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ABSTRACT: Since the circulatory and pulmonary systems are both driven by
pressure and share space in the thorax, it is inevitable that they interact. These
mechanical interactions, whilst relatively few in number, are protean in their man-
ifestations.

The circulatory system of the critically ill is often particularly susceptible to
interference from respiration. Compensatory reserve is limited, ventilatory effort
increased, and many critical care respiratory interventions place strain on the cir-
culation, not seen in health.

This review will examine the basic physiological mechanisms through which the
pulmonary and circulatory systems interact. These mechanisms will then be applied
to a variety of weaning, positive end-expiratory pressure (PEEP), and cardiopul-
monary resuscitation techniques. It is hoped that this will provide the tools to
understand clinical observations which would otherwise appear inexplicable.
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Heart-lung interactions occur with every breath. Their
effects may be subtle during normal health, but can
be profound during critical illness. Respiratory disease
exaggerates the normal stresses of breathing, and cir-
culatory disease compromises the response to these
stresses. Common signs of circulatory dysfunction, such
as pulsus paradoxus and Kussmaul's sign, result from
mechanical effects of respiration upon the circulation.
Common intensive respiratory interventions, such as
positive pressure ventilation and positive end-expiratory
pressure (PEEP), have substantial effects on systemic
blood flow. Common diseases, such as heart failure,
alter the circulatory effects of these interventions. The
complexity of heart-lung interactions, coupled with the
complexity of critical illness, creates a topic which resists
facile digestion and organization.

This paper will first review basic principles of circula-
tory function. The mechanical effects of respiration will
be reduced to a small group of stresses. These stresses
contribute to different conditions in variable proportion,
and the mechanical response may be further modified
by reflex or humoral factors. The emphasis will be on
mechanical aspects of heart-lung interaction. A com-
prehensive review of the neural and humoral effects of
ventilation is beyond the scope of this article, and the
interested reader is directed elsewhere [1].

Next, the basic stresses will be used to explain some
signs of critical illness and the effects of PEEP, wean-
ing, and cardiopulmonary resuscitation (CPR). Whilst
emphasis will be placed on recent insights, respect will
be paid to the observations of physicians and physiol-
ogists dating back centuries. Contradictory data, con-
troversy, and the limits of our understanding will be
stressed. It is hoped that this approach will stimulate the

interest of a new generation of scientific observers and
experimenters.

Basic principles

Normal circulatory function

The effects of respiration will be illustrated using a
simplified mechanical model of the systemic circulation
(fig. 1). From the heart, blood is pumped through an
arterial resistance into a compliance, indicated by the
reservoir, which represents the lumped compliance of
the systemic circulation. The pressure at the outflow
end of this reservoir is termed mean systemic pressure
(Psyst). Psyst is a crucial determinant of steady-state sys-
temic flow, as recognized by WEBER [2] and later by
STARLING [3, 4]. Psyst is determined by the elastic prop-
erties of the systemic vessels and the volume of blood
they contain. It is the average of the pressures through-
out the systemic circulation, with the contribution of
each vascular segment weighted by its fraction of the
total compliance of the systemic circulation. Because
most of the compliance resides in the low pressure veins,
Psyst is much closer to central venous than to arterial
pressure [5].

Flow from the heart to the reservoir requires cardiac
contraction, but venous return occurs passively, driven
by the pressure gradient between Psyst and right atrial
pressure (Pra). At constant Psyst, venous return increases
as Pra decreases. The relationship between venous flow
and its driving pressure gradient is the resistance to ven-
ous return. As was shown by GUYTON and co-workers



[5, 6], however, venous return cannot increase indefini-
tely. When Pra falls somewhat below atmospheric pres-
sure, venous return becomes maximal and fails to increase
despite further lowering of Pra [6]. This "flow-limita-
tion" is governed by the same mechanisms that produce
flow limitation in the airways or other collapsible tubes
[7, 8]. Since Pra is normally near zero, it is apparent
that further reductions do little to increase venous return
(and hence cardiac output). The large increases in car-
diac output seen with exercise, fever or sepsis, must,
therefore, also involve changes in Psyst or in the resis-
tance to venous return [9].

Changes in Psyst can occur in one of three ways. Either
the total volume in the reservoir can change, the com-
pliance (diameter) of the reservoir may change, or vol-
ume may be shifted from the portion of the reservoir
below its outflow (the "unstressed volume", the volume
at an outflow pressure of zero) into the segment above
the outflow (the "stressed" volume). In the acute response
to catecholamines, changes in unstressed volume appear
to predominate [10–13]. Teleologically, this is sensible.
In the setting of haemorrhage, restoration of Psyst by
reducing compliance would leave Psyst increasingly vul-
nerable to further volume loss.

The pulmonary circulation (not shown in figure 1) fun-
ctions identically to the systemic circulation. In this case,
the right ventricle pumps blood into the pulmonary res-
ervoir, from which it drains passively through a pulmo-
nary venous resistance to the left atrium. Both systemic
and pulmonary venous resistances are normally so low
that the entire cardiac output is returned to the respec-
tive atrium by only 5–10 mmHg pressure.

A slightly more complicated model of the circulation
is shown in figure 2. The heart and lungs are surrounded
by pleural pressure (Ppl), and the heart enclosed by a
pericardium. Different portions of the pulmonary ves-
sels are subjected to alveolar pressure (PA) (the "alve-
olar" vessels) or Ppl (the "extra-alveolar" vessels) [14].
The systemic circulation is divided into abdominal beds,
surrounded by abdominal pressure (Pab), and nonabdomi-
nal beds. In this model, the resistance to venous return

is an average of the individual venous resistance of the
two beds, weighted by the distribution of flow through
them and their compliance. Total venous resistance can
be altered by changing the calibre of the veins or by
changing the distribution of flow between parallel
beds. Since the distribution of flow is determined in part
by the resistance to inflow in each bed, this creates the
seemingly paradoxical system in which venous resis-
tance is determined by arterial resistance [15].

Also added to this model is a system of reflexes, which
can influence resistances, compliances, and pump func-
tion. Complex as this model appears, it remains grossly
simplistic. It omits many key features of the circula-
tion, such as the critical closing pressures believed to
exist in many systemic vascular beds. Nevertheless, this
model contains the minimal essential elements for con-
sideration of heart-lung interactions.

Stresses upon the circulation

Within the framework shown in figure 2, the mechan-
ical stresses caused by respiration or respiratory manoeu-
vres can be resolved into four: stress on the surface of
the heart; stress on intrapulmonary vessels; stress on one
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Fig. 1.  –  Simplified model of the systemic circulation. The heart
pumps blood clockwise through an arterial resistance (Ra) into a reser-
voir. Pressure at the outflow of the reservoir is mean systemic pres-
sure (Psyst), determined by the chamber compliance (here, its diameter),
and the stressed volume (Vs). Total volume is the sum of Vs and the
unstressed volume (V0). Venous return occurs passively, driven through
the venous resistance (Rv) by the pressure difference between Psyst

and the right atrium.
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Fig. 2.  –  Slightly more complete model of the circulation. The fol-
lowing elements have been added to the model shown in figure 1.
The systemic circulation is divided into a nonabdominal component
(A), and an abdominal component (B), the latter surrounded by abdom-
inal pressure (Pab). Mean systemic pressure (Psyst) is now the weight-
ed mean of the pressures in A and B, and Rv the weighed mean of
the venous resistance of A and B. The heart is divided into right and
left ventricles (RV and LV), and surrounded by the pericardium and
pleural pressure (Ppl). The pulmonary circulation is depicted, com-
posed of alveolar vessels (C) surrounded by alveolar pressure (PA)
and extra-alveolar vessels (D) surrounded by pleural pressure (Ppl).
The autonomic nervous system (ANS) is indicated, with its influence
over many of the elements shown.



ventricle caused by expansion of the other ventricle; and
stress on abdominal vessels. These have been described
in detail in a recent review [16], and will only be sum-
marized here.

Stress on the surface of the heart. An increase in pres-
sure on the surface of the right heart will elevate Pra.
Since Pra is the downstream pressure for venous return,
this will decrease venous return. Because the entire pres-
sure gradient for venous return is about 5 mmHg, increa-
ses of Pra of only this magnitude would be fatal without
compensatory mechanisms. These mechanisms include
sympathetic reflexes [17], fluid and sodium retention
that elevate Psyst and attenuate the fall in venous return.

Decreases in Pra, in contrast, will increase venous
return up to its maximum when Pra becomes subatmo-
spheric. A consequence of venous flow limitation is that
more vigorous inspiratory efforts, though they further
lower Ppl, will not further increase venous return once
Pra falls below atmospheric pressure. Another conse-
quence is that Pra can fall more before venous return
becomes limited when it begins at a high level than
when it begins near zero. That is, the potential for res-
piratory-induced fluctuations in venous return is greater
at high Pra.

At constant lung volume, changes in Ppl will change
the pressure on the surface of the pulmonary vessels and
left ventricle (LV) equally. They will, therefore, have no
effect on the pressure gradient determining LV filling.
However, they will alter determinants of LV emptying.
Left ventricular afterload, which may be defined as
the LV wall stress during ejection [18], is directly pro-
portional to the systolic transmural LV pressure. Since
the pressure on the external surface of the LV is usu-
ally near zero, it is often ignored in clinical situations.
LV afterload is then considered to be proportional to
arterial pressure, reflecting the pressure on the inner
surface of the LV during ejection. However, during res-
piratory manoeuvres or disease states, Ppl can vary far
from atmospheric. As pleural pressure falls, at constant
arterial pressure, the LV must develop more tension to
eject blood from the thorax. Conversely, increased Ppl
decreases the tension the muscle must develop to eject
against a constant arterial pressure. Thus, changes in Ppl
are equal to, but directionally opposite, changes in arte-
rial pressure, in their effects on LV afterload [19–23].

Stress on intrapulmonary vessels. Changes in Ppl at con-
stant lung volume do not directly change the stress on
pulmonary vessels, because alveolar and pleural pres-
sures change equally. Stress on pulmonary vessels is
increased by lung inflation. Due to the differing pres-
sures on their surface, intra-alveolar and extra-alveolar
vessels differ in their response to changes in lung vol-
ume. Extra-alveolar vessels enlarge with increases in
lung volume. This decreases their resistance and increa-
ses their capacitance. Intra-alveolar vessels are com-
pressed with increases in lung volume. The effects on
their resistance and capacitance varies, depending upon
their initial conditions, as follows [14].

Alveolar vessels are distended with blood when left
atrial pressure (Pla) exceeds PA, corresponding to zone
III. Lung inflation then decreases their capacitance, and
may slightly increase their resistance. When PA exceeds

Pla (zone II), alveolar vessels are relatively empty of
blood. In zone II, flow limitation occurs in the pulmonary
vessels. Pulmonary venous flow becomes independent
of Pla, and the right ventricle (RV) can be said to eject
against PA, rather than Pla [8]. Lung inflation beginning
under zone II conditions will not change alveolar vessel
capacitance (since they contain little blood), but will in-
crease the pressure against which the RV ejects.

Taken together, these effects cause a biphasic response
of pulmonary vascular resistance (PVR) to lung inflation.
At low lung volumes (below functional residual capa-
city (FRC)), inflation decreases PVR. At higher lung
volumes, inflation increases resistance [24]. The effect
of lung inflation on pulmonary blood volume is simi-
larly biphasic. At low blood volume, lung inflation will
increase pulmonary blood volume due to increased extra-
alveolar capacitance. At high blood volume, effects on
distended alveolar vessels predominate, and inflation
will express blood from the lung [14, 25].

Stress on one ventricle from distension of the other. The
two ventricles share a common septum and pericardi-
um. Therefore, distension of one ventricle can alter both
the diastolic and systolic function of the other through
their interdependence. Distension of the RV impedes
filling of the LV, both through shifts of the interven-
tricular septum and generalized increases in pericardial
pressure [26]. Increased pericardial pressure, like incr-
eased Ppl, can also decrease LV afterload [27]. The mag-
nitude of this interdependence varies with the condition
of the pericardium. It is increased when the pericard-
ium is distended and, therefore, less compliant. When
the pericardium is normally compliant, interdependence
can also be exaggerated by increased lung volume because
the cardiac fossa becomes less distensible [28, 29].

Stress on abdominal vessels. Increases in Pab increase
the pressure on the surface of abdominal vessels. Since
the splanchnic vasculature contains 50% of the systemic
capacitance and supports about 30% of total blood flow
[30], changes in Pab can have substantial mechanical
effects on the circulation.

When the lungs are inflated with a positive pressure
ventilator and the diaphragm does not contract, the rise
in Pab and Ppl will be approximately equally. Therefore,
there is no change in the pressure gradient returning
blood from the abdomen to the right atrium. Spontaneous
inspiration, however, is not the simple inverse of posi-
tive pressure ventilation, because Pab during sponta-
neous breathing changes in the direction opposite to Ppl.
Studies in normals suggest that inspiration occurs along
the relaxation pressure-volume relations of the chest and
abdomen [31]. That is, the chest and abdominal distri-
bution of a tidal volume is the same during spontaneous
or positive pressure breaths. For the same tidal volume,
Pab would, therefore, increase equally. However, it is not
known whether this also holds in disease states, and
there is little reason to suspect that it would. Patients
exhibiting abdominal alternans vary the distribution of
tidal volumes from breath to breath. Even if the tidal
changes in Pab were identical during positive pressure
and spontaneous breathing, changes in duty cycle (in-
spiratory time/period) would alter mean Pab between
the two modes. Therefore, when patients change from
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positive pressure to spontaneous breathing, Pab may rise,
fall, or remain constant.

Irrespective of how Pab changes relative to atmos-
pheric pressure during spontaneous breathing compared
to its value during positive pressure ventilation, Pab al-
ways rises relative to Ppl when the diaphragm contracts.
This can produce substantial transient effects on blood
flow through the inferior vena cava (IVC). The effects
of Pab on systemic venous flow bears similarity to the
effects of PA on pulmonary venous flow. Indeed, the
conditions have been analysed as constituting "zones of
the abdomen". When abdominal vessels are distended
and intravascular pressure exceeds Pab ("zone III"), con-
traction of the diaphragm increases IVC flow. However,
when Pab exceeds intravascular pressure, contraction of
the diaphragm decreases IVC flow. This is analogous
to the effect of lung inflation from zone II conditions
[32, 33].

Humoral and reflex effects. The previous discussion con-
sidered each of four stresses in isolation. In an intact
circulation, it would be impossible to change a single
stress without altering others. This is due not only to
the mechanical complexity of the system, but also to
reflex and humoral control mechanisms. The responses
to respiratory-induced perturbations in the circulation
include baroreflexes initiated by changes in arterial pres-
sure, lung stretch reflexes, and humoral responses, such
as atrial natriuretic factor. The interested reader is ref-
erred to a more detailed review [1]. The role of specific
mechanisms in response to specific respiratory stresses
is largely unknown.

Clinical applications

In the intact patient, the mechanisms discussed above
integrate to produce effects which may be classified as
either transient or steady-state. Transient effects refer to
changes occurring through a respiratory cycle or to un-
sustained effects of a respiratory manoeuvre. Because of
their rapidity, they are primarily mechanical in origin.
They give rise to many of the clinical signs of disease.
Of greater significance to the patient are steady-state
effects. These produce sustained changes in cardiac out-
put or its distribution through mechanical effects and
their reflex and hormonal compensation.

Transient effects

Pulsus paradoxus. Pulsus paradoxus, as originally desc-
ribed by KUSSMAUL [34], referred to the disappearance
of the radial pulse during inspiration, while the apical
pulse remained palpable. Currently, the term describes
a greater than 10 mmHg inspiratory decrease in systolic
arterial pressure. Pulsus paradoxus is associated with
several conditions, including pericardial tamponade,
severe asthma, and hypovolaemia. Somewhat different
mechanical mechanisms contribute to the sign in each
setting.

In pericardial tamponade, the distended pericardium
is near its elastic limit. Pra is elevated, and Psyst is ele-
vated to a lesser degree. Inspiration, by lowering Pra,

increases the pressure gradient for venous return. How-
ever, the distended pericardium can accommodate little
increase in volume. Increased systemic venous return to
the right atrium necessitates decreased pulmonary venous
return to the left atrium. Therefore, LV stroke volume
decreases during inspiration, primarily through a reduc-
tion in LV filling. During the subsequent expiration,
blood retained in the pulmonary vessels refills the LV,
and LV stroke volume increases. Thus, the expiratory
increase in blood pressure largely reflects inspiratory
increases in venous return, which are placed out of phase
with respiration by their delay through the pulmonary
circulation [35, 36].

In severe asthma, ventricular interdependence also
contributes to pulsus paradoxus. Although the pericar-
dium is normal, the cardiac fossa is stiffened by hyper-
inflation of the lungs [28]. Interdependence has been
demonstrated by leftward displacement of the inter-
ventricular septum during inspiration [37]. In contrast
to tamponade, however, the Pra is relatively low during
expiration. This is due, in part, to sustained inspiratory
muscle tone, which reduces expiratory Ppl [38, 39], and
is exacerbated by hypovolaemia. Therefore, inspiratory
effort, though supranormal, quickly lowers Pra below
atmospheric pressure and venous return becomes maxi-
mal. This limits the potential degree of ventricular in-
terdependence, compared to the situation in pericardial
tamponade.

In asthma but not tamponade, Ppl falls to markedly
low levels during inspiration [39]. This extreme inspira-
tory reduction in Ppl increases LV afterload. If increased
afterload is sustained, the normal heart will increase its
contractility after a few beats in a phenomenon known
as homeometric autoregulation [40]. Homeometric auto-
regulation is unlikely to occur within a single inspi-
ration, however. LV stroke volume, therefore, falls due
to the combined effects of ventricular interdependence,
which decreases LV filling, and increased afterload,
which impedes LV emptying.

The cause of pulsus paradoxus during hypovolaemia
is less well studied, but can be inferred from the basic
stresses involved. Pericardial compliance, lung volume,
and tidal changes in Ppl are all near normal, and Pra is
low. Effects of interdependence and LV afterload could,
therefore, be predicted to be minimal. However, hypo-
volaemia would place large portions of the lungs in zone
II. Inspiration would then increase the capacitance of
the extra-alveolar vessels, and increase RV afterload
through its effect on alveolar vessels [25]. Inspiration
in zone II conditions, therefore, decreases LV filling by
decreasing pulmonary venous flow. This is most likely
the primary cause of pulsus paradoxus in hypovolaemia.

Kussmaul's sign. Kussmaul's sign, an inspiratory increase
in Pra, was originally described in constrictive tubercu-
lous pericarditis [34], and is occasionally seen in RV
failure from infarction or pulmonary embolism [41]. It
is clear how the inspiratory decrease in pleural pressure
would lower Pra relative to Psyst and promote venous
return. However, no matter how rigid the pericardium,
the decrease in Pra relative to Psyst alone could never
elevate Pra relative to atmospheric pressure. Consider
an instantaneous decrease in Ppl. Before there was any
change in flow into or out of the right heart, Pra would
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fall by an amount equal to the fall in Ppl. As venous
return increased, Pra would begin to return to its expi-
ratory level, at a rate determined by the relative rates
of RV emptying and filling. However, as Pra approached
its expiratory level, the pressure difference between Psyst
and Pra would also approach its expiratory value, and
venous flow would return to its expiratory rate. Thus,
a uniform decrease in Ppl could, at most, cause Pra to
fall transiently and return to, but not above, its expira-
tory level. Pericardial rigidity would reduce the volume
changes of the atrium, but would not increase its inter-
nal pressure.

For Kussmaul's sign to occur, one of two additional
conditions must be met. Either pressure surrounding the
heart must rise in excess of pressure elsewhere in the
thorax, or Psyst must rise during inspiration. Since the
pericardium is tethered to the diaphragm via ligaments,
diaphragmatic contraction can compress the heart even
as it lowers Ppl elsewhere. This was demonstrated in
cadavers by DOCK [42], who attributed the notion to
Richard Lower in 1669. If this were the case, Kussmaul's
sign should be accompanied by decreased flow into the
right atrium. Alternatively, Psyst could rise because of
the inspiratory increase in Pab. This possibility was exa-
mined by TAKATA et al. [43]. In an intact anaesthetized
canine preparation, they found that Kussmaul's sign would
occur with phrenic nerve stimulation during hypervol-
aemic conditions only when the airway was open. This
allowed inspiration and diaphragmatic descent, and was
accompanied by increased IVC flow. In contrast, the
same fall in Ppl with the airway occluded failed to increase
IVC flow or produce Kussmaul's sign [43]. This sug-
gests that the increase in Pab is essential. In constrictive
pericarditis, Psyst is elevated and the abdomen is in zone
III. Inspiratory increases in Pab will then increase IVC
flow. Inflow into the noncompliant pericardium is suf-
ficiently great to raise Pra even as Ppl is falling.

Valsalva and Müller manoeuvres. The Valsalva manoeu-
vre is a sustained volitional contraction of expiratory
muscles against a closed glottis, which raises Ppl and Pab
at constant lung volume. The normal response of arte-
rial pressure to the Valsalva manoeuvre is divided into
four phases. At the beginning of strain, arterial pressure
increases. Next, systolic and pulse pressure falls, with
reflex cardioacceleration. As strain is released, there is
a momentary further decrease in pressure. Finally, dur-
ing recovery, arterial pressure overshoots and gradual-
ly returns to its baseline. In patients with congestive
heart failure, however, an abnormal second phase called
the "square-wave response" has been described. Arterial
pressure rises normally, but then remains elevated for
as long as straining is sustained [44]. Computer-based
analysis of the plethysmographic pulse-pressure in a fin-
ger during a Valsalva manoeuvre has been shown to
distinguish between patients with normal and elevated
pulmonary capillary occlusion pressure, based on the
presence of a square-wave response [45]. The same data
can be obtained manually in any co-operative patient
with an indwelling arterial catheter. The Valsalva mano-
euvre can be used repetitively to assess global cardiac
function and preload.

The square-wave response reflects the effects on the
failing ventricle of changes in preload and afterload. A

normal cardiac function curve (the relationship between
preload and cardiac output) is steep, depicting a large
change in output for a small change in preload. The
function curve of a failing heart is flat, i.e. output is
insensitive to preload. Conversely, the failing heart is
more sensitive to changes in afterload than is the nor-
mal heart. That is, the cardiac function curve will shift
further upward in response to reduced afterload [46].
Changes in preload and afterload affect stroke volume
in opposite directions, i.e. a decrease in preload would
tend to decrease stroke volume while an decrease in
afterload will tend to increase stroke volume.

How are preload and afterload altered during the
Valsalva manoeuvre? Returning to figure 2, the stress
on the surface of the heart, pulmonary, and abdominal
vessels will be increased relative to the remainder of
the circulation. For the RV, this will elevate Pra rela-
tive to Psyst, decreasing the gradient for venous return.
As implied by the flat cardiac function curve of a fail-
ing RV, however, any decreases in end-diastolic vol-
ume will cause similar changes in end-systolic volume.
As the RV gets smaller, stroke volume will be pres-
erved.

Through ventricular interdependence, filling of the LV
may be improved by decreased venous return to the RV.
Because stress on the surface of the RV, pulmonary ves-
sels, and LV increases equally, there would be no other
effects on flow between these three points. However,
the increase in pressure surrounding the LV relative to
the nonabdominal vasculature would decrease LV after-
load. The failing LV is more responsive to changes in
afterload than the normal heart. Thus, the end-diastolic
volume of the LV could increase (through ventricular
interdependence) and the end-systolic volume decrease
(through afterload reduction). Stroke volume would in-
crease.

At first glance, these effects would appear to be tran-
sient. After a period of time, RV preload would fall suf-
ficiently so that RV stroke volume would decrease, the
distended pulmonary capacitance vessels would begin
to discharge themselves into the LV, and lastly LV stroke
volume would decay. Indeed, this would probably occur
in many patients with congestive heart failure if the
Valsalva manoeuvre were continued beyond 10–15 s.
However, it may be shown mathematically that, given
sufficiently poor cardiac function and hypervolaemia,
increases in Ppl can result in sustained increases in car-
diac output [47].

The Müller manoeuvre is a prolonged inspiratory effort
made at constant lung volume. It is not a complete mir-
ror image of the Valsalva manoeuvre, however. Be-
cause Pab rises with diaphragmatic contraction while the
Ppl falls, the increase in RV preload and LV afterload
is greater than their converse during the Valsalva mano-
euvre, for the same but directionally opposite changes
in Ppl. When normal subjects and patients with coron-
ary artery disease were compared, the Müller manoeu-
vre decreased radionuclide ejection fraction only in
patients with coronary artery disease (fig. 3). Regional
abnormalities in LV wall motion were elicited only in
patients with prior transmural infarction [49]. Although
this finding has not been tested in large populations, the
Müller manoeuvre may be useful to elicit subclinical
cardiac dysfunction.
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Steady-state effects

Positive end-expiratory pressure and continuous posi-
tive airway pressure (CPAP). PEEP generally decreas-
es cardiac output, and the cause of this decrease has
been the focus of much research over the past decade.
A few studies in intact animals or humans have sug-
gested impairment of cardiac contractility on PEEP
[48, 50]. MANNY et al. [51] perfused an isolated heart
with blood from a support dog. When the support dog
was placed on PEEP, cardiac function curves of the iso-
lated heart were depressed. This myocardial dysfunc-
tion was not observed when Ppl was increased at constant
lung volume in the support dogs. Other studies also
found evidence of stress on the surface of the ventri-
cles by the expanded lung [30], altering ventricular shape
or diastolic compliance [23, 52, 53]. Most studies, how-
ever, have failed to demonstrate PEEP-induced depres-
sion of cardiac function curves [23, 54, 55] or end-systolic
pressure-volume relationships [56, 57], provided the ele-
vated pressures within the cardiac chambers are cor-
rectly referenced to the pressures on their surface. Thus,
in intact animals or humans, it appears likely that any
humorally-mediated cardiac depression is subtle or is
overcome by simultaneous sympathetic stimulation [17].

Many investigators have, therefore, concluded that the
most important cause of decreased cardiac output on
PEEP is the increase in Pra, which decreases venous
return [23, 54, 55, 57, 58]. This reasoning implies that
Pra rises relative to the upstream pressure driving venous
return, Psyst. However, several studies in animals and
humans have recently demonstrated that PEEP increas-
es Psyst and Pra equally [59–61]. That is, the pressure
driving venous return is unaltered. The increase in Psyst
occurs primarily through activation of neurovascular
reflexes, which decrease vascular capacitance [62], and
through transfer of blood from the pulmonary to sys-
temic circulations [63].

If there is no change in the pressure driving venous
return yet flow falls, PEEP must increase venous resis-
tance. In canine studies, PEEP has been shown both to
increase the venous resistance and increase the Pra bel-
ow which venous return becomes maximal (fig. 4) [59,
60]. This is due to focal compression of the great veins,
which was demonstrable in the IVC in dogs by use of
magnetic resonance imaging (MRI) (fig. 5) [64]. In
images of the author breathholding at total lung capac-
ity (TLC), similar compression was not observed (fig.
6). However, IVC compression by the hyperinflated
lungs has been shown angiographically in some patients
with severe emphysema [65]. Even if PEEP does not
directly compress the great veins, it could increase venous
resistance by altering the distribution of arterial flow to
regions that drain more slowly [11].

Several of these effects of PEEP are modified in the
ill. By increasing the pressure on the surface of the LV,
PEEP also decreases LV afterload. As with the Valsalva
manoeuvre, this may explain the occasional report of
patients with congestive heart failure in whom cardiac
output rises with PEEP [66]. Decreased arterial pressure
and increased pressure on the surface of the ventricles
can compromise the pressure gradient driving coron-
ary flow [67], and may induce coronary ischaemia in
some patients despite the decrease in cardiac work [68,
69].

Increased cardiac output or LV ejection fraction has
also been reported when spontaneously breathing pati-
ents with congestive heart failure are placed on low lev-
els of CPAP [70, 71]. Given the rather trivial increases
in Ppl to be expected from 5 cmH2O CPAP, it is diffi-
cult to fully explain this finding based on changes in LV
afterload due to changes in surface pressure alone. Ano-
ther possible contributing mechanism is decreased res-
piratory effort on CPAP, such that the increase in mean
Ppl exceeds what would be predicted by the increase in
end-expiratory Ppl. In addition, studies in lightly sedated
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Fig. 3.  –  Effects of a Müller manoeuvre on ejection fraction. Subjects
sustained an obstructed inspiratory effort to -20 to -40 cmH2O at resid-
ual volume for 20–25 s, while ejection fraction was measured by
radionuclide ventriculography. Groups consisted of: 1) normal con-
trols (n=13); 2) patients with coronary artery disease without myocar-
dial infarction (n=25); 3) patients with a history of nontransmural
infarction (n=13); and 4) patients with history of transmural infarc-
tion (n=36).     : relaxed;    : Müller manoevre. *: p<0.01, signifi-
cantly different from relaxed. (Drawn from data in [48]).
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Fig. 4.  –  Canine venous return curve with (■) and without (❏) 10
mmHg (14 cmH2O) positive end-expiratory pressure (PEEP). Data
were obtained from eight animals with a right heart bypass prepara-
tion similar to that used by GUYTON [6]. PEEP increased the 0 flow,
x-axis intercept, which approximates mean systemic pressure (Psyst),
decreased the slope of the relationship (increased venous resistance),
and increased the right atrial pressure (Pra) below which flow became
maximal. (Reprinted from [59], with permission).



a) b)

H.E. FESSLER232

Fig. 5.  –  Magnetic resonance images from an anaesthetized dog: a) without positive end-expiratory pressure (PEEP); and b) with 10 mmHg
PEEP.  Images were obtained with the animal in the left lateral decubitus position, but are rotated upright for viewing. Images are shown in a
near-coronal plane aligned with the long axis of the inferior vena cava (IVC). The lateral walls of the IVC are indicated by arrowheads, and
focal compression is seen on PEEP. (Reprinted from [64], with permission).

Fig. 6.  –  Similar images of the author in the left lateral decubitus position: a) at functional residual capacity, relaxed end-expiration; and b)
breathholding, at total lung capacity. Although the interior vena cava (IVC) narrows during breathholding, complete compression is not observed
in these nor in sagitally reconstructed planes.
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pigs with pacing-induced heart failure suggest that CPAP
caused reflex improvement in myocardial contractility
or vasodilatation [72]. Thus, cardiac function may improve
through several mechanisms.

In patients with acute cardiogenic pulmonary oedema
progressing to respiratory failure, CPAP has been shown
to obviate the need for emergency intubation [73, 74].
In this setting, it is a virtually instantaneous and readi-
ly reversible means to decrease preload and afterload.
In addition, it can improve oxygenation and decrease res-
piratory effort. This makes it an attractive temporiz-
ing measure, while awaiting other interventions to take
effect.

PEEP is frequently used in the management of acute
respiratory distress syndrome. Since lung compliance is
reduced, one would anticipate that PEEP would cause
a lesser increase in lung volume and Ppl than it would
were the lungs normal. An animal study of acute lung
injury found that the haemodynamic effects of PEEP
were similar with normal or injured lungs, despite lower
Ppls during expiration in the former case [75]. These
authors hypothesized that beneficial effects of reduced
transmission of airway pressure to the heart during ex-
pirations are counteracted by the higher inspiratory air-
way pressures in injured lungs [75]. Intravascular volume
status may alter the haemodynamic effects of PEEP.
Likewise, drugs with adrenergic blocking activity will
attenuate the reflex compensatory responses to PEEP
[17].

Weaning. The major mechanical effect of switching from
positive-pressure to spontaneous breathing is a decrease
in mean Ppl. In addition, there are likely to be alter-
ations in mean lung volume as tidal volume and duty
cycle change. The cardiovascular consequences of lower
pressure on the surface of the heart is an increase in the
pressure gradient driving venous return, and an incre-
ase in the afterload of the LV. Again, with normal bi-
ventricular function, preload effects predominate and
cardiac output is usually higher during spontaneous brea-
thing.

Lung and respiratory muscle function are generally con-
sidered the limiting factors governing weaning. How-
ever, patients are occasionally encountered whose lung
mechanics and respiratory muscle function would appear
to predict successful weaning, but who rapidly fail dur-
ing trials of spontaneous breathing. In these patients, cir-
culatory effects of heart-lung interactions may impair
weaning. LEMAIRE et al. [76] studied 15 such patients with
combined cardiac failure and respiratory disease. Des-
pite encouraging weaning parameters and normal right
atrial and pulmonary artery occlusion pressures, none of
the patients would tolerate trials of T-piece breathing.
Notably, the Pra in these patients was higher during spon-
taneous breathing than during positive pressure breath-
ing, which one would not have anticipated from the
changes in their Ppl. After 1 week of diuresis, patients
lost an average of 5 kg, with no change in baseline Pra
or respiratory weaning parameters. Eight of these pati-
ents weaned successfully, now associated with a fall in
Pra from positive pressure to spontaneous breathing.

Although the transition from positive pressure to spon-
taneous breathing would be expected to increase LV
afterload (decrease Ppl), this effect would be the same

before and after diuresis. Virtually the only factor that
could cause Pra to rise when changing from positive
pressure to spontaneous breathing is an increase in Psyst,
as has been considered regarding Kussmaul's sign. Why,
then, would Psyst rise prior to, but not after diuresis?
The answer becomes clear if one accepts that Pab may
be higher during spontaneous than during positive pres-
sure breathing. Prior to diuresis, the abdomen was in
zone III. The increase in pressure on the surface of dis-
tended abdominal vessels increased IVC flow, and this
caused cardiac decompensation. After diuresis, the ab-
domen was in zone II. The same increase in Pab when
changing to spontaneous breathing no longer increased
IVC flow, and patients could wean without initiating a
relentless spiral to cardiac failure. In such patients with
limited cardiac reserve, considerations of heart-lung in-
teractions provide the insight into otherwise inexplica-
ble weaning failure.

Adequate systemic blood flow is also necessary to
ensure perfusion of respiratory muscles during wean-
ing. In the critically ill, respiratory muscles may require
up to 20% of total body oxygen consumption [77–79].
Respiratory muscles fail during cardiogenic shock [80],
and contribute to systemic lactic acidosis during low-
output states [81]. Conversely, fatiguing diaphragm in-
creases its force of contraction with increases in blood
flow [82, 83]. Hyperinflation, coupled with the expira-
tory muscle recruitment that occurs with dyspnoea, may
decrease blood flow to respiratory muscles even when
systemic haemodynamics appear adequate [84]. Thus,
another cause of enigmatic weaning failure may be rel-
ative respiratory muscle ischaemia.

Cardiopulmonary resuscitation. When the heart is arrest-
ed, heart-lung interactions become lifesaving. Virtually
since the first consideration of closed chest resuscita-
tion, the mechanism whereby compression of the chest
generates blood flow has been a source of controversy
[85, 86]. The "thoracic pump" theory maintains that the
generalized increase in Ppl during chest compression
causes blood to be discharged from all intrathoracic vas-
cular structures. The heart serves as a passive conduit.
Retrograde flow is prevented by venous valves, com-
pression of veins near the thoracic inlet, or by the rel-
ative time constants of the arterial and venous systems.
The "cardiac pump" theory maintains that external chest
pressure squeezes the heart directly, compressing it be-
tween the sternum and vertebral column.

The thoracic pump theory is supported by several lines
of evidence. CRILEY et al. [85] reported that conscious-
ness could be maintained by coughing during cardiac
arrest, with no chest compression. Cardiopulmonary re-
suscitation (CPR) pressures and flows are higher when
they occur simultaneous with lung inflation, which would
tend to prevent direct cardiac compression [87, 88]. Effec-
tive CPR can be provided by a circumferential inflat-
able vest, which does not compress the heart [89, 90].
Several studies have demonstrated equal increases in
pleural and all intrathoracic vascular pressures during
compression [87, 88]. Imaging studies have shown the
mitral valve remains open during chest compression, a
finding incompatible with the cardiac pump theory [91,
92]. Cardiac output has been shown to be independent
of rate but dependent upon duty cycle (compression
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time/period). This suggests that stroke volume is depen-
dent upon the time constants of arterial and venous drai-
nage, as the thoracic pump theory would predict [93].

However, equally persuasive experimental evidence
supports the cardiac pump theory. In some studies, com-
pression rate was an important determinant of cardiac
output [94]. Studies of "high impact" CPR have shown
greater increases in intravascular than pleural pressure
[94]. Some echocardiographic studies have shown mit-
ral valve closure and decreased left ventricular volume
during compression [95, 96]. There are major differences
between these studies regarding the species used (hu-
mans, dogs or pigs), whose thoracic anatomy may influ-
ence the findings. There were also differences in the
technique of CPR and resuscitation protocols between
studies, which may partially explain the contradictory
conclusions.

One such factor is the stress upon the surface of the
pulmonary blood vessels, which will vary with differ-
ent techniques of CPR. Aggressive volume resuscita-
tion will distend the alveolar vessels. Lung inflation will
then increase pulmonary venous flow. When combined
with chest compression, lung inflation would tend to
keep the mitral valve open and keep left ventricular vol-
ume constant. In contrast, if chest compression were
allowed to decrease lung volume, pulmonary vascular
capacitance could increase and the mitral valve tran-
siently close, even without direct cardiac compression.
This was demonstrated by BEATTIE et al. [97] in dogs.
Thus, it is likely that both thoracic and cardiac pump
mechanisms contribute to forward blood flow to a vari-
able degree. Neither mechanism may be distinguishable
by the state of mitral valve closure.

Although the factors determining cardiac output are
quite different in the arrested and beating heart, the
determinants of venous return are identical and are inde-
pendent of cardiac function. Venous return is still gov-
erned by the difference between Psyst and Pra and the
resistance to venous return. These factors, particularly
the extent to which Pra is lowered during the release
phase, may be modified by CPR technique.

Simultaneous compression and ventilation CPR (SCV-
CPR) was studied in large clinical trials because stroke
volume was shown to be greater in some animal exper-
iments using this technique [87, 98]. However, the out-
come in clinical trials was disappointing [99]. One reason
for this is that breath-stacking occurs when ventilation
is as rapid as typical compression rates. This elevates
Ppl and Pra during the release phase [100], and impedes
venous return. Such breath-stacking is inevitable despite
the forced expiration caused by chest compression, be-
cause expiration is flow-limited. This is especially true
in patients with obstructive lung disease. Thus, SCV-
CPR, despite promising animal studies, was never like-
ly to be useful in patients with smoking as a shared risk
factor for coronary and pulmonary disease.

Other techniques can manipulate the determinants of
venous return to improve CPR blood flow. Active com-
pression-decompression CPR (ACD-CPR) uses a suc-
tion cup device to actively re-expand the thorax. This
results in more negative Ppls than standard techniques,
which can increase venous return. Still greater coronary
and cerebral flows are achieved when inspiration is pre-
vented during chest decompression, resulting in more

negative Ppls [101, 102]. However, since venous return
is maximal when Pra falls below zero, the potential ben-
efit of this technique is limited and would be still less
in patients who arrest from or with hypovolaemia.

Abdominal compression during the release phase has
been shown to increase cardiac output, coronary perfu-
sion pressure, and cardioversion rate in some studies
[103, 104]. Compression of the aorta with redirection
of flow to the brain and heart may explain these results
[105]. In addition, the increase in pressure on the sur-
face of distended abdominal vessels would increase the
effective Psyst and, thereby, increase venous return. Many
variations of these modified CPR techniques are under-
going animal and human testing.

Summary

Since the respiratory and circulatory systems are
anatomically linked and both driven by pressure, their
mechanical interaction is inevitable. Under normal cir-
cumstances, these effects are of interest to physiologists
and clinicians, but are subtle. In the critically ill, exagger-
ated respiratory stresses and limited circulatory reserve
magnify these normal responses. Medical interventions,
such as positive pressure ventilation, positive end-expi-
ratory pressure, and cardiopulmonary resuscitation intro-
duce additional situations where the two systems can
interact. Systematic consideration of a few basic stresses,
modified by reflex responses, can allow the astute physi-
cian to understand, anticipate, or prevent effects that
would otherwise appear baffling.
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