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ABSTRACT: Chronic obstructive pulmonary disease (COPD) often leads to massive
oedema and the development of what is usually called cor pulmonale. The mechanisms
by which patients with COPD retain salt and water are not completely understood.
Several abnormalities have been found including reduced renal blood flow with relatively
preserved glomerular filtration rate and elevated levels of renin, aldosterone, arginine
vasopressin and atrial natriuretic peptide. Generally, these abnormalities worsen with
the severity of COPD and are most marked during the oedematous phases.

Cardiac output is remarkably normal, suggesting that "cor pulmonale" is not
primarily a cardiac disorder but rather a condition of volume overload due to activation
of sodium-retaining mechanisms. The stimulus for this activation could be underfilling
of the arterial system (reduced effective circulating volume) secondary to a fall in total
peripheral vascular resistance. The latter is caused by hypercapnia-induced dilation of
the precapillary sphincters. Apparently, the massive sodium retention by the kidney is
not able to restore the circulating volume and a vicious cycle ensues ultimately leading
to a clinical picture which resembles right-sided heart failure. Predictably, only
blockade of the effects of carbon dioxide at the level of the precapillary sphincters
would be able to halt this process.
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In the last century, applied physiology and functional
pathology have become cornerstones in understanding
mechanisms of disease and in developing rational forms of
treatment. Indeed, the basic physiological principles that
determine the homeostasis of the "milieu intérieur" are also of
relevance in disease states, either because they are defective or
because they are activated to such an extent that they become
detrimental. If the view of BERNARD [1] is accepted (and there
is no reason not to accept it) that the ultimate goal of all
physiological processes is to maintain as much as possible
constancy of the internal environment, it is clear that the
extracellular fluid, being the interface between the cells and
the external milieu, must be the major target of all regulatory
systems. A logical consequence of this reasoning is that, in the
end, the kidney by virtue of its potential to adjust the size and
composition of the extracellular fluid compartment, plays a
paramount role in many, if not all, disease states.

In this Supplement of the European Respiratory Journal
special attention is given to the systemic effects of chronic
obstructive pulmonary disease (COPD). One of the manifes-
tations of this illness is the development of (sometimes
massive) oedema or, for that matter, disturbed volume
control. The present paper aims to review some of the
mechanisms that are involved in this complication. In that
regard, the paper will first focus on the normal regulation of
fluid homeostasis.

Normal regulation of extracellular volume

In a normal individual,y60% of the body consists of fluid.
Two-thirds of the fluid volume is located intracellularly and
one-third is extracellular water. About one-fifth to one-fourth

of the extracellular fluid is contained within the vascular
system (plasma water), while the remainder forms the
interstitial fluid. Sodium, chloride and bicarbonate ions
make up almost all of the total amount of solutes in the
extracellular space [2]. Maintenance of the extracellular fluid
compartment involves two different processes: control of its
composition (concentration of solutes) and control of its size
(volume). The respiratory system, for instance, regulates
much of the carbon dioxide concentration in the extracellular
fluid, while the kidneys amongst others determine the
concentration of hydrogen. The total volume of the extra-
cellular fluid is also regulated by the kidneys. It is important
to realise that the latter is primarily accomplished not by
adjusting water excretion but by modulating urinary sodium
output. If the extracellular volume (ECV) is expanded, e.g. by
saline infusion, the kidneys normally respond promptly by
excreting the excess of sodium into the urine. This is followed
by the excretion of water. Retention of sodium and water will
occur with effective volume depletion.

As with other regulatory systems, volume control can be
described in terms of an input function (afferent or sensory
information), a central command unit and an output function
(effector systems). The input signal for the volume control
system mainly stems from arterial baroreceptors in the carotid
sinus, aortic arch and juxtaglomerular apparatus. Rather
than volume as such, these receptors respond to pressure-
related stretch at these sites of the circulation. Besides the
arterial ones, there are also some sensors at the venous side
(cardiopulmonary receptors) but their exact role remains
somewhat elusive. The efferent limb of the volume control
system comprises multiple humoral and neural mechanisms
which ultimately affect the sodium excretory capacity of
the kidney. The latter involves both alterations in renal
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haemodynamics and changes in tubular function. In case of
volume loss, or other conditions leading to impaired arterial
filling, reduced stretch of the carotid and aortic baroreceptors
will activate the sympathetic nervous system while unloading
of the renal receptors will lead to enhanced release of renin.
These two systems, in concert with other effector mechanisms,
will lower renal blood flow and enhance tubular reabsorption
of sodium. Consequently, the kidney is stimulated to retain
more sodium and water and to replenish the volume loss or to
restore arterial filling. The opposite occurs when there is an
excess of (arterial) volume.

In all likelihood, it is not the ECV as such that is being
regulated and sensed by the afferent mechanisms but rather
the "effective circulating volume" which is that part of the
ECV that effectively perfuses the tissues or, in other words,
fills up the arterial vasculature. The primacy for volume
regulation, therefore, is the effective arterial blood volume [2].
Although changes in systemic blood pressure may sometimes
be used to monitor changes in effective circulating volume,
particularly in dehydrated persons, arterial pressure cannot be
used as a substitute for circulating volume.

An important question that has not been completely solved
yet is whether regulation of volume balance involves a
predetermined set-point or a steady state regulation. Based
on a number of arguments, HOLLENBERG [3, 4] argued that
the set-point of sodium balance for a normal person is that
amount of sodium chloride in the body when the subject is in
balance on a no-salt diet. According to this set-point theory,
any increase in sodium intake above zero will suppress
sodium-retaining mechanisms and induce a rapid disposal of
the excess sodium. Conversely, no sodium will be excreted
when the body is in a state of true volume depletion, i.e. below
the set-point. This hypothesis of a fixed set-point has been
disputed by others who claimed that at any level of sodium
intake a new steady state level of body sodium is reached [5].
Whatever the mechanism, with an increase in dietary sodium,
the ECV will expand until the moment that sodium output
matches intake again. Thus, expansion of the ECV can occur
under entirely normal circumstances. While these considera-
tions may seem a bit trivial for the practising clinician, they
are utterly important from a pathophysiological standpoint
because knowing what exactly is regulated and how, is
essential to understanding why oedema develops and why it is
maintained.

Fluid volume homeostasis in disease states: approach of
the problem

Although there are disorders which are characterised by a
true deficit of the ECV, in many disease states overhydration,
or an excess in ECV, due to enhanced retention of sodium and
water is the problem. Among the latter are congestive heart
failure, liver cirrhosis and nephrotic syndrome [2]. Clinically,
the tendency to retain salt and water will usually be detected
only after signs of fluid accumulation (e.g. oedema) have
developed. Pathophysiologically, however, it is much more
interesting to know what stimulus sets into motion the
sequence of events that will eventually cause sodium
retention. As for patients with COPD, this means that studies
are preferentially carried out in the pre-oedematous stage and
without treatment that could modify renal function. For
obvious reasons, this is hardly possible.

Basically, there are three ways to assess whether fluid
volume homeostasis in a particular group of patients is
abnormal. Firstly, one can measure "static" volumes, e.g.
extracellular volume, plasma volume (PV) or sodium space.
In this regard, the term "static" is not meant to indicate that

these volumes are motionless. On the contrary, the ECV is in
a constant state of movement and is continuously being
refreshed. It rather means that under steady state conditions
the sizes of these volume compartments are relatively stable.
A second approach could be to measure renal sodium
excretory capacity. By administering an acute sodium load
or by manipulating dietary intake to salt, one can examine
whether the kidney responds appropriately by measuring
sodium output over a given period of time. What is often
overlooked, however, is that this requires prolonged monitor-
ing. Indeed, a sluggish or exaggerated renal response in the
early phases after a particular intervention may be followed
by complete compensation thereafter. For instance, sodium
excretory capacity may seem to be abnormal in the first 2 h
after an acute saline load, yet be quantitatively normal on a
24-h basis. While this does not rule out disturbed volume
control, the conclusions reached may be entirely different.
Finally, one can measure several effector systems that play a
role in the regulation of sodium excretion. From the
combination of abnormalities one may then conclude whether
abnormal sodium homeostasis is likely or not. It should be
borne in mind, however, that many (patho)physiological
responses related to volume control depend upon the
prevailing level of sodium intake. Since increasing sodium
intake expands the ECV [6], it is inappropriate to compare
patients with widely varying degrees of salt consumption
without paying due attention to this source of error.

Body fluid volumes in chronic obstructive
pulmonary disease

Very few and conflicting data exist with respect to
measurements of body fluid volumes in patients with COPD
[7]. For instance, CAMPBELL et al. [8] found that exchangeable
sodium was not only normal after treatment for oedema but
also in two of three patients when gross oedema had
developed again. This would mean that oedema formation
is not, or at least not always, simply due to accumulation but
rather to redistribution of fluid. On the other hand, there is
data to show that the ECV is expanded in COPD [9–11]. One
such example is the study of ANAND et al. [11]. These
investigators followed nine patients with COPD who were
admitted to hospital in respiratory failure with oedema after a
respiratory infection. In all of them, ECV, PV, total body
water and total exchangeable sodium were measured within 2
days and in some of them again after treatment. At the time
of the measurements, patients had severe hypoxaemia and
hypercapnia. From their data showing significant increases in
all measured volumes which improved with treatment, the
authors concluded that patients with oedema due to COPD
had marked retention of sodium and water. They speculated
that this was the result of the effect of hypercapnia on the
kidney and neurohumoral systems. Close examination of their
data, however, makes it clear that all their patients were in
frank cardiac failure at admission. Moreover, sodium intake
was not controlled and all medication, including diuretics,
were continued. While it may not be possible to study patients
under standardised conditions without confounding by
medication or other factors, data such as those described
here do not allow either to conclude whether expansion of the
ECV in COPD is a primary event or secondary to cardiac
dysfunction. Nevertheless, the data also show that even after
adequate treatment body fluid volumes remained well above
normal values suggesting that patients with COPD are in a
constant state of overhydration. Although the investigators
found cardiac output in their patients to be fairly normal, it
should be noted that blood pressure and systemic vascular
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resistance were low. One could argue, therefore, that cardiac
output was subnormal in relation to vascular resistance and,
hence, that there was underfilling of the arterial system. The
resulting lowering of the effective circulating volume could
have been the stimulus for ongoing retention of salt and
water.

Taking the scarcely available information together, it is not
clear to what extent and at what stage body fluid volumes are
abnormal in patients with COPD. In particular, there is a lack
of data concerning changes in ECV over time. While there is
certainly volume excess at advanced stages when gross
oedema is present, it is not known whether or not expansion
of the ECV already occurs at earlier stages.

Renal sodium excretion in chronic obstructive
pulmonary disease

Theoretically, both hypoxaemia and hypercapnia could
alter renal sodium excretion. In a series of studies, FARBER

and coworkers [12–15] demonstrated that clinically stable
hypercapnic patients with COPD often exhibit impaired
excretion of sodium and water. In addition, correlations
have been found between the degree of hypercapnia and the
impairment in sodium excretion. However, some caution is
needed in the interpretation of these data because studies on
renal sodium excretion are not very convincing if sodium
intake is not controlled or if diuretics have not been
discontinued long enough. This is particularly relevant for
the above-cited studies in which the investigators followed
their patients during a fixed sodium intake of 90 mmoles per
day. Changes in cumulative sodium balance from the first day
of this "load" onwards were used to describe sodium excretory
capacity of the individuals. On that basis they noted, amongst
others, that there were some patients who continued to lose
sodium and water whereas others had virtually no change in
cumulative sodium balance [15]. Renin and aldosterone levels
correlated inversely with total sodium loss, both in patients
with severe but stable COPD [14] and in those with acute
respiratory failure [15]. The authors concluded that excessive
secretion of renin and aldosterone in hypercapnic patients
leads to disturbed sodium excretion. In the current authors9
view, however, this conclusion is not justified because there is
no information about salt intake prior to the sodium "load".
In other words, what the authors really studied was the
immediate renal response to a dietary regimen in patients
with, in all likelihood, varying amounts of sodium intake
prior to study. It is conceivable, therefore, that the patients
with lower renin and aldosterone levels had a higher sodium
intake, i.e. above 90 mmoles per day prior to study, while the
others may have been more sodium-restricted. This is
supported by the fact that renin levels were comparable
after 5 days, at a time that one can expect the groups to have
reached a new state of sodium balance. Accordingly,
differences in pre-test salt intake could equally well explain
the differences in cumulative sodium balance. At any rate, this
consideration underscores the point made by several others
that meaningful statements about differences in sodium
homeostasis between individuals require at least some
observations when subjects are in balance on the same diet.
This critique is also applicable, for instance, to the study by
STEWART et al. [16] who infused a 2.7% saline infusion into 10
patients with stable cor pulmonale and 10 control patients
with hypoxaemic chronic obstructive disease with no history
of oedema. Although this study was set up to evaluate the
role of atrial natriuretic peptide (ANP), it is worthwhile
mentioning that the amount of sodium excreted was
significantly lower in the cor pulmonale patients than in the

controls. However, basal sodium output was also substan-
tially lower and prior diuretic use higher in the cor pulmonale
group. In other words, the control group probably operated
at a higher sodium intake and a more expanded ECV than the
cor pulmonale patients before the experiment. Under these
circumstances it is not surprising at all that the excreted
fraction of the sodium load was higher in the controls [3]. In a
later study [17] the same group of investigators compared
patients with COPD and either no significant decrease in
arterial oxygen tension (group A), or hypoxaemia without
oedema (group B) or severe hypoxaemia with oedema (group
C). Urinary sodium excretion was followed for 4 h after an
intravenous hypertonic saline load. The urinary excretion of
sodium was significantly different between the groups and
lowest in group C (about half of that in group A).
Unfortunately, there is no information about pre-test
sodium intake which may have contributed to the differences.
In addition, no data were provided beyond the 4-h time
window so that it is still possible that there was only a sluggish
renal response to the sodium load and not necessarily an
absolute impairment of sodium excretion in the oedematous
patients. Similarly, in a study that was primarily designed to
evaluate responses of ANP and brain natriuretic peptide to
hypertonic saline infusion in patients with oedematous or
non-oedematous COPD, SHEEDY et al. [18] found the former
group to excrete significantly less of the load than the patients
without a history of oedema. Again, no information was
provided on pre-test sodium intake. Thus, it cannot be
excluded that the patients without oedema excreted more
sodium because they were in balance on a higher level of
intake.

The separate influence of hypoxaemia on sodium output
has been assessed in several studies. In one of these, REIHMAN

et al. [19] evaluated the effect of reduced oxygen tension on
two separate days in 11 clinically stable, non-oedematous
hypercapneic patients who required long-term supplemental
oxygen. On one of these days supplemental oxygen was
removed (resulting in an average arterial oxygen tension
(Pa,O2) of 5.2 kPa (39 mmHg)), while at the other occasion
subjects were studied under their normal circumstances
(average Pa,O2 10.6 kPa (80 mmHg)). The order of these
investigations was randomised. Three days before the study
diuretics were discontinued and patients were given a fixed
amount of sodium (90 mmol) per day. On both experimental
days the renal response to a water load and a hypertonic (3%)
saline load was studied. The results of these experiments show
that hypoxaemia causes a significant fall in (stimulated)
urinary sodium output with no change in water excretion.
Fractional reabsorption of sodium remained unchanged
suggesting that tubular function was intact. Most likely, the
reduction in sodium excretion was due to a decline in
glomerular filtration rate.

In a reverse experiment using oxygen supplementation
instead of withdrawal, MANNIX et al. [20] studied five patients
with COPD and "mild" oedema who had been maintained on
a 90 mmol?day-1 sodium diet for 2 weeks. Sodium excretion
was followed during 1 week of breathing room air and 1 week
on supplemental oxygen. A significant difference in sodium
output was found for the periods with and without supple-
mental oxygen (67¡7 and 102¡10 mmol?24 h-1 respectively).
Since hypercapnia was similar during these 2 weeks, the
authors concluded that correction of hypoxaemia results in
enhanced natriuresis and that hypoxaemia, at least in the
presence of hypercapnia, contributes to sodium retention in
COPD. Because these observations were obtained while
patients were continuing their fixed sodium diet, the results
seem pertinent, even though the two time periods were not
randomised. However, there are still some inconsistencies.
Close examination of the data, given in a figure, reveals that
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sodium output during the first 4 days on room air was well
below intake but rose gradually thereafter. The higher values
after the introduction of oxygen may, therefore, have been
fortuitous. It is also difficult to see how sodium balance could
be positive in both periods (400 versus 610 mmols) with an
increase in weight during the period of "enhanced" natriuresis.
Therefore, the only logical explanation is that patients were
already adhering to a low-salt diet when they first entered the
study. A further problem in the interpretation of the data is
the lack of creatinine determinations in the same urine
collections that sodium was measured in. This means that
there is absolute uncertainty about the completeness and
reliability of the 24-h urine collections. Other studies that
have looked into urinary sodium excretion in patients with
COPD and normal controls [21, 22] can be criticised on
similar grounds or because medication (diuretics) could not
be eliminated for a sufficiently long period of time or because
the observation period was too short. Nevertheless, studies in
normal subjects who also respond to acute hypoxia with a
reduction in sodium output [22, 23] support the notion that a
fall in Pa,O2 is associated with enhanced retention of sodium.

Unfortunately, the present authors cannot escape the
conclusion that the available literature on sodium excretion
in COPD falls short of standardisation. Habitual sodium
intake and the use of diuretics are among the most
conspicuous confounders. It is often impossible to stop
diuretic treatment but even when it is discontinued, this was
usually only done for a few days. Under these conditions one
can expect a greater tendency of the organism to retain as
much sodium as possible. Definite conclusions on the renal
excretory capacity of sodium, therefore, cannot be drawn
with certainty and have to await even more elaborate studies
with rigorous control of sodium intake and, preferably,
concomitant assessment of body fluid volumes. Nevertheless,
it seems likely that patients with COPD express an impaired
ability to excrete sodium (at least acutely) and that their
kidneys are in a sodium-retaining state. This may be true
already in the presence of hypoxaemia but becomes particu-
larly evident when there is also hypercapnia.

Effector systems in chronic obstructive
pulmonary disease

Renal haemodynamics and tubular function

Over the past fifty years several attempts have been made to
characterise renal function in patients with COPD. The
overall picture emerging from the literature is that of reduced
renal blood flow with glomerular filtration rate being
maintained for a long period of time [7, 24–29]. Renal
blood flow is severely depressed in patients with acute
exacerbations and/or extensive oedema but improves with
adequate treatment [11]. Interestingly, cardiac output is
usually (near-)normal, even in severe COPD, indicating that
the renal fraction, i.e. that part of the cardiac output flowing
through the kidneys, is reduced. This effectively rules out the
possibility that changes in renal perfusion only passively
follow alterations in cardiac performance but rather points
towards preferential renal vasoconstriction. Although the
mechanisms responsible for this vasoconstriction have not
been fully elucidated, they are likely to involve the effects of
abnormal gas tensions. Whether mild hypoxaemia has any
influence on the kidney is difficult to tell. Several data suggest
that it has no appreciable effect as long as hypoxaemia is very
mild without concomitant hypercapnia [14, 15, 26]. More
severe hypoxaemia, on the other hand, seems to be more
consistently associated with reduced renal flow [28, 30–32].

Still, supplemental oxygen may already lower renovascular
resistance and improve flow in normocapnic hypoxaemic
patients. Since dopamine also increases renal blood flow [30],
these data indicate that most of the rise in renal vascular
resistance is not related to structural but rather to functional
elements.

In the presence of hypercapnia renal perfusion progres-
sively falls and inverse relationships between arterial carbon
dioxide tensions and renal plasma flow such as the one
depicted in figure 1 have been described repeatedly. When
hypercapnia complicates COPD, the vasodilatory responses
to dopamine [30], L-arginine [33], protein loading [34] and
even oxygen [30] are lost. Whether this means that structural
changes make the renal vasculature less responsive, is not
known. Indeed, an alternative explanation could be that
hypercapnia activates a vasoconstrictor mechanism that is
powerful enough to withstand vasodilatory stimuli. Renal
blood flow is particularly low in patients with oedema but it
may improve to some extent after treatment [11]. Normali-
sation, however, is not a realistic option.

Despite the decrease in renal blood flow, glomerular
filtration rate (GFR) remains intact in many patients and
falls only at relatively late stages of the disease or during acute
episodes of exacerbation [11]. Accordingly, the filtration
fraction (quotient of GFR over renal plasma flow) steadily
increases as COPD worsens. In terms of renal physiology, a
rise in filtration fraction (FF) may favour the proximal
reabsorption of sodium and water because peritubular
hydrostatic pressure is lower and oncotic pressure higher
when a greater fraction of the glomerular fluid is filtered.
Accordingly, in several reviews the point is taken that reduced
renal blood flow with maintained GFR and increased FF is
associated with and may even be the cause of enhanced
sodium retention in COPD. In the current authors9 view, this
concept is too simplistic. For instance, in patients with
essential hypertension at a certain stage similar renal
haemodynamic abnormalities can be found as in COPD
patients [35, 36]. Yet, in the hypertensives there is no evidence
for volume expansion or, for that matter, a tendency to retain
sodium. In fact, hypertensives with an increased FF even
excrete an acute sodium load faster than normal [35]. Thus,
the renal haemodynamic pattern is in itself not sufficient to
explain the dysregulation of fluid volume balance in COPD.

Since sodium retention is so tightly coupled to the presence
of hypercapnia, it is tempting to speculate that carbon dioxide
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Fig. 1. – Relationship between renal plasma flow (RPF) and carbon
dioxide arterial tension (Pa,CO2) in patients with chronic obstructive
pulmonary disease, who were kept on supplemental oxygen. r=-0.63;
pv0.05.
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either directly, or via a humoral pathway, activates a sodium-
retaining mechanism within the kidney. The most likely
candidate in this respect would be the sodium-hydrogen
(Naz/Hz)-antiporter in the luminal membrane of proximal
tubules which is involved in the buffering of respiratory
acidosis at the expense of sodium gain in the body. So far,
however, no clinical evidence has been delivered to support
this notion.

Neurohumoral factors

Several neurohumoral systems are involved in sodium and
water homeostasis. Except for the sympathetic system, these
include the renin-angiotensin-aldosterone system, arginine
vasopressin (AVP), ANP, endothelin, prostaglandins and
dopamine to mention just a few. For the present discussion,
the latter three are less relevant because there is relatively little
data on these hormones in COPD.

Plasma catecholamines (noradrenaline, adrenaline) rise in
response to progressive COPD and seem to be highest in
oedematous patients with severe abnormalities [11]. Hyper-
capnia can directly stimulate the sympathetic system, thereby
increasing the concentration of circulating catecholamines
[11, 19, 37]. Although inverse correlations have been
described between the degree of hypoxaemia and plasma
levels of noradrenaline [37], oxygen treatment does not lower
these levels, neither acutely [37] nor after prolonged adminis-
tration [38]. The present authors9 laboratory investigated 14
patients with COPD who were treated with long-term oxygen
(Pa,O2 8 kPa (o60 mmHg)). Although arterial levels of
catecholamines correlated poorly with gas tension, mixed
venous levels of adrenaline were inversely related to oxygen
saturation and directly to the degree of hypercapnia (fig. 2).
While this suggests that COPD patients are in a constant
hyperadrenergic state, it is likely that this is more closely
connected to central haemodynamics than to the kidney.
Indeed, there is little, if any, direct evidence that the
adrenergic system contributes to sodium retention in
COPD. On the contrary, some data even suggest that the
inability to excrete sodium is related to subclinical autonomic
neuropathy [17].

Hypoxia and hypercapnia are also associated with

increased levels of renin [15, 23, 39–41]. This has often been
attributed to the decline in renal perfusion but again this may
be too simplistic an explanation because patients with
essential hypertension often have low levels of renin in
conjunction with impaired renal blood flow [36, 42]. Still, in
COPD patients renin levels correlate inversely with the ability
of the kidney to excrete sodium [14, 15]. Several authors have
described a dissociation between renin and aldosterone in the
sense that aldosterone levels are relatively low for the degree
of renin stimulation [27]. The cause for the relative suppres-
sion of aldosterone is not well known. Although aldosterone
is higher in oedematous than in non-oedematous patients, it
falls appropriately during saline loading in both groups [17].
Treatment with the angiotensin converting enzyme (ACE)-
inhibitor perindopril reduced basal levels of the hormone in
the oedematous patients to levels seen in non-oedamatous
subjects but did not affect the ability of the kidney to excrete a
sodium load [43]. In another study, however, the ACE-
inhibitor captopril did induce a significant increase in sodium
excretion, albeit without changes in renal plasma flow or
plasma aldosterone [44]. These observations argue against
aldosterone, and to some extent also against angiotensin II, as
an important enhancer of sodium retention in COPD. Still,
some caution is needed with this conclusion because the same
caveats that were discussed in relation to studies on sodium
excretion (vide supra) are applicable here.

AVP concentrations in COPD may be normal but are often
elevated in more severe cases of COPD [11, 14, 15, 45].
Concentrations vary inversely with Pa,O2, but there is little
evidence that hypercapnia can directly stimulate AVP. By and
large, responses of AVP to water loading appear to be normal
in patients with COPD [12, 13]. Concentrations of the peptide
are clearly elevated in oedematous patients and inappro-
priately high in relation to the degree of hyponatraemia/hypo-
osmolality which is often present in severe cases of COPD
[14]. This suggests that non-osmotic stimuli regulate the
secretion of AVP under these circumstances. Increased AVP
concentrations also correlate with an impaired ability to
excrete a water load.

ANP also varies inversely with oxygen tension and seems to
increase progressively with the severity of COPD [27, 40, 46].
The highest values are found in oedematous patients.
Conversely, levels fall again with appropriate treatment.
Infusion studies have shown that ANP responds normally to
volume expansion and similarly in patients with or without
oedema, even when renal sodium excretion is subnormal [16].
Apparently, the kidney is less sensitive to the changes in ANP.

Taking all data on the neurohumoral systems together, it is
evident that both anti-natriuretic and natriuretic systems are
activated in COPD. Probably, the balance between the two
systems determines to what extent sodium will be excreted or
retained. So far, however, it has not been possible to pinpoint
one or more mechanisms that are primarily responsible for
the avid retention of sodium and water in COPD.

Why does oedema develop in chronic obstructive
pulmonary disease?

For oedema to develop there are two basic requirements:
altered capillary dynamics and sodium retention by the
kidney. The question is what comes first or in other words:
is the tendency of the kidney to retain sodium appropriate or
inappropriate? Early theories have suggested that oedema in
COPD is secondary to right heart failure (cor pulmonale).
This so-called "cardiac theory" presupposes that the right
ventricle fails as a result of pulmonary hypertension [7, 28, 29,
47]. Sodium retention was thought to occur either in response
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Fig. 2. – Relationship between mixed venous adrenaline levels and
carbon dioxide arterial tension (Pa,CO2) in patients with chronic
obstructive pulmonary disease, who were kept on supplemental
oxygen. r=0.58; pv0.01.
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to concurrent forward failure or because fluid was extra-
vasated at the capillary level due to increased venous pressure
(backward failure). Although these mechanisms may, indeed,
be operative in some patients, in the majority no significant
cardiac abnormalities can be found and cardiac output is
usually normal even in oedematous patients [27]. One can
even question, therefore, whether cor pulmonale really exists
in COPD.

A second explanatory model for disturbed fluid homeos-
tasis in COPD is the "renal theory". Since the development of
oedema is almost invariably associated with hypercapnia,
there must be a direct link between carbon dioxide retention
and sodium retention. The common factor could be the
Naz/Hz-antiporter in the proximal tubules which acts to
correct respiratory acidosis at the expense of volume
expansion [29]. Many observations, including the effects of
hypoxia and hypercapnia on volume-regulating hormonal
systems and renin-mediated renal vasoconstriction would be
consistent with this theory. There are, however, some
fundamental problems with this paradigm. First of all, it
assumes that in physiological terms the regulation of acid-
base status takes higher priority than volume control. This
would be totally illogical and against other observations that
volume control has primacy over other regulatory systems. It
would also be difficult to explain why, in the face of
progressive disease with expansion of oedema, renin and
AVP would still rise.

Like the cardiac theory, the renal theory explains the
oedema by circulatory overflow which is not consistent with
the hormonal data. In the present authors9 view, therefore,
the only theory that can adequately explain all findings is the
"vascular theory". In this theory (fig. 3), it is underfilling
which is the driving force behind the continuous expansion of
the extracellular volume. Indeed, carbon dioxide is a potent
vasodilator and an increase in this gas will substantially lower
peripheral vascular resistance and increase arterial capaci-
tance. Furthermore, due to the reduction in precapillary tone,
the point of filtration equilibrium in the capillaries will move
distally resulting in increased extravasation and loss of
plasma volume. Consequently, the effective circulating

volume is reduced and this, in turn, will stimulate the
sympathetic nervous system, renin and AVP. The kidney
will respond (appropriately) with vasoconstriction and
sodium retention to restore intravascular volume and tissue
perfusion. Since not all of this volume can be kept within the
vascular system, oedema develops. As long as hypercapnia is
maintained and even more so when this worsens, there will be
ongoing vasodilation, retention of sodium and water and
aggravation of oedema. Of course, stimulation of the Naz/Hz-
antiporter by the concurrent acidosis will contribute to
further sodium gain. Non-osmotic release of AVP will
eventually lead to hypo-osmolality. The normal cardiac
output, seen in late stages of the disease, is still inappro-
priately low in relation to vascular filling and, thus, the
stimulus for sodium retention remains. The use of diuretics
will even aggravate this vicious cycle by further stimulating
sodium loss and compensatory renin activation. Probably,
ANP is stimulated as a consequence of the expanding ECV.
In the current authors9 view, in this cascade of events the
raised ANP has both beneficial and detrimental effects. It is
beneficial in the sense that it may help to relax the pulmonary
vasculature and lower pulmonary artery pressure [48, 49]. At
the same time, however, it constricts systemic postcapillary
vessels [50], thereby further enhancing filtration and aggra-
vating transcapillary fluid movements into the tissues.
Experimental evidence supports this notion that ANP
mediates the contraction of plasma volume during episodes
of hypoxaemia [51]. Consequently, vascular filling will remain
insufficient and sodium retention will continue. Finally,
oedema worsens to a degree that it becomes intractable.
Any attempt to mobilise the fluid by diuretics will be followed
by still more retention of fluid until the heart really fails.
Predictably, only blockade of carbon dioxide9s effect at the
level of the precapillary sphincters would halt this process. It
would be worthwhile to examine the validity of this
hypothesis.

Future perspectives

The regulation of the extracellular volume in patients with
chronic obstructive pulmonary disease is still poorly under-
stood. While the current authors favour the vascular theory to
explain the problems with volume control in these patients,
the authors realise that more research is needed to provide
evidence for this hypothesis. In particular, more work should
be done to evaluate haemodynamic and renal responses at
various levels of sodium intake and with careful measure-
ments of body fluid compartments. Unfortunately, available
techniques are still not precise enough for such measurements.
An interesting and potentially fruitful development would be
the introduction of pharmacological agents which allow the
vasodilatory response to carbon dioxide to be blocked. For
the time being, however, it is more realistic to try to prevent
deterioration of the disease and to rigorously treat acute
exacerbations, preferably postponing the use of diuretics for
as long as possible.
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