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The heart, perhaps more than any other organ, is exquisitely sensitive to increases in microvascular permeability and the accumulation of
myocardial interstitial oedema fluid. Whereas some organs can cope with profound increases in the interstitial fluid volume or oedema for-
mation without a compromise in function, heart function is significantly compromised with only a few percent increase in the interstitial fluid
volume. This would be of little consequence if myocardial oedema were an uncommon pathology. On the contrary, myocardial oedema
forms in response to many disease states as well as clinical interventions such as cardiopulmonary bypass and cardioplegic arrest
common to many cardiothoracic surgical procedures. The heart’s inability to function effectively in the presence of myocardial oedema
is further confounded by the perplexing fact that the resolution of myocardial oedema does not restore normal cardiac function. We
will attempt to provide some insight as to how microvascular permeability and myocardial oedema formation compromise cardiac function
and discuss the acute changes that might take place in the myocardium to perpetuate compromised cardiac function following oedema res-
olution. We will also discuss compensatory changes in the interstitial matrix of the heart in response to chronic myocardial oedema and the
role they play to optimize myocardial function during chronic oedemagenic disease.
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1. Basic principles governing
myocardial microvascular
permeability
Figure 1 depicts the schematic representation of the functional com-
ponents that determine myocardial fluid balance. The arterial input
(A) to the left ventricular myocardium branches into a dense micro-
vascular exchange vessel network (C ) which, in turn, drains into
several low-resistance outflow pathways. The coronary sinus (CS)
drains into the right atrium and handles �75% of the total myocardial
venous outflow under normal conditions. The remaining venous flow
exits via thebesian veins (TV). I denotes the myocardial interstitial
space, whereas P and JV represent the compressive force of the
heart contractions and transmicrovascular fluid filtration rate, respect-
ively. Myocardial fluid balance is determined by the fluid filtration rate
(JV) out of the coronary microvascular exchange vessels into the
cardiac interstitium (I ) and its removal rate from the interstitium via
myocardial lymphatic vessels (QL). Under normal conditions, the
rate at which fluid enters the cardiac interstitium (JV) is equal to the
myocardial lymph flow rate (QL), and, thus, myocardial water
content remains relatively constant.

The fluid filtration rate across a microvascular membrane, originally
described by the Starling hypothesis, is a result of an imbalance
between two competing pressures—hydrostatic and colloid osmotic
forces. The forces that determine the fluid filtration rate (JV) out of the
coronary microvasculature exchange vessels and into the interstitium
can be summarized by the Starling–Landis equation [Eq. (1)],1,2

JV = Kf [(Pc − Pi) − s(Pc −Pi)], (1)

where Pc is the microvascular hydrostatic pressure at end-diastole, Pi is
the interstitial hydrostatic pressure at end-diastole, Pc is the plasma
colloid osmotic pressure, and Pi is the interstitial colloid osmotic
pressure. The difference between Pc and Pi tends to force fluid into the
interstitium. Whereas, the difference between Pc and Pi tends to
retain or draw fluid in the opposite direction, from the interstitium
into the microvessels.

Pc is difficult to determine in the heart, even in experimental prep-
arations. Because microvascular exchange in the myocardium prob-
ably takes place primarily on the venular side of the capillary bed,3

investigators have used the average of coronary sinus wedge pressure
and coronary sinus pressure as an estimate of Pc.

4 Alternatively, Pc has
been estimated by determining both coronary venular cross-sectional
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area and blood flow under direct visualization.5 Both techniques result
in similar end-diastolic microvascular hydrostatic pressures of 20–
30 mmHg. Pc represents the osmotic pressure generated by the
plasma proteins (molecular weight .30 000 Da) that do not easily
pass through the microvascular exchange vessel membrane. Direct
measurement of Pc typically involves the use of an artificial mem-
brane with pore sizes smaller than plasma proteins, whereas the
microvascular exchange vessel membrane probably consists of
pores of various sizes. Because the artificial membrane does not
reproduce the microvascular exchange vessel membrane precisely,
many investigators measure the protein concentration and calculate
Pc.

6,7 Normal range of Pc is 21–24 mmHg in man and 17–
19 mmHg in dogs.6,8,9 On the other hand, the interstitial colloid
osmotic pressure, Pi, cannot be measured directly but is thought to
be similar to that measured in myocardial lymph. Normal Pi is
14 mmHg in the dog, which results in a colloid osmotic pressure gra-
dient across the coronary microvascular of only 3–5 mmHg.8,9

The transmicrovascular fluid flow rate is determined by the micro-
vascular filtration coefficient (Kf) in response to the effective micro-
vascular driving pressure resulting from hydrostatic and colloid
osmotic pressure gradient differences. The value of Kf depends on
myocardial microvascular surface area and hydraulic conductivity.
Compared with other organs, the density of microvascular exchange
vessels in the myocardium is high, resulting in a larger microvascular
exchange vessel surface area.3,10 In addition, a larger effective micro-
vascular pore size produces a large Kf. Taken together, myocardial
fluid flow is at least an order of magnitude greater on a per gram
basis than in other organs such as the lung or skeletal muscle.11– 14

The difficulty in measuring changes in the weight of a beating heart
has limited Kf measurement using conventional gravimetric tech-
niques. Although conventional gravimetric techniques could be
applied to a non-beating heart, no direct measurement of myocardial
microvascular Kf has been reported. However, myocardial microvas-
cular Kf has been indirectly estimated using tracer–indicator-dilution
techniques to be �0.35 mL min21 mmHg21 100 g21.10,15

The reflection coefficient (s), having a value between 0 and 1,
characterizes the relative permeability of the microvascular exchange
vessels to plasma proteins. It describes the fraction of protein mol-
ecules that are ‘reflected’ away from the microvascular membrane
and thus modulates the contribution of the colloid osmotic pressure
to the effective microvascular driving pressure.16 Estimation of the
reflection coefficient for total plasma proteins or individual proteins
is typically made utilizing a ‘protein washdown’ technique.9,17

Protein washdown, the decrease in interstitial protein concentration
following an increase in the microvascular filtration rate (JV), is
usually accomplished by elevating venous pressure. Determining the
reflection coefficient with the washdown technique requires a
several-fold increase in the microvascular filtration rate to ensure
that the lymph-to-plasma protein concentration ratio is
filtration-independent. Elevation of microvascular pressure by partial
venous occlusion, within the physiological range, has not been
reported to alter microvascular permeability, which may be seen fol-
lowing chemical or physical disruption of the microvasculature.
However, because of the higher magnitude of the myocardial micro-
vascular filtration rate, the application of this technique in the heart is
limited.9,17 In the normal myocardium, absent any permeability dis-
turbances, s has been estimated to be in the range from 0.51 to
0.67 for total plasma protein and from 0.41 to 0.59 for
albumin.9,17,18 Laine19 reported a direct relationship between (dP/
dt)max and myocardial microvascular permeability, and therefore
suggested the use of a change in (dP/dt)max as an index of changes
in myocardial microvascular permeability, allowing permeability
measurements in chronic animals on a long-term survival basis.

Myocardial microvascular permeability plays a critical role in deter-
mining microvascular fluid filtration and, thus, in myocardial fluid
balance and oedema formation. The glycocalyx is a negatively charged
layer of proteoglycans, glycosaminoglycans, and absorbed plasma pro-
teins coating the luminal surface of the microvascular exchange vessel
endothelium.20 Disrupting the glycocalyx or neutralizing its negative
charge has been reported to alter microvascular permeability.21

These findings suggest that by limiting the passage of macromolecules,
the glycocalyx contributes to the endothelial barrier function, which
may be affected by circulating inflammatory agents via their effect on
the glycocalyx. Acute and chronic microvascular permeability changes
have been reported in various pathophysical conditions, including arter-
ial hypertension22 and hypoproteinaemia,11 and may be responsible for
myocardial oedema and myocardial dysfunction associated with these
conditions. Increase in microvascular permeability and cardiac dysfunc-
tion has been reported in both experimental and clinical sepsis.23

Increased myocardial microvascular permeability and hypoperfusion
have been reported as major contributors to endotoxin-induced myo-
cardial dysfunction.24 Furthermore, the finding that sepsis-induced
myocardial oedema was associated with a loss of negatively charged
molecules that are part of the microvascular exchange barrier25

suggests the possible role of an altered glycocalyx in sepsis-induced
increased microvascular permeability.

2. Unique aspects of myocardial
microvascular fluid balance
Under normal conditions, the myocardial interstitial fluid pressure
varies between �15 (at end-diastole) and 120 mmHg (at end-
systole).9 The heart is the only organ in the body with such large

Figure 1 The functional components that affect myocardial fluid
balance. A, coronary arteries; V, coronary veins; CS, coronary
sinus; TV, thebesian veins; I, myocardial interstitium; C, microvascular
exchange vessels (capillaries); P, compressive force in the ventricular
wall due to cardiac contractions; JV, transmicrovascular fluid flow
rate; QL, lymph flow rate. (Modified from Laine and Granger.9)
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cyclical variation in the interstitial fluid pressure. Although many
organs have negative interstitial fluid pressures, the interstitial fluid
pressure in the heart could not be shown to be negative at any
time during the cardiac cycle.9,26 As myocardial oedema accumulates
in the heart, myocardial end-diastolic interstitial fluid pressure
increases.26

During systole, both capillaries and lymphatic vessels are crimped,
minimizing blood flow and thus transmicrovascular fluid flow from
the coronary vasculature into the myocardial interstitium (Figure 1).
Since changes in microvascular permeability lead to myocardial
oedema formation and increased myocardial interstitial fluid pressure,
the important concept of myocardial interstitial compliance must be
introduced. Compliance is a structural property of a system which
relates changes in the interstitial fluid volume to changes in the inter-
stitial fluid pressure [Eq. (2)], and is the inverse of elastance.

Interstitial compliance= Change in interstitial fluid volume
Change in interstitial fluid pressure

. (2)

As microvascular permeability increases and oedema begins to form
in the parenchyma of an organ, knowledge of interstitial compliance
allows the estimation of the interstitial fluid pressure. This is impor-
tant since the interstitial fluid pressure can alter cardiac function
and modulate the transmicrovascular fluid flow rate or oedema for-
mation. Interstitial compliance is of particular importance in discus-
sions of myocardial microvascular permeability and oedema
formation because interstitial compliance of the myocardium has
been reported to undergo profound changes in conditions character-
ized by the presence of myocardial oedema (Figure 2). These changes
in compliance have a significant impact on myocardial function, allow-
ing the heart to compensate in chronic pathological states that would
normally cause the heart to fail. Understanding the relationship
between the myocardial interstitial fluid pressure and the myocardial
interstitial fluid volume (i.e. interstitial compliance) may thus provide
an opportunity to predict a patient’s susceptibility to myocardial

oedema formation (i.e. the oedemagenic gain), thus directing potential
therapeutic interventions.27

Transmicrovascular fluid flow can only occur in the myocardium
during diastole when blood flows through the coronary microvascular
exchange vessels and while the myocardial interstitial fluid pressure is
relatively low. The length of time the heart is in diastole during a
cardiac cycle can vary with several factors, such as heart rate.

As with other organs, the primary mechanism for the removal of
interstitial oedema from the myocardial interstitium is lymph flow.
The rate of myocardial contraction, the force of contraction, and
the heart rate have significant impact on myocardial lymph flow
rate, thus oedema resolution. Other organs such as the intestine
also rely on rhythmic contractions of the whole organ to propel
lymph from the interstitium to the central venous circulation.
Unlike most organs where lymphatics demonstrate auto-rhythmicity,
such contractions are not evident in the heart or intestine since
organ contractions serve this purpose. When organ contractions
are compromised, lymph flow decreases and organ oedema and mal-
function ensue. This is demonstrated by compromised function in the
heart and ileus in the intestine. Not only do the intestinal lymphatics
lack auto-rhythmicity to remove oedema fluid, the small lymphatics
also lack valves to ensure unidirectional lymph flow since peristalsis
tends to move gastrointestinal luminal contents and lymph in a
single direction. Because of the nature of myocardial contractions,
however, valves do exist in the cardiac lymphatics to ensure uni-
directional lymph flow away from the heart.

Of particular interest are changes in myocardial microvascular per-
meability and fluid balance associated with cardiopulmonary bypass
used in a variety of surgical procedures including coronary artery
bypass and open-heart procedures. As mentioned earlier, myocardial
contractions are necessary to generate lymph flow and limit myocardial
oedema.28 While on the cardiopulmonary bypass pump, the heart is
arrested in diastole, causing several problems including (i) a lack of con-
tractions to remove oedema fluid via the lymphatic system,28 (ii) a state
of ‘full time’ diastole, increasing the time available for transmicrovascu-
lar fluid flow,8,9,29 (iii) activation of multiple humoral and cellular
mediators, increasing microvascular permeability and thus microvascu-
lar fluid filtration,30–32 and (iv) a near-zero colloid osmotic pressure
caused by crystalloid solutions commonly used to arrest the heart
and perfuse the coronary vasculature.28,29,33 We should also point
out that some circulating protein (albumin) is necessary to maintain
normal microvascular permeability.11 Although controlled experimen-
tal data have not been reported, the lack of plasma colloids in cardio-
plegic solutions could lead to compromised myocardial microvascular
permeability. It is well-documented that patients undergoing cardiopul-
monary bypass have myocardial oedema post-operatively, some to a
point that their chests must remain open until myocardial oedema
resolves and their hearts will again fit within the chest cavity. Based
on the nature of cardiopulmonary bypass, the presence of oedema in
these patients should be no surprise.

Many of these same issues arise during cardiac transplantation. An
additional confounding factor during the removal of donor hearts is
that the cardiac lymphatic vessels are frequently ‘tied off’. Upon
re-implantation, the recipient lymphatic vessels normally
re-anastomose and re-establish normal lymph flow. If, however, the
lymphatics remain tied or otherwise occluded, oedema may develop
along with the formation of a lymphocele or lymphatic blister. The
accumulation of lymph may be eliminated by puncturing the lympho-
cele, allowing cardiac lymph to drain into the chest cavity to be

Figure 2 Normalized left ventricular end-diastolic interstitial fluid
pressure plotted as a function of myocardial extravascular fluid [(wet
weight – dry weight)/dry weight], indicating the degree of myocardial
oedema. The inverse of the slope of the relationship between myo-
cardial interstitial fluid pressure and extravascular fluid is myocardial
interstitial compliance.45 (Desai et al.,45 used with permission.)
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removed with other plural effusions. The pericardial sack is typically not
closed post-operatively during bypass and transplant procedures.
However, if the pericardial sack is intact and the patients have increased
microvascular hydrostatic pressures, microvascular permeability or
compromised lymph flows, interstitial fluid, or lymph may exit the myo-
cardial interstitium via the surface of the heart.34 These pericardial effu-
sions may increase the pericardial pressure, causing cardiac tamponade,
which can profoundly compromise cardiac function.

3. Myocardial oedema and cardiac
function
Myocardial fluid homeostasis is determined by the balance between the
fluid filtration rate from the coronary microvasculature exchange
vessels into the interstitium and the lymphatic removal rate of fluid
from the interstitium. Myocardial oedema, excess accumulation of
fluid in the myocardial interstitium, develops when the microvascular
fluid filtration rate is greater than the lymphatic fluid removal
rate.1,9,17 The imbalance leading to myocardial oedema may be due
to either increased fluid filtration or decreased lymphatic drainage.
Increased microvascular hydrostatic pressure, decreased plasma
colloid osmotic pressure, and increased microvascular permeability to
water and proteins can lead to increased microvascular fluid filtration.
Similarly, increased lymphatic outflow pressure and effective resistance
to lymph flow (RL) can lead to decreased lymphatic drainage rate.35

Several acute and chronic conditions including coronary sinus hyper-
tension, pulmonary hypertension, arterial hypertension, myocardial
infarction, cardiac transplantation, hypoproteinaemia, and cardioplegic
arrest have been reported to cause myocardial oedema.6,28,29,36–41

Several pathophysiological consequences of myocardial oedema, includ-
ing systolic and diastolic dysfunction, have been described in terms of
(i) pre-load-recruitable stroke work, an index of myocardial contractility,
(ii) the rate of left ventricular active relaxation, and (iii) ventricular dias-
tolic stiffness. Pre-load recruitable stroke work is directly related to
myocardial interstitial water content (Figure 3A) and decreases as a
result of myocardial oedema induced by pulmonary hypertension,36

coronary sinus pressure elevation,39 cardiopulmonary bypass, and
cold crystalloid28 and warm continuous blood cardioplegia.29 Several
investigators have reported the causal relationship between myocardial
oedema and impaired diastolic cardiac function. Myocardial oedema
induced by pulmonary hypertension,36 coronary sinus pressure
elevation,39 and hypoproteinaemia42 has been reported to impair iso-
volumic relaxation measured as an increase in the left ventricular relax-
ation time constant (Figure 3B). Studies have also shown that ventricular
diastolic stiffness increases with oedema accumulation.42–44 One con-
sequence of increased myocardial stiffness due to excess myocardial
water content in acute oedema is decreased ventricular chamber com-
pliance (Figure 4).45 Furthermore, a decrease in cardiac output by 40%
for a given pre-load when myocardial water content was increased by
3.5% has been reported, due to coronary sinus pressure elevation.37

It has been demonstrated that both acute and chronic pulmonary
hypertension are associated with the left ventricular myocardial
oedema and dysfunction.36,37,46 Pulmonary hypertension, via the elev-
ated central venous pressure, increases the coronary sinus pressure,
and thus, the coronary microvascular pressure (Pc) which enhances
microvascular fluid filtration into the cardiac interstitium.36,37,39 Fur-
thermore, the elevated central venous pressure impedes fluid
removal from the cardiac interstitium via the myocardial lymphatic
vessels.36,37,46 Thus, pulmonary hypertension not only increases the
rate of fluid entering the myocardial interstitium but also decreases
the rate of oedema fluid leaving the myocardial interstitium. Moreover,
chronic left ventricular oedema secondary to pulmonary hypertension
has been shown to be accompanied by increased collagen types I and III
and prolyl 4-hydroxylase mRNA levels as well as decreased collagenase
activity, resulting in increased left ventricular collagen deposition.46

In the presence of myocardial oedema, several mechanisms perhaps
working in concert, may account for the compromised cardiac func-
tion. As myocardial oedema accumulates within the interstitial
spaces, the interstitial pressure rises, thus increasing the stiffness of
the myocardium. This stiffness combined with the viscous effects of
moving excess interstitial fluid on a beat-to-beat basis can compro-
mise the heart’s ability to contract efficiently.47 This is in agreement
with data demonstrating increased cardiac energy requirements

Figure 3 (A) Effect of oedema on systolic function at baseline (n ¼ 12), 15 min after pulmonary artery banding (n ¼ 11), and 3 h after pulmonary
artery banding (n ¼ 8). Pre-load recruitable stroke work decreased significantly from baseline to 3 h. *P , 0.05 vs. baseline; †P , 0.05 vs. 15 min.
(B) Effect of oedema on diastolic function at baseline, 15 min after pulmonary artery banding, and 3 h after pulmonary artery banding in 13 dogs.
Rate of active relaxation slowed significantly.36 *P , 0.05 vs. baseline; †P , 0.05 vs. 15 min. (Davis et al.,36 used with permission.)
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associated with the presence of oedema.48 Although interstitial col-
lagen has great tensile strength, increases in the interstitial volume
and pressure may displace the collagen fibres and potentially uncouple
or break collagen struts loose from their anchoring points on fibro-
blasts.49,50 Because of the heart’s reliance on a well-organized intersti-
tial matrix around which to contract, a disruption in the collagen
structure could also compromise function. As myocardial oedema
accumulates within the interstitium, the diffusion distance for
oxygen to the myocytes increases. This is of particular importance
in an organ such as the heart, which operates near maximum
oxygen extraction capacity at all times. This is supported by work
that demonstrated increased coronary vascular resistance associated
with myocardial oedema.51 Recent reports document that myocardial
infarctions grow more rapidly in the hearts of subjects with chronic
arterial hypertension.52 These reports speculate that increased diffu-
sion distances for oxygen and relative ischaemia due to the presence
of myocardial oedema may exacerbate the rapid infarction growth.53

Mechanisms that defend against myocardial oedema formation
include an increase in lymph flow,9,29,37 an increase in the interstitial
hydrostatic pressure,26 a decrease in the interstitial colloid osmotic
pressure,9 and an increase in the flow of interstitial fluid across the
epicardium.38,54 As myocardial oedema accumulates, the myocardial
interstitial fluid pressure starts to increase. Increased lymph flow,
which accompanies the increase in the myocardial interstitial fluid
volume and pressure, moderates the myocardial oedema formation.
Furthermore, the increase in the interstitial fluid pressure, in turn,
moderates JV by decreasing the total transmicrovascular hydrostatic
pressure gradient.55 Protein washdown, the decrease in protein con-
centration of interstitial fluid or lymph following an increase in JV, func-
tions as a protective mechanism against oedema formation. This
change, in turn, moderates JV by decreasing the total transmicrovascu-
lar colloid osmotic pressure gradient [Eq. (1)].55 Increased myocardial
fluid volume and pressure, as well as decreased myocardial interstitial
colloid osmotic pressure, have been reported to increase the flow of
myocardial interstitial fluid across the epicardium.34

Although the formation of myocardial oedema has been investi-
gated, the resolution of myocardial oedema has not been studied
thoroughly, possibly due to the difficulty reversing the complex inter-
ventions used to induce myocardial oedema. Takoudes et al.56 have
studied the resolution of myocardial oedema with cardioplegia by
avoiding systemic haemodilution. They reported that myocardial
oedema induced by crystalloid coronary perfusion resolved in the
intact, working rat heart within 5 min of reperfusion. However, the
relevance of the rat model to larger animals and humans is uncertain.
Similar studies in a pig heart model reported that crystalloid-induced
myocardial oedema and diastolic stiffness resolve after 45 min of
reperfusion.57,58 Hsu et al.59 reported that after 90 min of hypother-
mic ischaemic arrest, perfusion-induced myocardial oedema in dog
hearts did not resolve completely when the coronary arteries were
perfused with hypertonic solutions. Allen et al.60 investigated the
effect of cardiac contractility on the resolution of myocardial
oedema and myocardial lymph flow. They concluded that organized
myocardial contraction is the most important factor determining
myocardial lymph flow and oedema resolution and suggested that
enhancing cardiac contractility with inotropic drugs may hasten myo-
cardial oedema resolution after cardioplegic arrest.28

4. Myocardial oedema and cardiac
efficiency
Evidence suggests that acute myocardial oedema formation impairs
cardiac function, in part, through reduced myocardial efficiency and
further points to the perplexing fact that this impairment continues
after the resolution of the oedema. A study reported by Geissler
et al.61 demonstrated that cardiopulmonary bypass and cardioplegic
arrest result in both reduced myocardial efficiency and increased
myocardial water content. Warm blood cardioplegia and femoral
artery-to-right atrium/vena cava bypass were initiated after baseline
measurements and maintained for 60 min followed by a 30 min reper-
fusion period. In one of the two groups of dogs, the priming solution
for the extracorporeal circuit included 3% dextran for the purpose of
reducing oedema formation during bypass. In both groups, coronary
blood flow and myocardial oxygen consumption were significantly
greater than baseline 1 and 2 h following cessation of bypass,
whereas stroke work and contractility [(dP/dt)max] were not different.
Myocardial efficiency (the ratio of cardiac work to myocardial oxygen
consumption) and cardiac index were reduced in both groups after
bypass. Myocardial water content increased during bypass and
returned to baseline by 1 h after the cessation of bypass in both
groups. The presence of dextran in the priming solution moderated
the myocardial oedema formation.

These results suggest the possibility of a relationship between myocar-
dial oedema formation and myocardial efficiency, but fail to clarify that
relationship for several reasons. The oedema that formed in both
groups was only present in significant amounts during the period of
arrest and bypass, and resolved rather quickly once bypass was termi-
nated. During arrest, efficiency cannot be determined; therefore, the
reported reduction in myocardial efficiency was observed after recovery
from arrest and cessation of bypass at a time when the oedema had
already resolved. In addition, cardioplegic arrest and cardiopulmonary
bypass could be expected to have multiple effects on cardiac perform-
ance through mechanisms unrelated to interstitial fluid balance.

Figure 4 Left ventricular chamber compliance plotted as a func-
tion of normalized left ventricular end-diastolic interstitial fluid
pressure. The normalized value was calculated as the recorded myo-
cardial left ventricular interstitial fluid pressure at end-diastole minus
left ventricular end-diastolic chamber pressure. We placed boundary
limits on the lower values of myocardial extravascular fluid to avoid
negative or non-physiological values (*) of left ventricular chamber
compliance.45 (Desai et al.,45 used with permission.)
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A study reported by Laine and Allen62 addressed the impact of
myocardial oedema formation on myocardial efficiency more directly
by using coronary sinus hypertension to induce oedema formation.
Blood volume and anaesthetic depth were manipulated in an
attempt to hold cardiac work constant. Myocardial oedema was
induced in one group of dogs by partially occluding the coronary
sinus by the inflation of a balloon-tipped catheter to maximize the
coronary sinus pressure which would increase the coronary microvas-
cular pressure and microvascular filtration.39 Elevation of coronary
sinus pressure redirects coronary venous return through the thebe-
sian veins, but does not induce ischaemia.63 Coronary sinus hyperten-
sion was maintained for 3 h. At the end of the experiment, myocardial
water content was determined and expressed as the ratio of water
weight to dry tissue weight.

Compared with control, the coronary sinus hypertension group
showed an increase in myocardial water content and a 40% decrease
in myocardial efficiency. The efficiency change was the result of a sig-
nificant increase in coronary blood flow with no change in arterial-
coronary sinus O2 difference. In addition, there was no increase in
myocardial lactate production. These results support the hypothesis
that myocardial oedema impacts ventricular function, at least in
part, by reducing myocardial efficiency (Figure 5). However, this
study did not include an oedema recovery period and, thus, cannot
explain the diminished efficiency after the resolution of oedema
observed in Geissler’s study.61

Stewart et al.64 reported the results of a study which used a 3 h
coronary sinus hypertension period to evaluate the consequences
of oedema formation and resolution on cardiac function. Left ventri-
cular pressure–volume loops generated during progressive vena caval
occlusion were used to calculate pre-load-recruitable stroke work
and the end-diastolic pressure–volume relationship expressed as ven-
tricular chamber stiffness. Following the collection of baseline data,
the coronary microvascular pressure was increased by the inflation
of a balloon-tipped catheter in the coronary sinus. After 3 h, the
balloon was deflated and the coronary sinus pressure was allowed
to return to baseline followed by a 3 h recovery period.

During the hypertension period, myocardial water content
increased significantly, and then decreased by the end of the recovery
period.64 Contractility, as measured by pre-load-recruitable stroke

work, appeared to decline throughout the hypertension period, but
did not reach statistical significance. However, it declined further
during the recovery period and was statistically lower by the end of
that period. Left ventricular chamber stiffness increased significantly
from baseline by the end of the 3 h hypertension period. The
cardiac response curves were composed by plotting cardiac output
as a function of the end-diastolic pressure from data collected
during progressive occlusion of the vena cava (Figure 6). This study
strongly suggests that myocardial oedema formation decreases
global cardiac function in large part by increasing ventricular
chamber stiffness and that the diminished function does not immedi-
ately improve upon the resolution of the oedema.

5. Myocardial oedema detection
The last few decades have seen technological advances leading to
better cardiovascular imaging techniques. The three commonly used
modalities are echocardiography, computed tomography (CT), and
magnetic resonance imaging. Despite the problems associated with
2D imaging, echocardiography remains the principle tool for cardio-
vascular functional and structural assessment due to wide availability,
low cost, and real-time imaging.65 To characterize myocardial water
content, ecocardiographic techniques rely on left ventricular mass
and wall volume that increase with myocardial oedema formation.
Since the increase in ventricular mass may not be specifically due to
myocardial oedema, the use of echocardiography to characterize
myocardial water content may be limited. However, recent advances
in high-frequency ultrasound imaging techniques are proving to be
capable of characterizing myocardial oedema. Based on previous
observations of the increase in backscatter with myocardial ischaemia,
Dent et al.66 reported the ability of high-frequency ultrasonic imaging
techniques to characterize myocardial oedema. The authors have uti-
lized the ability of high-frequency ultrasound to delineate mechanical
properties of tissue and demonstrated the feasibility of characterizing

Figure 5 Decreasing cardiac efficiency (x-control) plotted as a
function of myocardial oedema. Myocardial oxygen extraction did
not change, whereas coronary blood flow increased, leading to a sig-
nificant rise in oxygen consumption for a constant level of cardiac
work. (Composed from data in Laine and Allen.62)

Figure 6 Cardiac function curves generated by vena caval occlu-
sion. Cardiac function was determined as the cardiac output
achieved for a given end-diastolic pressure. Data were collected at
baseline (BL0), 30 min after BL0 (BL30), 1 h after coronary sinus
balloon inflation (CS60), 2 h after inflation (CS 120), 3 h after
inflation (CS180) and 3 h after balloon deflation (RE180). (Com-
posed from data in Stewart.64)
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myocardial water content by quantifying change in myocardial
properties.

Powell et al.67 demonstrated the feasibility of detecting myocardial
oedema using CT. CT has been demonstrated to be useful in cardio-
vascular functional and anatomical assessment; however, poor tem-
poral and spatial resolution and motion artefacts have limited the
use of CT in clinical settings to quantify myocardial oedema. Recent
advancements in CT may change the picture. Mahnken et al.68

reported the ability of dual-source CT to detect myocardial
oedema at par with other modalities in a porcine acute myocardial
infarction model.

Magnetic resonance imaging is an alternative to echocardiography
and CT for cardiovascular functional and anatomical assessment. Car-
diovascular magnetic resonance (CMR) imaging has been reported to
be as good as or better than other modalities but its application is
limited due to high cost and it is not widely available as yet. Since Kir-
icuta et al.69 reported the correlation between tissue hydration and
T1 (longitudinal) and T2 (transverse) relaxation times, magnetic res-
onance imaging has been used and has emerged as a dependable
tool to quantify changes in myocardial water content. Higgins
et al.70 demonstrated the linear relationship between T2 relaxation
time and myocardial water content in acutely infarcted myocardium.
Karolle et al.71 used lengthened T1 and T2 relaxation times following
myocardial ischaemia and reperfusion to assess transmural distri-
bution of myocardial oedema. Albers et al.72 demonstrated the feasi-
bility of using CMR (T1-weighted) to detect myocardial oedema
caused by crystalloid cardioplegic solutions. They reported the non-
uniform three-dimensional distribution of myocardial oedema.
T2-weighted CMR imaging has been used to assess myocardial
oedema and area-at-risk associated with acute ischaemic injury.
When used in combination with other CMR techniques, T2-weighted
imaging has been reported to detect myocardial oedema associated
with acute myocardial ischaemia even before irreversible injury.73

Recent technical advances have led to the development of more
specific CMR algorithms focused on detecting myocardial water
content and overcome limitations such as low signal-to-noise ratio,
motion artefacts, etc. in the T2-weighted technique.74,75 With the
promising outcome of several trials as well as several translational/
research studies, CMR imaging will soon be available in emergency
rooms specifically to help in diagnosis and prognosis along with
other modalities.

6. Altering microvascular
permeability and oedema formation
initiates a cascade of events
Increasing the rate at which fluid exits the microvasculature and
accumulates in the myocardial interstitium acutely compromises
cardiac function, and the compromised cardiac function persists fol-
lowing oedema resolution. Myocardial interstitial compliance
changes acutely,45 and that interstitial components including hyaluro-
nan, which contribute to the mechanical properties of the ventricular
wall, are removed due to increased fluid removal from the interstitium
by the lymphatics. Altered myocyte volume and contractility, which
have been reported to change in response to osmotic stress, may
be responsible for cardiac dysfunction following hypothermic hyper-
kalaemic cardioplegia and metabolic inhibition (ischaemia)-induced
myocardial oedema.76,77 Furthermore, along with altered myocyte

calcium handling capacity, derangement in excitation–contraction
coupling following myocyte swelling may also be involved in the con-
tractile dysfunction following oedemagenic stress.78 However, change
in myocyte volume and associated change in contractility with myo-
cardial interstitial oedema (hydrostatic oedema) have not been
reported. Recently, Uray et al.79 reported the inhibition of intestinal
contractile activity with intestinal interstitial oedema via NF-kB acti-
vation. Although NF-kB and TNF-a have been reported to depress
myocardial contractility,80,81 their role in myocardial interstitial
oedema-associated contractile dysfunction has not been evaluated.
The mechanism for persistent compromised cardiac function, during
formation and following resolution of myocardial hydrostatic
oedema remains unclear.

It is clear that chronic changes take place in the myocardial intersti-
tial matrix, which improve the heart’s ability to function normally in
the presence of chronic myocardial oedema. Williams et al.82

reported a 60% increase in myocardial interstitial collagen in
oedematous, non-infarcted human hearts at transplantation. These
compensatory changes are critical to sustain life in disease states
characterized by chronic myocardial oedema since these adaptations
allow the chronically oedematous hearts with increased left ventri-
cular chamber compliance to preserve function when challenged
with acute oedema over a wide range of myocardial interstitial
pressures.45

In conclusion, we should think of microvascular permeability and
the interstitial matrix of all organs as a system which can undergo con-
stant change in response to their environment. Microvascular per-
meability changes in response to vascular pressures, flows, and
circulating factors both intrinsic and extrinsic. The myocardial micro-
vascular– interstitial– lymphatic structure should be viewed as a
complex system that senses and adapts to its environment in such a
manner that optimizes organ function in the presence of pathological
perturbations.
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