIOCHONDRIAS
GRADIENTS
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OF MYO-
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Ischemia - icreatine phosphate —. | ATP - |contractility
- tanorg. P - | contractility
- anaerobic glycolysis - 1ATP
- intracellular acidosis — activation of lysosomes
- tissue destruction
- Lcontractility (H+ replace Ca 2+ )

Traditional types: angina pectoris and myocardial
infarction. Now added: stunning, hibernation,
preconditioning

Angina pectoris

Coronary ligature, angioplasty — ischemic cascade (Fig. 7)
Contractile dysfunction: damage > 40% -
cardiogenic shock
Methods: angiocardiography, echocardiography,
nuclear angiography

METABOLIC ABNORMALITIES ECG ABNORMALITIES ANGINA PECTORIS

MYOCARDIAL ISCHEMIA

1 Systolic i Diastolic  Papillary muscle t Sympathstic
function compliance dysfunction tone
Pulmonary
congestion
Dyskinetic Rales Ss Mitral Diaphoresis
apical regurgitation T Heart rate
impulse 1 Blood pressure

Exercise, emotion - pain
Discontinuation, nitroglycerin - relief
Unchanged = 2 -3 months
Severe A.S. - fixed | blood supply combined with
roxygen demand
Reproducible by fixed amount of exercise (HR*BP)
(Fig. 51)
| Release of EDRF (NO-)
ATP - adenosin ?- pain
ECG : Horizontal or declining depression of ST interval
during exercise
Large ischemia - syst. & diastolic dysfunction (1 EF)
tArterioral tone - | coronary flow reserve - -
S.A.P. without CAD (=syndrome X)
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Schematic illustration of the relation boween physical activity (during 24 b) expressed os METS
(multiple of basal metabolic oxygen consumption) and coronary fow reserve. A=cuercise below bevel of
maxinal corenary flow reserve without experiencing ischoereia; B=evercive above bevel of maxinal corenary
low reserve: C=cnronury fow reserve is impaired: [=coronary Bow reserve decresses <o that resting fow i
impaired snd buchacmia ocours an rest, { Viodilbed with permission from Maseri er o)
I - fixed treshold for angina pectoris (stable angina)
11 - variable treshold Tor angina as a resull of a coronary spasim (variant angina)

III - grave unistable angina pectoris

Types :
1. angina after a period of stable angina
2. Recent, minimal exercise (,immediately serious")
3. >15 min at rest
4. <4 weeks after IM
Mechanisms: rupture of an AS plaques - platelet
aggregation - thrombus;
rupture = coronary spasm

Both - i coronary flow reserve (Fig. 5 III)

Same as in IM, only milder
Therapy: heparin, aspirin
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Schematic ilustration of the relation boween physical activity (during 24 b) expressed os METS
(maltiple of basal metabolic oxyeen consumption) and cormary fiow reserve. A= evercise below bevel of
maxinal corenary How reserve without experiencing ischsenia: B=cvercise wbove bevel of masinal corsnary
low reserve: C=cnronury fow reserve is impaired: [=coronary Bow reserve decresses <o that resting fow i
imspaired snd bschacmia occurs at rest, {Modificd with permission from Maseri er o)
I - fixed treshold for angina pectoris (stable angina)
11 - variable treshold Tor angina as a resull of a coronary spasim (variant angina)

III - grave unistable angina pectoris

Pain at rest with ST denivelation, intraindividually variable
response to exercise, some patients without AS

Focal spasm of epicardial coron. artery

(local hypersensitivity ?, Fig. 5 II)

IM seldom
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Schematic ilustration of the relation boween physical activity (during 24 b) expressed os METS
(maltiple of basal metabolic oxyeen consumption) and cormary fiow reserve. A= evercise below bevel of
mainual corenary How reserve without experiencing mmla B=cxercise above bevel of mavinal coranary
low reserve: C=cnronury fow reserve is impaired: [=coronary Bow reserve decresses <o that resting fow i
imspaired snd bschacmia occurs at rest, {Modificd with permission from Maseri er o)
I - fixed treshold for angina pectoris (stable angina)
11 - variable treshold Tor angina as a resull of a coronary spasim (variant angina)

III - grave unistable angina pectoris

Spasmus, platelet aggregation, thrombosis at the site of a
plague - mixed symptomatology (tolerance varies
during a day etc.)

Holter: ST denivelation and/or | ejection fraction and
Thalium 201 abnormalities in the absence of
symptoms

tpain threshold ?

Prognosis?

Ischemic ECG - Fig. 8




ECG in myocardial ischemia

Stunned myocardium

-~ 50% of patients - nermal
o
Rest < - small changes ST-T
T non-specific -
abnormities “ Branch blocks

Ventricular arrhythmias

Transmural - 5T elevation

Myocardial “Preconditioned
infarction myocardium”

permanent contractile

dystunction

During
an /— Subendocardial - 5T depression
episode Myocardial
([@Sﬂr‘]g] T inversion, T normalization, ischemia
Q-T prolongation, arrhythmias
(predictive valusa - 7)
chramic
raparfusion
T Highl ificl
ST ~a ghly speciilc parsistent ischamic fransient postaschemic
- N =" Much less specific dysfunction dysfunction
Exercise — ST i
“Hibernating rulinf of “Stunne
v Multivessel 10 e ” s — - s 3 d ,
Marked 5T disease or myocardium Cham myocardium’
8 depression left main artery
Fig. 9
ventricular arrhythmias and stunned
myocardium Fig. 9

Definition: Postischemic dysfunction of the myocardium with a
brelatively normal perfusion
15" - 20° ischemia - hrs od days of stunning
Reversible!
2 hypotheses:
- free radicals (scavengers helpful if on the spot
immediately)
- CaZ* overload (free radicals — damage of SR and
sarcolemma); Ca-blockers promising
Clinical demonstration difficult — local perfusion cannot be
measured easily. Hypothetically after: operations,
angioplasty, angina pectoris and IM - however,
lasting ischemia?
Tab. 1: Characteristics of stunned and hibernating myocardium

Myocardial dysfunction could be dramatically amended by
inotropic agents, bypass or 1 02 consumption
Def.: Chronic reversible dysfunction of LV due to coronary
disease, responding to inotropic stimuli. Residual contractile
reserve can be demonstrated by them
Could be presupposed in IM not explaining the degree of LV failure
Histopathology: loss of sarcomeres, SR etc.
2 hypotheses:
- original authors: chronic resting hypoperfusion, adaptive
lowering of 02 consumption
- now: basal perfusion is OK, | coronary reserve. Perfusion
is not lowered so much as to explain the degree of
dysfunction — important stunning component: CAD -
Lcoronary reserve -
- repeated stunning several times a day
However, stunning and hibernation are different phenomena
(Tab. 1)

Ch istics of and Hi ing Myaocardium
Stunning Hibernation
Climical condition Cardiac surgery (Stable} angina
Reperfusion after
acute regional
ischemia
Coronary blood flow  Restored Reduced
Experimental model  Reperfusion None
Patr ysiclogy G tion of oxygen 7
radicals
Calcium overload
Histologic findings Na necrosis Mo necrosis
Recovery Slow Rapid to slow
Therapy Prevention; Restoring oxygen
Oxygen radical supply/demand
scavangers? balance:
Calcium channel Revascularization
blockers? Intarventional
recanalization
Tab.1 Nitrates

"Preconditioned
myocardium™

[ :
Myocardial
infarction

permanent contractile

dysfunction

Myocardial
ischemia

chromic

ischemia

roparfusion

persistent ischemic transient post-ischemic

dysfunction dysfunction
“Hibernating rolief of i "Stunned
myocardium” HChamER | myocardium”




Definition: Fast adaptive response to a short (> 2 minutes)
ischemic damage lowering the decay of cells during a further
protracted period of ischemisation — {infarction zone
Diffusion of endogene humoral factors (adenosine,
[nor]epinephrine, activation of al-receptor, activation of Al
receptor for adenosine, opening of the KATP channel) -
slowering of metabolism

Protective effect lasts several hrs — 1 day

In clinics: repeated coronary angioplasty

Profylactic preconditioning?

Definition: Condition of irreversible necrosis or apoptosis
of the muscle that results from prolonged (40 "-60 ")

ischemia
Fissure (rupture) of an AS plague - thrombosis -
obturation of a CA (Fig. 10)

Dynamic : By 8 - 10 days necrosis removed, by 2 -3

months scar formed (its strengthen with time)
Extention of IM :

Complete occlusion - transmural IM

Incomplete occlusion - nontransmural IM

Vulnerable subendoc. zone - subendocardial IM

Pathogenesis: ischemia - IM (Fig. 11)
1 cytosolic Ca2+ - irreversibility

Myocardial hypoxia

ISCHEMIA

LATP l
i T Anaerobic 02 delivery § \\waﬂ\wtt
Impaired ATPase metabalism /
lon pumps T Na+iCa++ axchange I' I
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» Chromatin clumping membrane Ca2+} NatH+
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ce" loss Necrosis
death \ |
10 11 Dpie {1836]
Myocardial intarction
i
T+ i coneactiy by becrots " ioaarnasion
® ' '
[Embolam | ..,n./: @m.} oo | ] [Porerata]
Remodeling of a ventricle and complications (Fig. 12) N ]
Remodeling = change of ventricle geometry by a scar and procivnsd
hypertrophy - | compliance, dilation, failure 12 ; ¥
Myocardial rupture - hemopericardium - tamponade I’Lm‘ Tt
- death ."..,_'x 3 h
Rupture of papillary muscle - pulm. edema - tamponads |
rgurgiaton

Reentry, tautomaticity, late afterdepolarization, micro-
embolisation into the myocardium - ventricular arrhy-
thmias - sudden cardiac death

Ventric. aneurysm - thrombembolization, arrhythmias

v L v

Congeative haact ailure |

Fig. 7-6.  Complications of M. Infarction revslts in decreaved contractility, electrical instability, and tisue necroshs,
which lead 1o theve potential complications.
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ECGinIM (Fig. 13)  Hous
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|;, Hyper acute
| phase

24

96
2 wks.

6 wks

TETTSS
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ST interval
Hypoxia of cell - loss of rest voltage - cell
surface relatively negative - injury current from
infarction focus to center of heart - depression
of TQ (=TP+PQ) on nearby electrode. Injury
current disappears at ventricle’s depolarization
(ST interval) — ST interval in normal position
- it presents as being elevated compared to
depressed TQ. Reciprocal findings are present on
distant electrode. Start of ST interval returns to
“isoelectric” line after hours, ST remains eleva-
ted and convex upward, normalization of ST after
2 - 3 weeks.

T wave
Ischemic zone bordering necrosis repolarizes
slowly - T wave inversion outlasting ST nor-
malization

Q wave (Fig. 14)
Propagation of excitation is lacking in necrotic
zone - vectors oriented contrarywise (of op-
posite wall) prevail - deep & wide Q on
the nearby electrode. Lasts indefinitely
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Non-pathological Pathological
Q wave Q wave

Compared to small Q waves generated
during normal depolarization, pathologic Q waves
are more prominent: the width is =1 mm (1 small
box) and its depth > 25% of the height of the QRS

complex.

Subendocardial (= non Q) IM - necrotic focus
turned away from all electrodes - ST depression
in all electrodes, i. e., a nonspecific sign

Serum enzymes in acute IM (Fig. 15)

Pattern of evolution of
serum enzymes in acute Ml The
CK rises several hours after the
acule infarct and peaks at 24
hours; SGOT peaks at 48-72
hours, LDH serum levels rise
more gradually and peak at 3-5
days.

PLASMA CONCENTRATION

DAYS AFTER NFARCT

15

Therapy of IM

Thrombolytic (last 20 ye)
tissue plasminogen activator
streptokinase

Conventional therapy
bed rest, psychother., sedation
pain relief - nitrates, morphine
B - blockers - | sympathetic drive
aspirin - | platelet adhesiveness
anticoagulants - heparin
ACE inhibitors
diuretics in pulmonary edema

balloon angioplasty




Cardiogenic shock after IM
inotropic agents

when + TPVR - vasodilators
when | preload - liquids i.v.
intra-aortic balloon pump

Therapy of myocardial ischemia

Nitrates -~ L venous return
B - blockers - | heart rate
1 contractility
Ca - channel - | afterload, - 1 O, consumption
blockers coronary dila-
tation
Revascularization procedures




