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Abstract

The need to provide invasive mechanical ventilatory support to patients with myocardial infarction

and acute left heart failure is common. Despite the large number of patients requiring mechanical

ventilation in this setting, there are remarkably few data addressing the ideal mode of respiratory

support in such patients. Although there is near universal acceptance regarding the use of non-

invasive positive pressure ventilation in patients with acute pulmonary oedema, there is more

concern with invasive positive pressure ventilation owing to its more significant haemodynamic

impact. Positive end-expiratory pressure (PEEP) is almost universally applied in mechanically

ventilated patients due to benefits in gas exchange, recruitment of alveolar units, counterbalance of

hydrostatic forces leading to pulmonary oedema and maintenance of airway patency. The limited

available clinical data suggest that a moderate level of PEEP is safe to use in severe left

ventricular (LV) dysfunction and cardiogenic shock, and may provide haemodynamic benefits as

well in LV failure which exhibits afterload-sensitive physiology.

INTRODUCTION

Acute left heart failure is a well-documented complication of acute myocardial infarction

(MI).1 Acute MI is complicated by cardiogenic shock in 5%–10% of the cases23 and by

pulmonary oedema in up to 40% of the patients admitted to the intensive care unit (ICU).2

The need to provide non-invasive or invasive mechanical ventilatory support to patients in

acute left heart failure is common due to acute hypoxemic respiratory failure, increased

work of breathing, electrical instability and the need to perform percutaneous or surgical

interventions.1 The requirement for mechanical ventilation in acute MI is independently
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associated with high mortality, as are the degree of ventilatory support and severity of

hypoxaemia.24 The mortality in patients with acute MI who require mechanical ventilation

is consistently reported at or above 50%2–4 compared with the overall mortality of 10%–

25% in subjects with acute MI admitted to the ICU.5

Despite the large number of patients requiring mechanical ventilation in the setting of acute

MI, there are remarkably few data addressing the ideal mode of respiratory support in such

patients. This is especially surprising given the well-recognised haemodynamic effects of

positive pressure ventilation (PPV); in these individuals with tenuous haemodynamic status,

inappropriate ventilation settings could have severe deleterious effects. Moreover, recent

reviews on the subject tended to focus on theoretical and physiological investigations rather

than clinical studies.67 This paper will summarize the available clinical evidence on

mechanical ventilation with positive end-expiratory pressure (PEEP) in patients with acute

MI complicated by haemodynamic instability and cardiogenic shock. We hope to be able to

recommend guidelines for safe and effective practice.

PEEP IN MECHANICAL VENTILATION

PEEP refers to an adjunct to PPV in which the alveolar pressure is maintained above

atmospheric pressure (usually by 5–15 cm H2O) at the conclusion of expiration. PEEP is

almost universally applied in mechanically ventilated patients due to benefits in gas

exchange, recruitment of alveolar units, counterbalance of hydrostatic forces leading to

pulmonary oedema and maintenance of airway patency.8–12 However, there are exceptions

to this general rule of using PEEP, particularly in a tenuous patient where there is concern

that increased intrathoracic pressure will worsen a patient’s haemodynamic stability or

where the risk of pulmonary barotrauma is high.1314

The past two decades have produced a plethora of research clarifying the utility and safety

of PEEP. Prospective randomised controlled trials have shown that high, yet controlled,

levels of PEEP can be safely used in patients with acute respiratory distress syndrome

(ARDS).15 The general consensus maintains that complications of PEEP, particularly

barotrauma, dynamic hyperinflation and auto (intrinsic) PEEP, can be avoided by carefully

monitoring the tidal volumes, peak and plateau pressures and transthoracic pressure

gradients.13 Thus, maintaining at least a small degree of PEEP remains a consensus

recommendation for most mechanically ventilated patients.13

While a small amount of PEEP (3–5 cm H2O) is beneficial in the majority of cases, higher

levels of PEEP may be necessary in specific subsets of mechanically ventilated patients,

such as those with ARDS, in whom pulmonary compliance is reduced and, thus, recruitment

of collapsed alveoli and reversal of atelectasis are critical. In addition, early studies on

patients with pulmonary oedema established that PEEP can shift fluid from alveoli and the

interstitial space back into the circulation, thereby reducing the degree of intrapulmonary

shunting and improving oxygenation.1016
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HAEMODYNAMIC EFFECTS OF PPV

Although PEEP can have varied haemodynamic effects in all patients requiring mechanical

ventilation, it is of great concern in patients with acute MI or acute left heart failure due to

potentially deleterious effect on cardiac output (CO) and systemic perfusion. In fact, the

most frequent objection to using PEEP is due to fear that it will worsen CO and

haemodynamic stability.17

Early investigations of the effects of invasive PPV in animals and in patients with other

underlying pathologies, such as the ARDS, found that PEEP exerted unfavourable

haemodynamic effects such as diminishing venous blood return,18–20 increasing right

ventricular (RV) afterload,21 decreasing left ventricular (LV) filling and depressing CO and

overall organ perfusion (See figure 1).22–27 These data were extrapolated to patients with

cardiogenic shock, and avoidance of mechanical ventilation and/or early extubation was

initially recommended in that patient subset.17

However, these data were by no means conclusive in cardiogenic shock, as other studies did

not indicate that PPV had detrimental effects on LV function28–30 and showed that,

conversely, PEEP decreased LV oxygen demand and improved oxygen delivery to the

ischaemic myocardium, as evidenced by a decreased intracardiac lactate production.31 Thus,

the theoretical concerns that emerged from earlier physiological studies were not

consistently reproduced in the clinical setting.32 This is likely due to the varied models,

conditions and measured variables found in the laboratory compared with observations in

vivo.

A number of mechanisms for the haemodynamic improvement observed with positive

pressure mechanical ventilation and PEEP include reduced LV afterload due to decreased

transmural (or transthoracic) pulmonary pressure;33–37 reduced LV preload thereby

unloading the congested heart38; decreased work of breathing and overall metabolic

demand;3940 reversal of hypoxia-related pulmonary vasoconstriction; and improved

oxygenation that may optimise oxygen supply to the stressed myocardium (See figure

2).4142 These haemodynamic effects are of great advantage to the dysfunctional LV that is

both extremely sensitive to changes in afterload and subject to oxygen delivery that is below

its metabolic demand. In contrast, the normal LV is predominantly preload-dependent.

Therefore, the reduction in preload via decreased venous return with PPV may have a more

prominent effect in the normal heart than afterload reduction thereby decreasing CO (see

table 1).1443–45

NON-INVASIVE PPV IN CARDIOGENIC PULMONARY OEDEMA

Non-invasive PPV, either via continuous positive airway pressure or bilevel positive

pressure support ventilation (commonly referred to by its trade name BiPAP, Respironics

Inc, Murrysville, Pennsylvania, USA) has been shown to improve haemodynamics,

respiratory function and oxygenation in patients with acute systolic heart failure and

pulmonary oedema compared with oxygen therapy alone.46–51 Moreover, the use of non-

invasive ventilation in randomised prospective trials was associated with lower rates of

intubation and improved 30-day mortality464951 compared with oxygen therapy alone.48
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Results have been similar in patients with systolic heart failure secondary to acute MI4750 or

heart failure with preserved ejection fraction.5253 Thus, non-invasive PPV has found

widespread acceptance in the management of acute symptomatic left heart failure, and

would ostensibly have similar haemodynamic effects as its invasive counterpart.

INVASIVE PPV IN SEVERE SYSTOLIC HEART FAILURE

Although there is near-universal use of non-invasive PPV in patients with acute pulmonary

oedema, there is more concern in employing invasive PPV with PEEP in this clinical

scenario owing to its potentially significant haemodynamic impact. However, a number of

reports in patients with severe LV dysfunction and cardiogenic shock suggest that the

haemodynamic effects of PEEP may work in favour of the patient with severe left heart

failure (see table 2).

In a study of 21 mechanically ventilated patients with LV dysfunction of diverse aetiologies

(7 had acute MI with CHF, 8 had acute MI with cardiogenic shock and 6 had CHF without

acute MI),38 initiation of PEEP led to decreased CO in patients with normal pulmonary

capillary wedge pressure (PCWP). However, 4 of 6 patients with a PCWP of 14–18 mm Hg

and 12 out of 13 patients with a PCWP ≥19 mm Hg experienced improvement in their CO

with the addition of 3–8 cm H2O of PEEP. Similarly, in 12 patients with baseline LV

dysfunction who were mechanically ventilated after coronary artery bypass graft surgery,

the initiation of 5 cm H2O of PEEP (in either controlled or intermittent mechanical

ventilation) was associated with a significant improvement in the PCWP, cardiac index and

stroke index compared with spontaneous or intermittent ventilation without PEEP.54 The

authors’ conclusion was that PEEP should be used in all the cases of severe LV dysfunction.

These results are consistent with the finding that, in mechanically ventilated patients with

cardiogenic shock after coronary artery bypass graft surgery, the usage of 10 cm H2O of

PEEP can decrease intrapulmonary shunting and improve the lung compliance, and that

alveolar recruitment manoeuvres with high levels of PEEP are successful in improving

oxygenation and atelectasis without any concomitant detrimental changes in

haemodynamics.125556

Mechanical ventilation with PEEP has not only been associated with improved

haemodynamic measurements, but also with superior clinical end points as well. A small

study of 18 patients with cardiogenic shock necessitating intra-aortic balloon pump

placement found that the patients randomised to receive elective mechanical ventilation with

10 cm H2O of PEEP were more likely to be weaned off the intra-aortic balloon pump and

survive to discharge than patients who received oxygen supplementation alone.57 In

addition, several clinical variables were improved in the mechanically ventilated patients as

well, such as urine output, PCWP, cardiac index, ratio of partial pressure of arterial oxygen

to the fraction of inspired oxygen (PaO2/FIO2) and usage of vasopressors and inotropes. Of

note, this is the only study to measure patient survival, rather than surrogate clinical or

haemodynamic end points, in evaluating this query.

While these results are promising and suggest potential benefit for PEEP beyond respiratory

support, other studies have not shown haemodynamic improvement with the use of
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PEEP.5859 Of note, these authors found that PEEP was not associated with a functional

decline in LV function at high levels of PEEP, and it was therefore considered safe in these

group of patients.

CONCLUSION

As with any intervention, PEEP has a broad spectrum of haemodynamic consequences,

which can be alternatively favourable or unfavourable depending on the clinical scenario in

which it is used.

Although the use of PEEP in patients with severe left systolic heart failure, acute MI and

cardiogenic shock will always require clinical judgement, based on our review of the

literature, we conclude that most patients will benefit from its use. Indeed, the clinical data

suggest that, in addition to being safe, moderate levels of PEEP may provide haemodynamic

and oxygenation benefits in LV failure exhibiting afterload-dependent physiology. However,

in certain scenarios, extra caution must be taken. Specifically, in patients who manifest

preload-dependent LV function, particularly those who experience RV infarcts or have

hypovolaemia, care must be exercised to ensure that cardiac under-filling does not occur

with the decreased venous return which accompanies PEEP (see table 3).614 It is not

uncommon to observe in clinical practice that patients who are “preload dependent”

significantly improve their haemodynamics after the removal of PEEP. If PEEP is used for

alveolar recruitment, ventricular preload should be optimised to minimise risk of

haemodynamic insult.55 (The ideal measure of preload optimisation has been subject to

significant debate in the recent literature, and a number of static and dynamic parameters

have been proposed as accurate measures of a patient’s volume status and fluid

responsiveness.76061) Similarly, PEEP can have adverse haemodynamic effects when

coupled with afterload-induced RV dysfunction.614 Thus, the thoughtful clinician should be

mindful of the specific clinical scenario and implement PEEP in situations where it has

shown clinical benefit, and, conversely, minimise its use in situations where it has proven

adverse effects (see figure 3).
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Figure 1.
Mechanical effects of positive pressure ventilation on cardiopulmonary circulation. The

detrimental mechanical effects of positive pressure ventilation on cardiac haemodynamics

include: (1) decreased venous return due to external pressure on the inferior vena cava with

resultant decrease in its caliber; (2) increased right ventricular dilatation with septal shift

(white arrows) as a result of the elevation on the right ventricular afterload and (3) decreased

left ventricular filling and cardiac output. Access the article online to view this figure in

colour.
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Figure 2.
Cardiopulmonary effects of invasive positive pressure ventilation (PPV). CO, cardiac

output; LV, left ventricular; RV, right ventricular.
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Figure 3.
Algorithm for management of PEEP in cardiogenic shock. CS, cardiogenic shock; LV, left

ventricle; PEEP, positive end-expiratory pressure.
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Table 1

Haemodynamic effects of positive pressure ventilation on cardiac output

Haemodynamic effect of positive pressure ventilation

Likely effect on cardiac output

Preload dependent Afterload dependent

RV preload ↓ ↓ ↑

RV afterload ↑ ↓ ↓

LV preload ↓ ↓ ↑

LV afterload ↓ ↑ ↑

The most prominent haemodynamic effects of invasive positive pressure mechanical ventilation include a decrease in right ventricular (RV)
preload, an increase in RV afterload, a decrease in left ventricular (LV) preload and a decrease in LV afterload. The theoretical impact of the
aforementioned haemodynamic changes on the overall cardiac output (CO) depends on the aetiology of the patient’s underlying physiology. In
patients who are ‘preload dependent’, the decrease in RV and LV preload and increase in RV afterload would decrease the CO; the decrease in LV
afterload would increase the CO. Overall, the patient would likely experience a net decrease in CO. In patients who are ‘afterload dependent’, the
decreased RV and LV preload and decreased LV afterload would increase the CO, whereas the increase in RV afterload would decrease the CO.
The patient would likely have an overall improvement in CO.
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Table 3

Management of positive end-expiratory pressure (PEEP) based on aetiology of shock

Type of shock Potential drawback to PEEP Means of monitoring and compensating

Hypovolemic ↓ RV and LV preload can lead to ↓ CO and worsening of hypotension Ensure adequate volume resuscitation; carefully
monitor BP

Cardiogenic Although the ↓ LV afterload will ↑CO, the ↓ RV and LV preload may ↓
CO to a greater degree

Ensure that the patient does not have concomitant
hypovolaemia

Distributive ↓ RV and LV preload can lead to ↓ CO and worsening of hypotension Ensure adequate volume resuscitation; carefully
monitor BP

Obstructive ↑ RV afterload may precipitously ↓ CO in light of ↓ RV and LV
preload

Vigorous hydration and vasopressor support may
be necessary to maintain haemodynamic
regulation

BP, blood pressure; CO, cardiac output; LV, left ventricular; RV, right ventricular.
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