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Myocardial ischemia

When ischemia develops, oxidative metabolism stops and anaerobic 

glycolysis supersedes, 

increasing lactate, H+, ammonium, degraded nucleotide phosphates, G6P, 

increasing the osmotic load 

that leads to cellular swelling and interstitial edema.



Reperfusion-related injury

One of the earliest events that develop following blood flow restoration to 

ischemic myocardium is exacerbation of ischemia-initiated interstitial and 

cellular edema.
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transmural infarction, infarct reperfusion and the resultant expression of reperfusion injury. Eur
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Myocardial Edema After 
Ischemia / Reperfusion 

Is Not Stable 

and Follows a Bimodal 
Pattern
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in: J Am Coll Cardiol. 2018 Apr 17;71(15):1713. PMID: 25460833.



Reperfusion-related injury

The early wave of edema appears to be due to exposure of a 

hyperosmotic interstitium (due to accumulation of catabolites produced 

during ischemia) to normo-osmotic blood at reperfusion. 





Reperfusion related injury

After 40 min of ischemia followed by reperfusion f luorescent dye 

thioflavin S managed to penetrate ischemic myocardium. 

But if ischemia was prolongued for 90 min followed by reperfusion, 

thioflavin S failed to penetrate the ischemic myocardium and perfusion 

defects were observed in subendocardium.

Reperfusion failure was observed within seconds of clamp release, and it 

was well established within the f irst few minutes



Reperfusion related injury

Myocardial cel l  swel l ing was prominent af ter both 40- and 90-min periods of ischemia,

whereas capi l lary damage was most severe after 90 min of ischemia and was local ized 

to areas of no ref low

Myocardial cel ls in areas with intact circulation showed massive swel l ing and 

formation of large contraction bands

Dif fuse endothelial swell ing (as opposed to localized protrusions) rarely was seen in 

dog heart.

Thus, the results suggested that capi l lary damage is a major contr ibuting factor to the 

development of the no-ref low phenomenon. 



Reperfusion related injury

Capillary damage consisted in

• decreased numbers of pinocytotic vesicles, 

• nuclear chromatin clumping 

• and large protrusions of endothelial cytoplasm into the vascular lumen.

Endothelial protrusions and intraluminal membrane-bound bodies often 

f il led the capillaries to a point that the lumen was obliterated



FIGURE 11. Temporar i ly 

ischemic for 90 min with 

10-12 s of coronary 

blood reper fusion (from 

area of no ref low). 

Endothel ia l  p inocytot ic 

vesic les are sparse. The 

capi l lary lumen is fu l l  of 

endothel ia l  protrusions 

(arrows) and membrane-

bound bodies (b), some 

of which might represent 

degranulated platelets.  

Mitochondria are swol len 

with amorphous matr ix 

dense bodies. I  bands 

and intermyof ibr i l lar 

edema are present. X 

22,640.

Kloner RA, Ganote CE, Jennings RB. The "no-reflow" phenomenon after temporary coronary occlusion in the dog. J Clin 
Invest. 1974 Dec;54(6):1496-508. doi: 10.1172/JCI107898. PMID: 4140198; PMCID: PMC301706.



Blebs
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changes. Am J Pathol. 1968 Feb;52(2):455-76. PMID: 5635862; PMCID: PMC2013336.
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Distal embolization



Distal embolization

4 side holes for high
flow injection, between
the 3rd and 4th markers

Progressive profile for
Dotter effect mechanical
thrombolysis

4 markers at 1 cm 
distant each



Primary end point



Prespecified subgroup <200 min



Primary end point. Prespecified groups



EF recovery

50.01% (SD 11.31) vs. 53.8% (SD 11.17) ; p for interaction 0.06



PROMISE trial. Adverse events



















Perycites



Perycites

Pericytes contract in circumferential and longitudinal directions 

influencing the diameter and stiffness of capillaries

The close proximity of pericytes to sympathetic axons suggests that their 

tone may be under noradrenergic regulation

Pericytes have an established role in autoregulation of cerebral blood flow 

and contribute to vasoconstriction of cerebral capillaries and entrapment 

of erythrocytes and leukocytes in no-reflow zones following cerebral 

ischemia
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Perycites

Intravenous adenosine—a pericyte relaxant drug— increased the capillary 

diameter by 21% (at pericyte somata), decreased the capillary block by 

25% and increased the perfusion volume by 57%

Adenosine also reduced by one quarter the percentage of capillaries that 

were blocked after reperfusion, from ~40% to ~30%



THE END



Reperfusion-related injury

The most consistent histologic f inding was demonstration of areas of 

swollen endothelium and formation of intraluminal membrane-bound 

protrusions or blebs that obstructed the capillary lumen

The local edema involving endothelium and surrounding myocardium 

suggested an initial restoration of some blood flow, which was later 

interrupted by reperfusion-induced MVO and swollen cardiomyocytes



Reperfusion-related injury

Upon restoration of blood f low, the extracel lular pH is rapidly restored, which st imulates 

the Na+/H+ exchanger and Na+/HCO3- symporter leading to proton extrusion from the 

cel ls, rapid normalization of intracel lular pH, massive Na + inf lux, and intracel lular Ca 2+ 

overload

The increased Ca 2+ in endothel ial ce l ls leads to cel lular retraction and intercel lular gap 

formation and blebbing result ing in increased vascular permeabi l i ty and obstruction of 

intracapi l lary space. 

In addit ion to cel lular swel l ing, increased ATP avai labi l i ty upon restoration of blood f low, 

restored intracel lular pH and abundant cytoplasmic Ca 2+ favor the hypercontracture of 

cardiomyocytes and contraction band formation—a histological marker of reperfusion



Contraction
bands

High magnif ication 

micrograph showing 

contraction band necrosis 

and karyolysis. H&E stain

By Nephron - Own work, CC BY-SA 3.0, 
https://commons.wikimedia.org/w/index.php
?curid=7507271



Myocardial ischemia

Platelet and leucocyte aggregates

Fol lowing activation by ischemia, platelets expose their adhesion molecules and 

aggregate to endothelial cel ls (faci l itated by glycocalyx shedding), neutrophils, 

erythrocytes and to each other contr ibuting to microcirculation obstruction

activated platelets release various biological active substances that contr ibute to 

proteolytic destruction of endothelial cel ls and intercel lular junctions (and increased 

permeabil ity), intracapil lary blood coagulation, chemiotaxis and recruitment of 

leukocytes in microcirculation and promote inf lammation, apoptosis and angiogenesis



Myocardial ischemia

Platelet and leucocyte aggregates

Neutrophils are recruited early in the ischemic myocardium

Neutrophils transmigrate through endothelial cel ls by interaction with endothelial cel l  

junction proteins due to the highly chemotactic mil ieu in the ischemic microcirculation

Activated neutrophils aggregate with other cel ls and form neutrophil extracellular 

traps (NETs) clogging the microcirculation and impeding blood f low

Neutrophils are a major source of ROS, myeloperoxidase and proteolytic enzymes 

(such as, elastase and metalloproteinase-9), which in turn, promote degradation of al l  

components of capi l lary barr ier



Myocardial ischemia

Glycocalyx damage

The thickness of glycocalyx exceeds the length of extracellular domains of 

most endothelial adhesion molecules, which in normal conditions prevents the 

adhesion of circulating cells to endothelial cells

The highly hydrophil ic nature of glycocalyx enables creation of a relatively 

f ixed water layer on the surface of endothelial cells, which together with 

electrostatic interactions with circulating erythrocytes, reduces the capil lary 

hematocrit compared with that found in the systemic circulation and 

facil itates the passage of blood through the capil laries



Glycocalyx 
damage

E l e c t r on  m i c r o g r ap h s  o f  l e f t  

v en t r i c u l a r  c a p i l l a r i e s  f r o m  

i s o l a t e d  r a t  h e a r t .  E nd o t he l i a l  

g l y c o ca l y x  d e l i n e a t ed  

w i t h l a n t ha num  c h l o r i d e

A ,A '  H ea r t s  p e r f u s ed  a e r o b i c a l l y  

f o r  5 0  m i n ;  

B , B ' ,  2 0  r a i n  i s c ha em i a ;  

C ,  C '  2 0  m i n  i s c ha em ia /3  m i n  

r e p e r f u s i o n

Czarnowska E, Karwatowska-
Prokopczuk E. Ultrastructural 
demonstration of endothelial glycocalyx 
disruption in the reperfused rat heart. 
Involvement of oxygen free radicals. 
Basic Res Cardiol. 1995 Sep-
Oct;90(5):357-64. doi: 
10.1007/BF00788496. PMID: 
8585856.



Distal embolization

Angiographically visible distal embolization is documented in 5% to 17% 

of primary PCI procedures in patients with STEMI

However, the true incidence of lesser degrees of distal embolization 

appears to be much higher, with one study showing visible debris in 73% 

of patients who received a distal embolization protection system



Distal embolization

Distal embolization is more frequent in atherosclerotic plaques with large 

volumes (particularly plaques with large necrotic core) and those with 

more thrombus at the lesion site

Erythrocyte-rich thrombi, larger culprit vessel, pre-balloon dilation and 

right coronary artery as culprit lesion have been identif ied as 

independently associated with a higher risk of distal embolization during 

the primary PCI procedures



Distal embolization

Since microthrombi preferentially end in well reperfused and viable 

myocardium (directed by blood stream), distal embolization kills 

potentially salvageable myocardium

One experimental study in dogs suggested that embolizing particles tend 

to f low away from the central infarcted area (forced by developing CNR) 

and accumulate in the infarct border contributing to infarct extension



Reperfusion related injury

Experimental studies in dogs by Kloner et al. (1974)



Reperfusion-related injury

Since the areas of no reflow were often hyperemic and hemorrhagic and 

had capillaries which were packed with red blood cells, some flow must 

had occurred into these regions, probably during the f irst few seconds of 

reperfusion. 
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