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Introduction

A primary goal of the cardiopulmonary system is to con-
tinuously deliver adequate amounts of oxygen (O,) to
meet the metabolic demands of the organism. Persistent
tissue hypoperfusion results in end-organ dysfunction
and death. Preventing initial tissue dysoxia by optimiz-
ing cardio-pulmonary function in post-operative surgi-
cal patients at risk for the development of multiple or-
gan failure substantially increases the changes of a suc-
cessful outcome [1]. Often such optimization requires
the use of artificial mechanical ventilation, invasive
monitoring and potent pharmacological therapies. Al-
though artificial ventilation, in particular, may improve
pulmonary gas exchange and restore arterial blood
acid-base balance in those in whom it was previously de-
ranged, it may also disrupt an already fragile hemody-
namic balance developed in response to these distur-
bances. Presently, clinical practice defends a therapeutic
approach which favors maintaining a minimal level of
systemic O, delivery to tissues so as to prevent tissue hy-
poxia. In practice this is accomplished by maintaining
cardiac output and arterial perfusion pressure with the
patient in a stable metabolic condition. Ventilation may

modify all of these processes. Thus, an understanding of
cardiopulmonary interactions is central to the effective
implementation of intensive care treatment programs.

Fundamentals of heart-lung interaction

Ventilation and ventilatory maneuvers can have pro-
found cardiovascular effects which can be either benefi-
cial or detrimental. The reader is referred to several re-
cent in-depth reviews on this subject for a fuller discus-
sion of the foundations of heart-lung interactions [2-4].
In this review, we shall first define the known processes
involved in clinically-relevant heart-lung interactions,
discuss the present-day limitations in applying this
knowledge at the bedside and them explore recently de-
scribed and potential future methods of both assessing
heart-lung interactions and using them at the bedside
to diagnose cardiovascular insufficiency.

Both spontaneous ventilatory efforts and passive
IPPV can support tidal breathing. Both alter lung vol-
ume and intrathoracic pressure (ITP). Although lung
volume increases above a resting end-expiratory level
with both forms of ventilation, the swings in ITP are op-
posite in the two modes of ventilation. Thus, most
hemodynamic differences between spontaneous venti-
lation and intermittent positive-pressure ventilation
(IPPV) reflect differences in ITP and the energy neces-
sary to create these swings. Importantly, since changing
lung volume can profoundly alter pulmonary vascular
resistance and capacitance and at high lung volumes
may compress the heart in the cardiac fossa, its hemody-
namic effects can not be dismissed. Accordingly, chan-
ges in both lung volume and ITP need to be considered
when assessing the hemodynamic effects of either spon-
taneous ventilation or IPPV [5]. All hemodynamic ef-
fects of ventilation can be simply grouped into processes
that affect left ventricular (LV) preload, contractility
and afterload.
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Preload: Clinically, LV preload is synonymous with LV
end-diastolic volume (EDV). By the Frank-Starling
mechanism, increases in LV EDV should increase car-
diac output and vice versa. The two primary mecha-
nisms by which LV EDV may be altered is by varying ei-
ther systemic venous return or LV diastolic filling. If
systemic venous return decreases, for example, then
LV EDV must eventually decrease as well. However,
changes in systemic venous return may also alter LV di-
astolic compliance, by modifying the relationship be-
tween distending pressure and volume. LV diastolic
compliance can be altered by changes in right ventricu-
lar (RV) EDV, by the process of ventricular interdepen-
dence [6, 7]. Since both ventricles share a common inter-
ventricular septum and are housed in a common pericar-
dial sac which limits maximal bi-ventricular volume, in-
creases in RV EDV will make the left ventricle less
able to distend. Similarly, decreasing RV EDV will in-
crease LV diastolic compliance.

How then may ventilation alter LV EDV? Since the
vena cavae and right atrium are within the thorax, in-
creasing I'TP will cause a directionally similar increase
in right atrial pressure (Pra) when measured relative to
atmospheric pressure. Pra is the back pressure to sys-
temic venous return. However, the downstream pres-
sure for venous return, referred to as mean systemic
pressure, senses atmospheric pressure as its background
pressure. Selective increases in Pra will reduce the driv-
ing pressure for venous return. Thus, the primary effect
of IPPV is to increase ITP impeding venous return by
increasing Pra. If this fall in venous blood flow is sus-
tained then LV EDV must ultimately be reduced, thus
decreasing cardiac output by decreasing LV preload
(Fig.1).

Increases in ITP decrease venous flow by inducing a
parallel increase in Pra, decreasing the pressure gradi-
ent for venous return. Although some recent data sug-
gest that the pressure gradient for venous return may
not decrease as much, because intra-abdominal pressure
also rises [8], during IPPV inspiration venous return a
decrease is seen. During spontaneous ventilation, when
the inspiratory swings in both ITP and Pra become neg-
ative, venous return increases. This phenomenon is re-
ferred to as the “thoracic pump” and is an important
mechanism to maintain maximal venous return under
both resting conditions and exercise. However, if Pra
becomes very negative, as usually occurs with marked
spontaneous inspiratory efforts or in the setting of upper
airway obstruction, then venous flow becomes flow-lim-
ited because the veins collapse as they pass from ex-
trathoracic to intrathoracic domains [9]. Accordingly,
once flow limitation occurs, markedly increasing the
fall in ITP should not increase venous return more than
less negative swings in ITP (Fig.1).

Similarly, lung distention above normal resting lung
volume will increase pulmonary vascular resistance and
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Fig.1 Effect of changes in intrathoracic pressure (ITP) on the bal-
ance between venous return and cardiac output as shown on the
cardiac output (venous return) to right atrial pressure relation. Ve-
nous return decreases linearly as right atrial pressure increases
above 0 mm Hg. However, as right atrial pressure decreases below
atmospheric pressure its maximal flow is limited by venous col-
lapse. Left ventricular (LV) output increases progressively as fill-
ing pressure increases (Starling’s Law of the Heart) whereas chan-
ges in ITP shift the LV function curve in a parallel fashion on the
venous return curve. Decreases in ITP minimally increase cardiac
output while increases in ITP may profoundly decrease cardiac
output

at high lung volumes will compress the heart in the car-
diac fossa. Both of these processes can reduce LV
EDV, but by different mechanisms. As lung volume in-
creases, the small pulmonary vessels become increas-
ingly compressed as they traverse the space between
the interstitial compartment and enter the alveolar wall
due to the obligatory difference in surrounding pressure
between the interstitium, which approximates I'TP, and
the alveoli, which approximates airway pressure. Since
the pressure gradient determining lung distention, or
transpulmonary pressure is equal to airway pressure mi-
nus ITP, as lung volume increases this extravascular
pressure difference between the interstitium and the al-
veoli increases proportionally. When transpulmonary
pressure exceeds pulmonary artery pressure the vascu-
lature will collapse, thus limiting flow. Likewise, de-
creases in lung volume will also increase pulmonary va-
somotor tone, but as a result of nitric oxide-dependent
hypoxic pulmonary vasoconstriction.

Interestingly, if LV filling is limited by RV EDV, as
may occur in cor pulmonale, then IPPV inspiration by
transiently decreasing venous return [9-15], will de-
crease RV EDV [9-16] and by ventricular interdepen-
dence increase LV diastolic compliance. Thus, IPPV in-
spiration may be associated with a transient increase in
LV diastolic compliance and LV EDV increasing LV
stroke volume and arterial pulse pressure by the Frank-
Starling mechanism, if RV dilation co-exists. This phe-
nomenon is referred to as “Reversed Pulses Paradox-
us.” Furthermore, as lung volume increases above func-
tional residual capacity, pulmonary vascular resistance
increases and may impede RV ejection causing RV
ESV to increase. If venous return continues, then RV



495

EDV will increase on the subsequent beat reducing LV
diastolic compliance. Hyperinflation is common in
acute respiratory failure associated with airflow ob-
struction. In acute lung injury states, the opposite
change in lung volume occurs. Lung volumes are re-
duced because of alveolar flooding and increased inter-
stitial recoil increasing pulmonary vasomotor tone by
the mechanism of hypoxic pulmonary vasoconstriction.
Increased pulmonary vascular resistance is common in
ventilator-dependent patients with lung disease. Ac-
cordingly, measures of LV filling pressure may not re-
flect either absolute or directionally similar changes in
LV EDV if RV EDV also changes. However, when large
swings in both ITP and lung volume are minimized, ven-
tricular interdependence appears to play a minor role in
LV performance [16]. Although increasing ITP can in-
crease cardiac output in patients with heart failure,
most data suggest that decreases in both LV ESV and
LV afterload associated with increased ITP, rather than
increases in preload, account for a majority of the ob-
served improvement in cardiac output in these circum-
stances [17].

Despite these known and documented negative
hemodynamic effects of IPPV on instantaneous venous
return, numerous studies [18-27] have shown that for
the same LV filling pressure, LV EDV and presumably,
rate of venous return, increasing ITP can also increase
LV stroke volume (SV) and steady state cardiac output
by decreasing LV end-systolic volume (ESV). This
IPPV-associated cardiac augmentation is usually appre-
ciated when LV contractility is impaired and intravascu-
lar volume is expanded. In these conditions, although
IPPV decreases LV volumes, ESV decreases more than
EDV [17]. Based on the above model, the ultimate
hemodynamic effect of ventilation represents the bal-
ance of forces which alter LV EDV and ESV.

Contractility and afterload: If LV ejection is a dynamic
process wherein contractile elements increase their ten-
sion and shorten whenever possible over a predefined
interval which encompasses myofibril length, developed
tension, rate of shortening and time. If LV outflow pres-
sure were to suddenly increase, the LV would not eject
as much of its SV as it might if the ejection pressure
were lower. The relationship between varying LV ejec-
tion pressure and LV ESV appears to be independent
of LV EDV and is called the LV end-systolic pressure-
volume relationship (ESPVR). This relationship is im-
portant in analyzing the effects of ventilation on cardiac
function because it allows the observer to separate out
the effects of ventilation on both contractility and after-
load. LV contractility varies quantitatively with the
slope of the LV ESPVR [28]. Increases in LV contractil-
ity increase the LV ESPVR slope, whereas decreases in
contractility are associated with a decrease. Similarly, if
contractility is unaltered but afterload varied, then

a b [

Elastance-Defined
Potential
‘Work

LV Pressure
LV Pressure
PVA

LV Volume LV Volume MVO,

Fig.2 alInter-relation between left ventricular (LV) pressure and
volume during one cardiac cycle (stroke work), and the potential
energy (PE) defined by the end-systolic elastance to the left of it.
b The sum of stroke work and PE being defined as the pressure-
volume area (PVA). c Relation between PVA from second graph
and myocardial O, consumption (MVO,). Note that MVO, is lin-
early related to PVA such that increases in either stroke work or
PE will increase MVO,

both LV ESV and end-systolic pressure will co-vary but
along the line described by the ESPVR. Clinically, these
concepts play an important role in defining myocardial
energetics and risk of developing myocardial ischemia
because both absolute LV ESV and the slope of the LV
ESPVR have primary importance in determining myo-
cardial O, demand (MVO,). As shown by Suga et al.
[28] MVO, is not proportional to LV stroke work (the
area inside the LV pressure-volume loop of one cardiac
cycle) alone, but also includes an internal work charac-
terized by the ESPVR-defined “triangle” subserved by
the ESPVR, ESV and diastolic compliance, also known
as elastance-defined potential work. These points are
described in Fig.2. The sum of LV stroke work plus the
ESPVR-defined potential work triangle, the pressure-
volume area, known as (PVA) is proportional to
MVO,. Any process that reduces PVA will reduce
MVO, and vice versa.

How then may ventilation alter LV PVA? Since LV
ejection pressure is equal to the pressure gradient from
inside the LV wall to the outside, where inside pressure
during ejection can be approximated to arterial pressure
and outside pressure can be approximated to ITP, iso-
lated changes in ITP will inversely alter LV ejection
pressure. Increasing I'TP, as may occur during IPPV in-
spiration will decrease LV ejection pressure. Decreasing
LV ejection pressure for a constant LV EDV will de-
crease both ESV and PVA but not alter the slope of the
LV ESPVR, whereas spontaneous ventilation by de-
creasing ITP increases both PVA and MVO,. If IPPV
increased LV contractility, then it should be reflected
by an increase in the slope of the LV ESPVR [28]. Po-
tentially IPPV could increase contractility if by reducing
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LV PVA it also reverses myocardial ischemia. However,
this scenario has not been frequently documented.
More often IPPV merely decreases LV afterload, with-
out changing contractility, such that the slope of the LV
ESPVR remains constant while ESV decreases.

In canine models of AVF induced by S-adrenergic
blockade [29] and patients with congestive heart failure
(CHEF) [30], increases in ITP increase cardiac output de-
spite decreasing LV EDV. This is analogous to periph-
eral vasodilator therapy in heart failure, in which car-
diac output increases with a minimal decrease in arterial
pressure but with a significant decrease in LV filling
pressure [27, 31, 32]. Clinical studies show that in the
setting of severe LV dysfunction with an expanded in-
travascular volume, increasing I'TP improves LV perfor-
mance and increases cardiac output despite decreasing
LV volumes [23, 24, 33], and agree with initial studies
using high frequency jet ventilation (HFJV) to minimize
lung volume changes during IPPV [18]. Thus, when LV
function is normal, rises in ITP lowers cardiac output
by decreasing LV filling pressure. When LV function is
impaired, although rises in ITP lowers LV filling pres-
sure, cardiac output increases because of the decrease
in LV afterload predominated as long as LV EDV re-
mains above a minimal value. Clinical studies support
the concept of a minimal preload threshold for in-
creased ITP-cardiac augmentation in heart failure [23,
33-35].

Using cardiac cycle-specific increases in ITP, the se-
lective effects of ITP on venous return and LV ejection
can be identified. The ventilator-induced increase in
ITP can be delivered at specific points within the cardiac
cycle and also with each beat. This is referred to as syn-
chronous (sync) HFJV in distinction to conventional
HFJV or IPPV delivered at a fixed rate not equal to
the HR [18]. The sync HFJV technique is powerful be-
cause it allows for selective examination of the effects
of increases in I'TP on specific parts of the cardiac cycle
in a steady state environment. Thus, ventricular function
and ESPVR can be assessed during selective steady
state increases in I'TP at specific points in the cardiac cy-
cle at a constant lung volume. Sync HFJV delivered
either late in diastole (following atrial systole) or in sys-
tole will not decrease LV SV relative to apneic levels
[19], even in hypovolemia [36]. This response can be
used to define preload-dependency or normal cardio-
vascular function in either animals or humans. In heart
failure states, systolic sync HFJV increases LV SV and
cardiac output to a greater amount than during diastolic
sync HFJV or apnea [19]. Sync HFJV delivered during
ejection in AVF states increases arterial pulse pressure
by selectively increasing SAP equal to the increase in
ITP. This form of reversed pulsus paradoxus can be
used to define afterload-dependency in either animals
or humans. Furthermore, coronary sinus O, saturation
increased during systolic sync HFJV, consistent with
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Fig.3 a Schematic demonstration of generation of the left ventric-
ular (LV) end-systolic pressure-volume relationship (ESPVR) by
rapid inferior vena caval (IVC) occlusion. Note that as end-dias-
tolic volume decreases, both end-systolic volume and pressure de-
crease along a pressure-volume domain. b Effect of abnormally
conducted beats (asynchronous LV contraction) on the LV ESP-
VR. Note that with progressive asynchronous contractions (LV
pacing as compared to RV pacing) the LV ESPVR is shifted fur-
ther to the right without a change in its slope

either an increased coronary blood flow, a decreased
MVO,, or both. Subsequent studies from other labora-
tories have demonstrated that the increased coronary si-
nus O, saturation was due to decreased MVO, [25].
These data are also important because they lend support
to the concept that increasing I'TP will improve LV ejec-
tion efficiency by increasing LV stroke work relative to
MVO, as discussed above.

However, the mechanism by which increased ITP in-
teracts with LV contractility independent of changes in
ejection pressure remains unclear and is probably more
complex than the process described above. LV ESV is
determined by three interdependent processes: ejection
pressure, synchrony of contraction among LV contrac-
tile elements, and the slope of the LV ESPVR [37-39].
The slope of the LV ESPVR can be altered by changes
in cardiac contractility, coronary blood flow, sympa-
thetic tone, and heart rate [38, 40, 41] all of which may
be influenced by ventilation. Furthermore, to the extent
that parallel segments of contracting myocardium do
not contract synchronously, global LV ejection effi-
ciency will be impaired and the LV ESPVR will be shif-
ted to the right in a parallel fashion with pressure on the
X axis in a manner analogous to that seen with ventricu-
lar paced beats which increase asynchrony of contrac-
tion [42]. When LV pacing is done from increasingly
asynchronous regions (LV versus RV) the ESPVR shifts
further to the right without a measurable change in
slope (Fig.3). This scenario commonly occurs in is-
chemic heart disease as manifest by regional wall mo-
tion abnormalities. To the extent that asynchronous seg-
ments are brought into alignment with the remainder of
the ejecting heart, LV ESV decreases augmenting LV
ejection and decreasing MVO,. One mechanism by
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which delayed segmental contraction can be reversed is
by reducing LV ejection pressure. Relevant to this argu-
ment, we recently showed that increases in synchrony of
contraction among regions of myocardium will induce a
parallel shift of the ESPVR to the left [43], thereby de-
creasing MVO,.

Since ejection is coupled to arterial pressure through
SV and ITP, as described above, the effects of ventila-
tion on LV ejection can be analyzed from the perspec-
tive of the circulation by examining the behavior of the
systolic arterial pressure (SAP) during ventilation. Spe-
cific IPPV-associated changes in systolic arterial pres-
sure may characterize preload or afterload-dependency.
The group headed by Perel demonstrated that when
compared with an apneic baseline, SAP decreased
more during IPPV in hypovolemic dogs than in fluid re-
suscitated dogs [44]. Presumably due to an associated
LV EDV decrease, IPPV increased SAP during fluid-
resuscitated AVF analogous to the “reversed pulsus
paradoxus” described in patients with CHF [45]. Whe-
ther or not LV SV increases during IPPV inspiration is
uncertain and its mechanisms unclear. Potentially, LV
SV could increase, either from a rise in LV filling (in-
creased end-diastolic volume) or a decrease in LV ejec-
tion pressure. LV end-diastolic volume could increase
during inspiration by an increase in pulmonary venous
blood flow, as alveolar vessels are squeezed by the in-
creasing transpulmonary pressure [46], or by an in-
crease in LV diastolic compliance, as RV EDV de-
creases owing to the fall in systemic venous return to
the right ventricle. Both LV afterload and ESV could
decrease, if inspiration-associated increases in ITP de-
creases transmural LV ejection pressure [29]. However,
changes in SAP during IPPV could involve processes in-
dependent of changes in LV preload or afterload. SAP
could vary during IPPV because of direct transmission
of ITP to the aorta, similar to a Valsalva maneuver. In-
spiration would increase SAP similar to the initial phase
(phase 1) of a Valsalva maneuver [47]. SV would even-
tually decrease, because of the associated fall in venous
return [48], although SAP would remain elevated as
long as ITP remained high. Most importantly, however,
the increase in SAP would be in phase with inspiration,
whereas any decrease would not. Furthermore, SAP
could fall during IPPV expiration because of the with-
drawal of ITP-supported arterial pressure in the setting
of decreased aortic blood volume. Here the fall in SAP
would invariably follow inspiration, but need not reflect
a decrease in LV SV. Furthermore, these ventilation-as-
sociated changes in SAP need not be related to changes
in LV volume, nor be influenced by the level of LV con-
tractility, but would reflect only the changes in ITP. Im-
portantly, all these hypotheses, though attractive have
never been validated by analysis of IPPV-induced chan-
ges in either LV EDV or ESV.

Limitations in our understanding
of the effects of ventilation on LV performance

Although ventilation and ventilatory maneuver have
profound hemodynamic effects, a practical clinical ap-
proach to understanding these interactions still eludes
us primarily because of difficulties in estimating LV
EDYV, uncertainties of the relationship between global
and regional myocardial function, and defining the lim-
its of cardiac augmentation or impairment by changing
ITP. The primary issues which are unresolved regarding
the interaction between ventilation and cardiac ejection
performance can be summarized as: 1) the effect of ven-
tilation and ventilatory maneuvers on LV EDV, and
2) the effect of increases in ITP on LV ESPVR and LV
ejection synchrony, and 3) the limits of these interac-
tions. The practical problem is to define and measure ac-
curately LV pressure and volume in a non-invasive
fashion during ventilation in the clinical setting. From
the above discussion at least one thing should be clear:
the mechanisms by which LV function is altered during
ventilatory maneuvers in any given subject remains con-
troversial [49-57]. Several factors described above may
explain the cardiopulmonary dysfunction observed clin-
ically, including hypoxia-induced myocardial dysfunc-
tion [54], RV failure with RV chamber enlargement lim-
iting L'V filling (ventricular interdependence) [6, 58-61],
and ventilation-associated changes in ITP, which by al-
tering the pressure gradient for systemic venous return
and transmural LV pressures, change LV preload and
afterload [55].

Conceptually, ventilation induces cyclic changes in
lung volume and intrathoracic pressure (ITP). Changes
in I'TP should affect the pressure gradients for both sys-
temic venous return [9-12, 14, 15, 62] and LV ejection
[63-65]. The resulting cardiac output will depend on
the degree to which LV ejection is dependent on EDV
and ejection pressure. Increasing lung volume can in-
crease pulmonary vascular resistance thus impeding
right ventricular (RV) ejection and at high lung volumes
may compress the heart in a fashion analogous to tam-
ponade. When LV function is normal, increased ITP de-
creases cardiac output by decreasing LV preload
(Fig.4). When cardiac contractility is reduced, increased
ITP may increase cardiac output by decreasing LV af-
terload despite decreasing LV preload, in a manner si-
milar to systemic vasodilator therapy (Fig.5). Accord-
ingly, the hemodynamic consequences of ventilation
are considered to reflect the combined actions of in-
creasing lung volume and changing ITP on both ventric-
ular filling (EDV), and ejection (ESV). Those actions
plus any work cost of breathing define the cardiovascu-
lar stress of either spontaneous or positive-pressure ven-
tilation. Unfortunately, this simplistic approach does not
accurately model the balance of forces determining
heart-lung interactions nor does it explain commonly
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Fig.4 Relation between left ventricular (LV) pressure and volume
as intrathoracic pressure (ITP) increases (shaded arrows) or de-
creases (open arrows) when LV contractility is normal, as defined
by the LV end-systolic pressure-volume relation (ESPVR). Note
that decreases in ITP increase LV end-diastolic volume more than
they increase end-systolic volume causing LV stroke volume to
rise. Whereas increases in ITP decrease LV end-diastolic volume
more than they decrease end-systolic volume causing LV stroke
volume to fall

Increased
LV Ejection
Pressure

Increased
LV Preload

LV Pressure(mm Hg)

LV volume (mL)

Fig.5 Relation between left ventricular (LV) pressure and volume
as intrathoracic pressure (ITP) increases (shaded arrows) or de-
creases (open arrows) when LV contractility is reduced, as defined
by the LV end-systolic pressure-volume relation (ESPVR). Note
that decreases in ITP increase LV end-diastolic volume less than
they decrease end-systolic volume causing LV stroke volume to
fall. Whereas increases in ITP decrease LV end-diastolic volume
less than they decrease end-systolic volume causing LV stroke
volume to rise

seen and clinically relevant hemodynamic effects of
ventilation and weaning from ventilation for three im-
portant reasons which form the basis of recent and on-
going studies in both animals and humans.

This simple analysis breaks down at several points.
First, the hemodynamic effects of positive and negative
swings in ITP may not be mirror images of each other.
Markedly negative swings in ITP do not increase venous
return more than less negative swings in ITP, because
venous return becomes flow-limited as ITP becomes
more negative by more then —5 cm H,O owing to ve-
nous vascular collapse [17] (Fig.1). However, increas-
ingly negative swings in ITP will progressively increase

LV ejection pressure and imped LV ejection. Accord-
ingly, abolishing large negative I'TP swings should selec-
tively reduce LV afterload without impairing venous re-
turn, thus improving LV performance and cardiac out-
put. As shown in Fig.4 and 5, decreasing ITP (white ar-
rows) will decrease LV SV, and increase PVA and there-
fore, MVO,. On the other hand, increases in ITP (gray
arrows) should progressively and continually impede
venous return to zero, proportionally reducing LV
EDV. However, increasing ITP should only improve
LV ejection to a limited degree because LV ESV can
only decrease so much before it reaches some minimal
volume, owing to the relative steepness of the LV ESP-
VR. It follows that the magnitude of change in LV ejec-
tion by increases and decreases in ITP are inversely pro-
portional to contractility. Although unproved, this as-
sumption has important clinical relevance. Increased
ITP compromises LV preload by decreasing systemic
venous flow [9-13, 18, 66], intrathoracic blood volume
[18, 67], and LV EDV [55, 60, 68]. Although sustained
increases in I'TP must be self-limiting in their ability to
augment cardiac function by reducing LV afterload be-
cause of associated decreased venous return, therapeu-
tic maneuvers that selectively abolish markedly nega-
tive swings in ITP should selectively reduce LV after-
load without altering either LV EDV or organ perfusion
pressure, even in the setting of hypovolemia. Consider-
ing that large negative swings in ITP commonly occur
with spontaneous inspiration during severe asthma, re-
strictive (pulmonary fibrosis, pulmonary edema) and
obstructive lung disease, a better ventilatory approach
to these problems may lead to a more rational clinical
management of patients with lung disease. Similarly, in-
creasing I'TP should ony increase cardiac output if ve-
nous return is not reduced. This hypothesis, however, re-
mains to be proven.

Second, if changes in venous return and ejection
pressure were the only forces determining heart-lung in-
teractions, then the application of 5cm H,O positive
end-expiratory pressure (PEEP) or continuous positive
airway pressure (CPAP) would not induce much hemo-
dynamic perturbation because the increases in I'TP and
lung volume would be small. However, numerous clini-
cal and animal studies consistently demonstrate im-
provement in cardiac output during heart failure at
these low levels of PEEP or CPAP. Furthermore, even
when IPPV does significantly increase I'TP, the decrease
in LV ESV often exceeds amounts predicted solely by
the reduction in LV ejection pressure. An attractive the-
ory explaining the beneficial effects of low levels of in-
creased airway pressure in heart failure evokes mechan-
ical compression of the heart by the lungs in the cardiac
fossa via two distinct processes. First, compression of
an over-distended RV improving LV filling, and second,
by compression of bulging surfaces of the LV free wall
associated with regional wall motion abnormalities
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(RWMA) tending to make asynchronous LV regions
ejection more efficient. The former effect would selec-
tively increase LV diastolic compliance, whereas the lat-
ter would shift the LV ESPVR, as a marker of contrac-
tility, to the left, with volume on the X axis, without a
change in its slope (no change in contractility). Thus, to
the extent that ITP-induced changes in LV ejection
pressure summarize or disperse the phase relation of
shortening among parallel LV contractile elements,
ejection efficiency will increase and LV volumes de-
crease. Since MVO, is proportional to the pressure-vol-
ume area (Fig.2), increased synchrony should increase
LV ejection efficiency. Neither of these hypotheses has
been proven but both can be easily tested using new
measuring techniques.

Third, many patients with otherwise adequate respi-
ratory mechanical reserve fail to wean from mechanical
ventilatory support. Since spontaneous ventilation the
works muscules it places an increased stress on the car-
diovascular system. Thus, such ventilator-dependent pa-
tients may have inadequate cardiac reserve which could
be corrected by increasing LV function (e.g. increased
inotropy, afterload reduction). Thus, we hypothesize
that contractile reserve and associated visceral organ
perfusion may be useful predictors of which patients
need IPPV and which need increased inotropic support
to facilitate weaning. Marked negative swings in ITP
commonly occur in subjects in acute respiratory distress.
Inspiration against a partially or totally occluded airway
markedly decreases ITP, raising LV afterload rapidly
and leading to acute pulmonary edema [69-77]. During
acute asthmatic attacks in children, peak negative ITP
can be — 40 cm H,O and mean tidal ITP maintained be-
tween — 24 and -7 cm H,O [20] increasing both LV af-
terload [63] and systemic venous return [10] and pro-
moting the formation of pulmonary edema. Additional-
ly, changing from spontaneous to IPPV during acute
myocardial infarction by unloading the LV decreases
electrocardiographic (ECG) evidence of myocardial is-
chemia [49]. Importantly, this beneficial effect occurs
only after the negative swings in ITP are abolished [34,
35]. In fact, as shown by Lemaire et al., ITP-induced
LV failure can occur immediately (< 5 min) upon cessa-
tion of ventilatory support in patients with LV dysfunc-
tion [78]. In that study, mean esophageal pressure, as a
surrogate for ITP, decreased from 5%3 to -
2 £3 mmHg and acute LV failure rapidly developed as
evidenced by a rise in pulmonary artery occlusion pres-
sure from 8+5 to 25+ 13 mmHg. Thus, severe life
threatening LV dysfunction can rapidly develop, un-
masking occult LV failure during the initiation of spon-
taneous breathing. Furthermore, spontaneous ventila-
tion can be thought of as an exercise stress test. Those
with limited cardiovascular reserve may not be able to
sustain spontaneous ventilation. Mohsenifar et al. [79]
assessed the effect of weaning on gastric pHi, as a mar-

ker of splanchnic blood flow, in 29 ventilated patients
deemed ready for weaning. Patients who could not be
weaned had a substantially reduced gastric intramucosal
pH (pHi) from 7.36 during IPPV to 7.09 during weaning.
Patients who were successfully weaned showed no
change in pHi (7.45 to 7.46). Thus, occult cardiovascular
insufficiency may play a major role in the development
of failure to wean in critically ill patients. If cardiovascu-
lar insufficiency is a major determinant of weaning suc-
cess, then it would explain the poor predictive value of
traditional weaning parameters. Considering cardiovas-
cular status in the assessment of ventilator-dependent
patients may improve predictive power and suggest spe-
cific therapeutic interventions.

Clinical implications of these frontiers of research: The
supposition that removing large negative swings in ITP
should selectively decrease LV ejection pressure with-
out altering LV preload is relevant to many disease
states, such as asthma, ARDS and upper airway ob-
struction, all of which are associated with profoundly
negative swings in ITP during spontaneous ventilation.
Unlike other forms of afterload reduction therapy,
since arterial pressure should not be decreased by re-
moving negative swings in I'TP, organ perfusion pres-
sure should be not be reduced. Improving LV ejection
effectiveness by increasing airway pressure by reducing
asynchrony of myocardial contraction should reduce is-
chemic myocardial dysfunction. Regional wall motion
abnormalities are the most common cardiac abnormal-
ity and some degree of asynchrony occurs in normal
hearts. Thus, increasing the synchrony of myocardial
contraction would represent a novel mechanism by
which LV ejection could be improved without increas-
ing MVO,. Finally, spontaneous ventilation is an exer-
cise stress test, and weaning to spontaneous ventilation
will induce LV dysfunction in patients with minimal
LV contractile reserve. Many patients presently unable
to be weaned from mechanical ventilation may have a
primary cardiovascular etiology to their ventilator de-
pendency.

Future studies

Clearly, a major limitation in the investigations of heart-
lung interactions in both animal models and man is the
inability to accurately measure changes in LV volumes
not between steady-state apneic systole and diastole,
but throughout the entire ventilatory cycle, and cardiac
cycle and from one region of the heart to another. Ac-
cordingly, several workers have focused on defining
and validating novel monitoring techniques which can
assess LV volumes across a variety of conditions [80-
83]. These methodologies include on-line analysis of
two-dimensional echocardiographic images, conduc-
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tance catheter-derived signals and complex ventricular
mechanical modeling.

However, methods of assessing LV volumes and per-
formance have their limitations. Cineangiography dye
alters LV contractility [84] and both intramyocardial
markers [63] and ultrasonic crystals [43] represent high-
ly invasive procedures which may alter heart-lung inter-
actions and baseline cardiac function. Conductance
catheter technology [82] and echocardiographic meth-
ods [80] are relatively new techniques which represent
an apparent compromise between invasion and power
in assessing LV function.

Conductance catheter: The conductance catheter accu-
rately reflects volumes [85, 86] and when interfaced
with a LV pressure signal allows construction of LV
pressure-volume loops and LV ESPVR [86]. Recently,
it has been used to measure both RV and LV pressure-
volume relationships simultaneously in rabbits and pig-
lets [82, 87]. This technique relies on the conductivity
of blood in a closed space. Briefly, the volume of blood
measured between two sensing electrodes can be con-
sidered to be a cylinder bounded by the endothelial sur-
faces, and change in conductance over time reflects
change in volume through a relation which includes ra-
tios of conductances, electrode spacing and empirical
coefficients for each catheter type.

Several factors independent of actual changes in LV
blood volume may alter the conductance volume signal.
If they are to be used to assess heart-lung interactions,
the relative independence of the catheter from this con-
founding variable must be documented. Variances in the
sensed volume may arise from parallel conductance at-
tributable to the surrounding myocardium, right ven-
tricular blood pool and lung structure. Since lung tissue
is primarily air-filled and low in conductivity, changes
in lung volume probably do not alter LV conductance.
Unpublished data from our laboratory documents this
by demonstrating no change in volume signal in an asys-
tolic dog during mechanical ventilation. Furthermore,
IPPV inspiration appears to selectively reduce RV
EDV and minimally affect LV volumes [88]. The pres-
ence or absence of the pericardium does not alter this
effect, suggesting that IPPV decreases RV EDV by in-
creasing ITP and not by stretching the pericardium [89].

Data gained from conductance catheters can be anal-
yzed in novel ways that may extent its usefulness in as-
sessing heart-lung interactions based on the above theo-
retical constructs. The LV is modeled by the catheter as
a series of parallel discs stacked upon each other such
that their inphase regional ejections are summarized to
derive overall LV volume. Preliminary data in dogs
shows that different LV regions display a small degree
of asynchrony, such that they do not all reach minimal
volume at the same time. This is illustrated for a canine
model in figure 6 a. Interestingly, when this animal was
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Fig.7 Effect of progressive increases in CPAP on the left ventricu-
lar (L'V) pressure-volume relation during inferior vena caval occlu-
sion to define the end-systolic pressure volume relation (ESPVR).
Note that increasing CPAP from 0 to 5 cm H,O shifts the ESPVR
to the left without changing stroke volume, whereas further in-
creases in CPAP do not alter the position of the LV ESPVR but
decrease LV volumes

given 5 cm H,O CPAP the asynchrony was eliminated.
If asynchrony impairs LV ejection, its removal should
improve LV ejection efficiency. Based on the data de-
scribed previously in figure 3, one would expect the LV
ESPVR to shift to the left with the addition of CPAP. In-
deed, as shown in figure 7, the addition of 5cm H,O
CPAP shifts the ESPVR to the left of the zero CPAP re-
lation. Note that apneic LV SV is preserved, which
based on the PVA data shown in figure 1 represents an
increase in LV ejection efficiency. This analysis also
demonstrates why higher levels of CPAP in normal con-
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ditions may decrease cardiac output. Higher levels of
CPAP decrease EDV more than ESV decreases SV,
without any further ESPVR shift. Since regions of the
myocardium that reach minimal volume before LV
end-systole eject too early, and those that reach it after
global end-systole eject too late, their effective contri-
bution to LV SV is less than their maximal regional vol-
ume change.

Echocardiography: Gorcsan et al. validated a novel au-
tomated border detection (ABD, acoustic quantifica-
tion) algorithm for transesophageal echocardiography
(TEE) to measure on-line LV areas in both dogs [90]
and humans [80]. Briefly, acoustic quantification for
TEE ABD uses the radio-frequency signals received
which are analyzed separately from the standard 2D
processing and converted to a power signal. This signal
is smoothed, integrated and submitted to an edge detec-
tion algorithm by comparing it to an operator-adjusted
threshold level, displayed on the video monitor and dig-
itized for continuous on-line measures of LV area [90].
TEE ABD reflects LV volumes and can be used to
assess contractility on-line in both dogs and humans in
a highly sensitive and specific fashion [80, 91, 92]. Fur-
thermore, one need only measure arterial pressure and
LV area to accurately assess contractility and systolic
function in humans since systolic LV and arterial pres-

sure vary in a similar fashion during ejection [90]. Using
TEE ABD, Gorcsan et al. [93] addressed the issue of
parallel conductance and measurement reliability. They
found that conductance catheter and TEE ABD-de-
rived LV volumes varied similarly during both inferior
vena caval occlusion, when RV volumes were low, and
caval release, when RV volumes were high. It will be in-
teresting to see if TEE ABD as a non-invasive monitor
of LV volume, when coupled with arterial pressure re-
cording, will permit the near total non-invasive analysis
of heart-lung interactions at the bedside. Clearly, the de-
velopment of this and other novel techniques will ex-
tend both our understanding of ventricular function
and heart-lung interactions clinically beyond that de-
fined by highly invasive techniques in the artificial envi-
ronment of the operating room or animal laboratory.

The three limitations of our application of heart-lung
interaction at the bedside are becoming smaller, but still
exist. Once these more complex and perhaps subtler in-
teractions are better delineated, a more rational ap-
proach to the management of the clinically ill ventila-
tor-dependent patient may occur. Finally, to the extent
that changes in SV or SAP during IPPV and spontane-
ous ventilation can identify preload or afterload depen-
dency, rapid and repetitive techniques can be developed
for the bedside assessment of the functional cardiovas-
cular status of the critically ill patient.
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