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Abstract Acute Lung Injury/Acute Respiratory 
Distress Syndrome (ALI/ARDS) is one of the most 
devastating conditions that critically ill patients de-
velop. Major advances in understanding the patho-
genesis of ALI/ARDS have been made since its ini-
tial description in the 1960s. However, the mortality 
rate for the condition remains high and, to date, 
there remains no pharmacological therapy that has 
had an unequivocal benefi t in clinical trials.

The aim of this chapter is to discuss current 
theories on the pathogenesis, diagnosis and vari-
ous therapeutic strategies available for ALI/ARDS. 
In addition, it elaborates on all the major conten-
tious issues that exist in this condition.

Introduction

Although there have been huge advances in the 
overall management of patients with ALI/ARDS 
since it was fi rst described, many controversial 
aspects concerning the pathogenesis, diagnosis, 
therapeutic options and supportive measures for 
this condition still exist (Table 1.1). ARDS was fi rst 
described by Ashbaugh in a Lancet publication in 
1967. However, it is clear from the literature that 
the condition existed prior to this time (for an 
excellent recent review, see [1]). There has been 
some confusion over the years as to what the ‘A’ in 
ARDS stands for. Ashbaugh initially referred to it 
as ‘acute’ but then modifi ed his description to 

‘adult’, probably to distinguish it from the infant 
respiratory distress syndrome (IRDS). However, 
when the American and European Consensus 
Conference produced the standardised defi nition 
of ALI/ARDS [2], which is still used, ‘acute’ again 
became the favoured term.

The incidence, or at least diagnosis, of ALI and 
ARDS appears to be increasing and some reports 
quote as many as 200,000 cases per year of ARDS 
in the USA [3, 4]. However, some unpublished key 
opinions from leaders in the fi eld dispute this as 
they feel that the incidence of ALI/ARDS is falling. 
Whatever the true incidence, there is no doubt 
that mortality of the condition is improving. His-
torically, mortality rates were around 50–70% but 
a fi gure of 30–40% is now more widely quoted 
(reviewed in [5]). However, this may yet be an 
overestimate, as the majority of recently published 
randomised controlled trials (RCTs) quote a 
28-day mortality of around 25–30%. It is generally 
believed that the decrease in mortality over time 
is due to the improved level of support patients 
now receive in the intensive care unit (ICU) rather 
than a specifi c therapeutic intervention per se. 
Furthermore, death is not usually related to pul-
monary failure, but is rather either a result of the 
underlying condition that manifested as ALI/
ARDS in the fi rst instance or late sepsis.

The aetiology of ALI/ARDS is quite diverse and 
the disorders associated with clinical development 
can broadly be divided into those which cause 
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direct lung injury, e.g. bronchopneumonia, or 
indirect lung injury, e.g. severe trauma (Table 1.2). 
Interestingly, ALI/ARDS does not consistently 
develop in patients receiving similar insults. A 
number of environmental factors such as age, 
sex, smoking history and pre-existing lung disease 
are thought to play a role in this observation. 
However, studies have also shown that polymor-
phisms in genes, such as the angiotensin-converting 
enzyme (ACE) gene, produce genotypes that confer 
protection from the development of ALI/ARDS [9]. 
It is also thought that certain genotypes may deter-
mine the response of the lung to the  injurious 

effects of mechanical ventilation, which has given 
rise to the recently coined term, ‘ventilogenomics’. 
Further studies assessing the functional role of 
candidate genes in ALI/ARDS are awaited with 
interest and may have a direct infl uence on the 
design of clinical trials and therapeutic strategies 
in the future.

Pathology and Pathogenesis

The pathology and pathogenesis of ALI/ARDS 
have been discussed in detail in a number of 
reviews (please see [5, 7]) and will not be elabo-
rated upon in this chapter. Briefl y, it is thought 
that there are three phases: exudative/infl amma-
tory, proliferative and fi brotic (Figure 1.1).

The exudative phase is characterised histologi-
cally by diffuse alveolar damage (DAD) as the 
microvascular endothelial and alveolar epithe-
lium, which form the alveolar–capillary barrier, 
become disrupted. Following injury, the endothe-
lial barrier becomes extremely permeable leading 
to highly proteinaceous, haemorrhagic pulmo-
nary oedema fl uid fl ooding into the alveoli, which 
also leads to fi brinous hyaline membrane forma-
tion. Epithelial integrity is also breached, as 
damage to Type I and II pneumocytes occurs. This 
leads to exacerbation of alveolar oedema as per-
meability of the epithelium increases and its 
resorptive function ceases. In addition, as Type II 
cells are also injured, surfactant production is 
reduced. Widespread neutrophilic infi ltration is a 
major feature in this phase.

During the proliferative phase, further capillary 
network damage is evident and intimal prolifera-
tion occurs in small blood vessels. Necrosis of 
Type I pneumocytes leads to exposure of the epi-
thelial basement membrane and Type II cells pro-
liferate in an attempt to repair the damage. 
Fibrinous exudates become organised and are 
replaced by collagen fi brils as fi broblasts/myofi -
broblasts emerge in the interstitial space and 
alveolar lumen.

Changes occurring during the fi brotic phase 
include myointimal thickening and mural fi brosis 
of vessels, which may contribute to the degree of 
pulmonary hypertension seen in this condition. 
More strikingly, lung collagen is deposited, the 
severity of which correlates with an increase in 
mortality. Although it was once thought that the 

TABLE 1.1. Current controversies in ALI/ARDS

Controversy Issue

Pathogenesis How do the three classical phases 
of ALI/ARDS interplay?

Diagnosis Are the diagnostic criteria 
 accurate?

Therapy: Ventilatory strategies
 Tidal volume How much?
 PEEP High or low?
 Recruitment manouevres Friend or foe?
 Prone positioning Does it have a role?
 Modality of ventilation Does it make any difference?
  Complications of 

  ventilation
Are we doing more harm 
 than good?

Therapy: Pharmacological agents
 Steroids Early, late or not at all?
 Surfactant Tomorrow’s saviour?
 Nitric oxide Yesterday’s hero?
Support
 Fluid resuscitation Wet or dry?
 Blood transfusion What effect in ALI/ARDS?
 Nutrition Do calories change prognosis?
 Radiology Chest x-ray or CT?
 Surgical lung biopsy Is it an aid to diagnosis?
 Survival post ALI/ARDS What happens when patients

 with ALI/ARDS are successfully 
 discharged from ICU?

TABLE 1.2. Aetiology of ALI/ARDS

Direct lung injury Indirect lung injury

Bronchopneumonia Sepsis
Gastric aspiration Multiple trauma with shock
Pulmonary contusion Drug overdose
Fat emboli Acute pancreatitis
Inhalational injury
Near-drowning
Reperfusion injury

Transfusion-associated acute lung 
 injury (TRALI)
Cardiopulmonary bypass
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three phases of ALI/ARDS were distinct and devel-
oped sequentially as the condition progressed, 
there is increasing evidence that there is much 
overlap between them and, in particular, that the 
fi brotic phase may be initiated within the fi rst 24 h 
after diagnosis [8–10].

The cell type predominantly responsible for 
driving the infl ammatory changes in ALI/ARDS is 
the neutrophil and, predictably, the fi broblast/
myofi broblast is the major cell involved in the 
fi broproliferative phase. A plethora of pro-infl am-
matory and pro-fi brotic cytokines, chemokines 
and growth factors are released from resident and 
recruited cells in ALI/ARDS, which dramatically 
infl uence the progression of the condition. In 
addition, a prevailing procoagulant environment, 
driven by production of coagulation proteases 
such as thrombin and factor Xa, oxidant stress and 
anti-apoptotic factors also play a critical role in 

orchestrating the response to lung injury. These 
processes are counterbalanced by regulatory 
factors which predominately affect resolution of 
the condition.

ALI/ARDS can also be exacerbated by mechani-
cal ventilation and nosocomial infection leading 
to ventilator-induced lung injury (VILI) and ven-
tilator-associated pneumonia (VAP), respectively. 
Although VAP is extremely important to diagnose 
and treat in patients with ALI/ARDS, the emer-
gence of VILI as an important factor in the pro-
gression of this condition has prompted a number 
of investigators to investigate a mode of ventila-
tion that is ‘lung-protective’, which will be dis-
cussed below. Multifactorial events infl uence VILI 
including the induction of shear stresses on alveoli 
as a result of over-distension and also cyclical 
opening and closing of atelectatic areas during 
mechanical ventilation. These events have been 

FIGURE 1.1. The pathogenesis of ALI/ARDS.
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shown to correlate with increased production of 
pro-infl ammatory and pro-fi brotic cytokines. It is 
also suggested that ALI/ARDS due to VILI can 
occur in normal lungs if overzealous ventilation is 
used [11].

Diagnosis

The current American/European defi nition of 
ALI/ARDS (Table 1.3) provokes much controversy 
among intensivists. Protagonists of the defi nition 
argue that it is useful as it recognises that severity 
of lung injury is variable, thereby classifying ALI 
and ARDS differently, that it is simple and it allows 
easy comparison of patients across clinical trials. 
Critics argue that the defi nition is too simple as it 
does not take into account the underlying cause. 
Further criticisms are that the severity of hypox-
aemia cut-offs are arbitrary, that individual inter-
pretation of the chest x-ray can lead to bias and 
that current ventilatory strategies, which will be 
discussed below, are not included in the defi nition. 
Finally, although the clinical defi nition attempts to 
limit the lung pathology to DAD in the exudative/
fi broproliferative phase of ALI/ARDS, other lung 
pathologies, which have a different pathogenesis, 
become included when the current diagnostic 
strategy is used.

Therapeutic Options

Ventilatory Strategies

Tidal Volume

Historically, patients with ALI/ARDS were venti-
lated with tidal volumes of 10–15 ml/kg. Due to 
concerns about VILI in ALI/ARDS a landmark 

study examined the effect of reducing tidal 
volumes to 4–6 mL/kg lean body weight and 
setting inspiratory plateau pressures (PPLAT) at a 
maximum of 30 cm of water, in a heterogeneous 
population with this condition [12]. The study 
showed that the lower tidal volume group had 
improved survival (31% vs 40%). It remains con-
troversial whether all patients with ALI/ARDS 
should receive low tidal volume ventilation and 
some investigators advocate that tidal volumes in 
ALI/ARDS should be based on markers of lung 
injury that affect respiratory mechanics [13]. A 
further study appeared to confi rm the fi ndings of 
the ARDSNet study as it showed a signifi cant sur-
vival benefi t in a heterogeneous group of patients 
with ALI/ARDS who received lung-protective 
ventilation compared with patients receiving 
routine care. However, the results have been 
greeted with a certain amount of scepticism as 
the control group in this study were ‘historical’, 
had higher Acute Physiology and Chronic Health 
Evaluation (APACHE) II scores and had a mortal-
ity rate of 52%, which is somewhat higher than 
some recent studies [14]. This problem has been 
investigated further by re-evaluation of the mor-
tality rate of the non-eligible patients from the 
original ARDSNet trial, under the Freedom of 
Information Act [15]. Interestingly, they found 
that low tidal volume ventilation was benefi cial in 
patients whose lungs were less compliant, but 
patients with more compliant lungs tolerated low 
tidal volumes poorly, suggesting that a propor-
tion of patients may be better managed with tidal 
volumes >6 mL/kg. Other investigators have sug-
gested that using levels of PPLAT described in the 
ARDSNet study may be a better target than tidal 
volume for lung-protective ventilation as some 
patients will reach this level before a tidal volume 
of 6 mL/kg is achieved [16]. It has also been sug-
gested that low tidal volume ventilation may 
require increased level of sedation and may gen-
erate increased levels of intrinsic positive-end 
expiratory pressure (PEEP) but two recent trials 
appear to have refuted this [17, 18]. In summary, 
current evidence supports a low tidal volume, 
pressure-limited strategy for lung-protective ven-
tilation in ALI/ARDS and although the exact 
levels are still under debate, we should use a target 
of 6 mL/kg lean body weight until better data are 
available (Figure 1.2).

TABLE 1.3. Diagnostic criteria in ALI/ARDS

Acute lung injury
Acute respiratory 
distress syndrome

Chest x-ray Bilateral 
infiltrates

Bilateral infiltrates

Clinical scenario Acute onset Acute onset
Pulmonary 
artery occlusion 
pressure

<18 mmHg <18 mmHg

Oxygenation PaO2/FiO2 ratio PaO2/FiO2 ratio
<300 mmHg <200 mmHg



1. Acute Lung Injury and Acute Respiratory Distress Syndrome 5

Positive-End Expiratory Pressure (PEEP)

Ashbaugh fi rst noticed that PEEP had benefi cial 
therapeutic effects in ARDS in 1967. PEEP improves 
gas exchange and pulmonary function in a number 
of ways. It increases the functional residual capac-
ity, thereby recruiting collapsed alveoli, improving 
oxygenation and increasing lung compliance. By 
keeping alveoli open throughout the respiratory 
cycle, shear forces are reduced, therefore limiting 
VILI. It also redistributes extravascular lung water 
and improves ventilation–perfusion matching. 
Detrimental effects of PEEP also occur including 
reducing cardiac output and cerebral perfusion 
and over-distension of areas of less affected lung 
(reviewed in [19]).

In animal models of lung injury, ventilation 
with zero PEEP dramatically increases mortality. 
Despite its favourable effect on oxygenation in 
animal models and in man, trials have not conclu-
sively demonstrated the effect of PEEP on the 
outcome of ALI/ARDS or the optimal level for its 
use in this condition. An ARDSNet randomised 

controlled trial (RCT) assessed the effi cacy of 
PEEP in ALI/ARDS by comparing a low with a 
high level [20], but outcome was similar in both 
groups. Although the question posed was extremely 
relevant, the study design was criticised, as many 
investigators believe that setting a universal level 
of PEEP in all patients with ALI/ARDS was naive 
and the level should be set on an individual level 
based on lung mechanics.

Extrapolation from the lung pressure–volume 
curve was believed to represent the most accurate 
way to use lung mechanics to set PEEP, with levels 
set above the lower infl ection zone and upper pres-
sure limit set below the upper infl ection zone. 
However, more recently, it has become increasingly 
apparent that the lung does not operate over a 
single pressure–volume curve and that affected and 
unaffected alveoli function differently. The net 
effect of this is that a level of PEEP that keeps some 
regions open can lead to over-distension in others.

Two further trials have examined the correct 
level of PEEP in ALI/ARDS in more detail. 

FIGURE 1.2. Basic algorithm for management of patient with ALI/ARDS.
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The Express trial, a prospective RCT in 37 French 
ICUs recruited patients with PF ratios <300 receiv-
ing low tidal volume ventilation and randomised 
them to a ‘Minimal distension’ group (PEEP 
5–9 cmH2O) or a ‘Maximal recruitment’ group 
(PEEP increased to achieve plateau pressure 
28–30 cmH2O) [21]. The study showed that oxy-
genation improved and ventilator-free/organ- 
supported days increased in the high PEEP group. 
However, there was no change in primary or sec-
ondary endpoints of death at 28 and 60 days, 
respectively. Subgroup analysis showed that in 
patients who were most hypoxic at the start of the 
trial, mortality improved in the high PEEP group. 
These data support the notion that high PEEP 
should be used in targeted groups.

The Canadian Lung Open Ventilation Trial 
(LOVE) trial [22] used a control group who 
received low tidal volume ventilation, plateau 
airway pressures not exceeding 30 cmH2O with 
conventional levels of PEEP and compared this to 
an experimental group who received low tidal 
volume ventilation, plateau pressures not exceed-
ing 40 cmH2O, recruitment manoeuvres and higher 
PEEP. The study showed that the experimental 
group developed less refractory hypoxaemia and 
had less ‘rescue’ therapies but there was no change 
in the primary or secondary endpoints which 
were hospital mortality and duration of mechani-
cal ventilation, respectively.

The overall conclusion from these studies is that 
there is still no real consensus on how lung mechan-
ics can be used to set the ideal PEEP or what the ideal 
PEEP level is in ALI/ARDS. Although the benefi t of 
PEEP in ALI/ARDS is undoubted, a consensus on the 
exact level required remains undecided.

Recruitment Manoeuvres

Recruitment manoeuvres have been proposed as 
an adjunct to mechanical ventilation in ALI/
ARDS as they have been shown in studies to 
reduce lung atelectasis, improve oxygenation, 
prevent endotracheal tube suctioning-induced 
alveolar derecruitment and derecruitment-asso-
ciated lung injury and also, together with the 
application of PEEP, keep newly recruited lung 
units open (reviewed in [23]). Conversely, other 
studies have reported them as ineffective, short-
acting and dangerous. There are a number of 

different ways in which they can be done ranging 
from short-acting bursts of increased PEEP, that 
is, 40 cm water for 40 s, to complex stepwise alter-
ations of ventilatory pressure. It is thought that 
recruitment manoeuvres may be more benefi cial 
in extrapulmonary ARDS and if used earlier in 
the course of the condition.

The most recent trial in this area [24] exam-
ined the effect of PEEP recruitment in 67 patients 
and used whole lung CT to assess its effect. In 
this study, patients who had the most recruitable 
lungs had worse survival. This has raised the 
question as to whether the recruitable lung is in 
fact the injured lung and a marker of disease 
severity.

This topic remains controversial and, although 
potentially benefi cial, the exact role of recruit-
ment manoeuvres in ALI/ARDS is not yet known 
and at present it is suggested that they are not 
used routinely and are reserved for cases of refrac-
tory hypoxaemia [25].

Prone Position

Prone positioning has been proposed as a benefi -
cial manoeuvre in ALI/ARDS. The basic rationale 
behind the strategy is to recruit areas of previ-
ously collapsed lung, allowing more homogeneous 
ventilation, therefore preventing over-distension 
and VILI. However, a prone-positioned patient 
generates a number of problems such as potential 
endotracheal tube displacement, abnormal pres-
sure areas, diffi culty in providing adequate cardi-
opulmonary resuscitation (CPR), diffi culty in 
feeding and the labour-intensive nature of the 
procedure.

Prone positioning has been shown to improve 
oxygenation in patients with ALI/ARDS in all 
studies conducted to date and this is particularly 
prominent in the early phase of the condition 
[26]. The favourable effect of the prone position 
on oxygenation has been confi rmed in a recent 
trial, which also demonstrated that pronation 
with PEEP-optimisation may reduce VILI [27]. 
Despite these fi ndings, a large RCT revealed that 
the prone position does not translate into a sur-
vival benefi t in ALI/ARDS, although when the 
most severely hypoxaemic patients in this trial 
were re-evaluated, there was a trend towards 
improvement [28]. Another study of prone 
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 positioning in hypoxaemic respiratory failure 
also failed to show reduced mortality, but the 
proned patients did have a reduced incidence of 
VAP [29]. A third RCT has also failed to show a 
mortality benefi t [30]. Given the evidence pre-
sented above, many ICUs reserve this manoeuvre 
as a rescue treatment for severely hypoxaemic 
patients with ALI/ARDS. An ongoing study on 
this topic by Gattinoni and colleagues will hope-
fully provide more information on the role of 
this intervention in ALI/ARDS.

Other Modalities of Ventilation

· Pressure Controlled Inverse Ratio Ventilation 
(PC-IRV)

The exact mechanisms by which PC-IRV leads to 
improved gas exchange in ALI/ARDS are not clear 
but potential advantages are that a longer period 
of the respiratory cycle is spent at PPLAT, promoting 
a more homogeneous ventilation pattern, and 
peak airway pressures are reduced. It is also 
thought that a benefi t may be provided by the 
shortened expiratory time in PC-IRV, which 
increases intrinsic PEEP, allowing alveolar com-
partments which expire slowly to remain open. 
However, this may also produce dynamic hyperin-
fl ation, barotrauma and hypotension, which is 
undesirable. This mode of ventilation has success-
fully improved oxygenation when used in ALI/
ARDS [31] but its role continues as a rescue 
therapy at present.

· Airway Pressure Release Ventilation (APRV)

APRV is a form of biphasic positive airways pres-
sure (BIPAP) ventilation that applies two different 
levels of continuous positive airways pressure 
(CPAP) with an intermittent pressure release 
phase. The duration of the lower pressure is short 
so that the patient breathes at the higher CPAP 
level. The principle of APRV is that the brief inter-
ruption in airway pressure augments spontaneous 
minute ventilation, which may reduce harmful 
over-distension of the lung and also improve 
recruitment. In addition, as breathing is spontane-
ous in this mode, diaphragmatic and intercostal 
muscle function is maintained. APRV may provide 
improved ‘open-lung ventilation’ but this has yet 
to be clearly demonstrated in ALI/ARDS.

· High Frequency Oscillation Ventilation (HFOV)

HFOV was fi rst conceived as a potential ventila-
tory strategy after it was noted that panting dogs 
take breaths smaller than their dead space, but still 
maintain oxygenation. The mechanism of this 
observation is still unknown but it is thought that 
the high frequency of panting increases turbu-
lence and thus mixing and diffusion of oxygen. 
This principle is utilised in HFOV, and has had 
some success as a ventilatory strategy in ALI/
ARDS. A small RCT comparing HFOV with a pres-
sure-control ventilatory strategy showed signifi -
cant improvement in oxygenation at 16 h, but 
neither was this effect prolonged, nor did it 
improve survival [32]. A more recent study con-
fi rmed that the technique is safe and that, when 
combined with specifi c recruitment manoeuvres, 
it caused rapid and sustained improvement in 
oxygenation [33].

It is hypothesised that the very small tidal 
volumes, high frequency and constant peak airway 
pressure used in HFOV may reduce over-disten-
sion and VILI and thus have a protective effect in 
ALI/ARDS. Two large trials, the UK-based OSCAR 
and Canadian-based OSCILLATE studies, are cur-
rently recruiting patients and will attempt to 
confi rm the exact role of HFOV in this condition.

· Extracorporeal Membrane Oxygenation (ECMO)
and Partial Liquid Ventilation (PLV)

ECMO is an experimental form of gas exchange 
which has not yet been shown to be benefi cial in 
ALI/ARDS in clinical trials. However, the tech-
nique has been modifi ed recently and complica-
tions such as bleeding are fewer. Subsequently, 
there has been renewed interest in its potential use 
in this condition. The preliminary results of the 
Conventional Ventilation or ECMO for Severe 
Adult Respiratory Failure (CESAR) trial have been 
announced (but are currently not published) and 
show that ECMO does appear to improve mortal-
ity in ALI/ARDS. However, there are concerns that 
the results may not be pertinent to all ICUs as the 
intervention group were all treated in a single 
centre. The impact of the results of this important 
trial will be of great interest.

Extracorporeal CO2 removal is an allied but 
more limited approach where the main function of 
the extracorporeal circuit is simply for CO2 removal, 
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requiring less pressure and lower fl ow. This tech-
nique is not new and was described in the 1980s by 
Gattinoni in a Lancet publication. However, smaller 
lighter kits have rekindled interest but these all 
remain experimental at this stage.

PLV is performed by delivering tidal volumes to 
a perfl uorocarbon-treated lung, and the volume of 
perfl uorocarbon instilled is equivalent to that of 
the functional residual capacity. Preliminary 
studies in ALI/ARDS have shown that gas exchange 
and lung mechanics may improve with this 
approach [35] but complications such as mucus 
plugging and pneumothoraces may also occur. 
Again this approach remains only experimental at 
this stage.

Complications of Ventilating 
the Patient with ALI/ARDS

In addition to VILI, a number of other complica-
tions occur when ventilating the patient with 
ALI/ARDS. As mentioned above, nosocomial 
infection can have devastating effects in this con-
dition. However, the diagnosis of VAP, which has a 
mortality rate of 50% in some studies [36], is a 
diffi cult one to make with certainty in patients 
with ALI/ARDS. The clinical features such as fever, 
leucocytosis and infi ltrates are often similar to the 
underlying condition and tracheobronchial colo-
nisation clouds the issue microbiologically. Of 
note, nursing patients in the 45° semi-recumbent 
position has been shown to decrease VAP [37] and 
is a simple manoeuvre that should be widely 
adopted. There is also evidence that continuous 
aspiration of subglottic secretions (CASS) may 
prevent VAP [38], but a recent animal study sug-
gests that caution should be exercised with this 
technique as extensive tracheal mucosal/submu-
cosal damage can occur [39].

Very recent advice from The National Institute 
for Health and Clinical Excellence (NICE) supports 
the use of chlorhexidine mouthwashes and raising 
the head of the bed. Furthermore, a recent trial of 
silver-coated endotracheal tubes also showed a 
reduction in the incidence of VAP. However, this 
study also showed there were no statistically sig-
nifi cant between-group differences observed in 
duration of intubation, intensive care unit stay, 
hospital stay or mortality, so the impact of this 
intervention remains to be seen [40].

Pneumothorax is a well-described and poten-
tially fatal complication of ventilating patients 
with ALI/ARDS, and occurs in 30–87% of subjects 
depending on the severity of their disease [41]. 
The radiological and clinical signs may be subtle 
and quite different to those in patients who are 
negatively pressure-ventilated and not supine. 
Small pneumothoraces have the ability to cause 
catastrophic haemodynamic compromise if 
untreated, as positive pressure ventilation makes 
them prone to tensioning. Treatment options 
include tube thoracostomy, open thoracotomy and 
image-guided percutaneous catheters; often mul-
tiple chest drains are required.

Finally, it has been also been suggested that 
mechanical ventilation may aggravate acute renal 
failure via a number of mechanisms including 
permissive hypercapnia and hypoxia, due to a 
reduction of renal perfusion as a consequence of 
reduced cardiac output and also due to ‘biotrauma’, 
where pulmonary infl ammatory mediators 
released during ventilation spill over into the sys-
temic circulation. Since all of these processes are 
exacerbated in ALI/ARDS, the potential for causing 
renal dysfunction is increased [42].

Pharmacological Agents

Steroids

Steroids are a most plausible treatment option for 
patients with ALI/ARDS as they possess both anti-
infl ammatory and anti-fi brotic properties. However, 
one of the most controversial issues in recent 
years in ALI/ARDS is whether or not they should 
be used as a treatment option.

Initial trials of steroids in ALI/ARDS were 
designed to give short-term, high doses early in 
the disease, e.g. methyl prednisolone 30 mg/kg 6 
hrly for 24 hrs. However, these studies failed to 
show any benefi t and appeared to be associated 
with increased complications [43, 44] and higher 
mortality [45]. Other studies have subsequently 
concentrated on giving steroids for late-phase 
ARDS. A relatively small study using a lower and 
more prolonged dose of intravenous methypred-
nisolone (2 mg/kg loading, then 2 mg/kg in four 
divided doses, reduced weekly in a tapering 
fashion), in patients 7 days into ‘unresolving’ ALI/
ARDS, showed that steroid therapy was associated 
with improved oxygenation and successful 
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 extubation [46]. Although this study was promis-
ing, its size precluded assumptions on mortality 
benefi t.

In order to resolve this issue, the North Ameri-
can Late Steroid Rescue Study (LaSRS) was con-
ducted by the ARDSNet group and the results 
recently published [47]. Patients receiving intrave-
nous methylprednisolone had early physiologic 
and clinical benefi ts, as they displayed improved 
oxygenation, lung compliance and came off the 
ventilator sooner. However, there was no differ-
ence in mortality at 60 and 180 days compared 
with the control group. However, subgroup analy-
sis showed that if bronchoalveolar fl uid (BALF) 
procollagen III peptide levels were high at enrol-
ment into the study, there was a survival benefi t 
with steroids. Interestingly, in this study there was 
no evidence that steroids increased nosocomial 
infection but they appeared to increase critical 
illness polyneuropathy and hypergylcaemia. In 
summary, there appears to be little evidence to 
support the routine of steroids in ALI/ARDS but 
they may have a role in selected patients with a 
confi rmed fi brotic phenotype.

Surfactant

Surfactant is a complex biologic substance made of 
90% lipid and 10% protein. The lipid component, 
mainly dipalmitoylphosphatidylcholine (DPCC), 
and the protein element are both synthesised and 
recycled by Type II alveolar epithelial cells. Four 
individual surfactant proteins exist (SP-A, -B, -C, 
-D), which enhance surface tension properties and 
also provide a defence against pathogens.

As briefl y discussed above, surfactant levels are 
severely depleted in ALI/ARDS as Type II epithelial 
cells are damaged. In addition, the residual surfac-
tant produced is both diluted and inactivated by the 
fl orid, proteolytic oedema fl uid produced in this 
condition. For this reason, trying to replace surfac-
tant in patients with ALI/ARDS in clinical trials is 
arguably one of the more logical pharmacological 
therapies that has been attempted to date.

A number of trials have used various surfactant 
preparations, administration regimens and  delivery 
techniques, including aerosolisation in  ventilator 
gas, intratracheal delivery and direct bron-cho-
scopic instillation. These studies have shown that 
surfactant improved oxygenation in ALI/ARDS, 

but none, including the most recent publication 
which used four intratracheal instillations of lipid 
and recombinant SP-C over a 24-h period, has 
shown a survival benefi t [48]. However, a post-hoc 
analysis of the data in this trial suggested that 
patients with direct ARDS (especially those with 
severe injury) had reduced mortality.

Various other issues surrounding the potential 
use of surfactant in ALI/ARDS still need to be 
resolved including a further understanding of the 
metabolism and functional impact of exogenous 
surfactant, the mode, volume and timing of admin-
istration and also patient selection. Sadly, a further 
trial of surfactant in ALI/ARDS with severe 
primary pulmonary injury has ceased recruitment 
and there are no current trials of this therapy. 
However, many still believe that surfactant is still 
a viable therapy for ALI/ARDS and if biophysical/
pharmacological issues surrounding compound 
preparation can be overcome, it may yet make an 
impact.

Nitric Oxide

Nitric Oxide (NO) is constitutively produced in 
the lung but when delivered exogenously in ALI/
ARDS augments hypoxic pulmonary vasocon-
striction by selectively vasodilating vessels associ-
ated with ventilated alveoli. It has also been shown 
to have favourable effects on pulmonary capillary 
pressure [49] and pulmonary transvascular 
albumin fl ux [50]. The net effect of these events is 
that ventilation/perfusion matching and oxygena-
tion are improved.

To date there have been three multicentre RCTs 
assessing the effect of NO in ALI/ARDS [51–53]. 
In all of these trials, patients receiving NO initially 
improved oxygenation but this was neither pro-
longed nor translated into a survival benefi t. 
Although it is suggested that inhaled NO is usually 
maximally effective at 10 ppm, critics of the RCTs 
performed to date argue that the dosing regimens 
used may have led to toxic effects of NO, therefore 
negating any potential therapeutic benefi t.

A recent systematic review by Adhikari and col-
leagues [54] assessed the impact of inhaled NO on 
physiological outcomes, morbidity and mortality 
in ALI/ARDS. Consistent with the results of the 
various RCTs, they found that NO resulted in a 
limited improvement in oxygenation but did not 
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reduce mortality (risk ratio 1.10; 95% confi dence 
interval 0.94 to 1.30), the duration of ventilation 
or the number of days free of ventilation.

Subsequently, controversy remains over whether 
or not NO is a useful therapeutic option for 
patients with ALI/ARDS. At present, most inten-
sivists do not advocate the routine use of NO in 
ALI/ARDS and only use it as rescue therapy. In 
addition, NO is now only available through a 
single company and is very expensive. However, a 
number of studies have begun to look at using NO 
in combination with other ventilatory modalities 
such as prone positioning and HFOV [55]. Com-
bination therapies have shown further improve-
ment in oxygenation and are safe, but further 
RCTs need to be performed to assess the therapeu-
tic role of this strategy in ALI/ARDS. Nebulised 
prostacyclin (PGI2) and alprostadil (prostaglandin 
E1) have also been used as alternatives to NO with 
some success. The combination of NO or PGI2 
with intravenous almitrine bismesylate (which 
enhances hypoxic pulmonary vasoconstriction) 
may also provide additional benefi t.

Finally, it is worthwhile emphasising that 
although the major clinical trials described in the 
paragraphs above using surfactant, NO, PEEP and 
prone position have all led to improvements in 
oxygenation, this has not been translated into 
improved outcome, suggesting that oxygenation 
may not be a useful surrogate measure. It is also 
possible that high levels of oxygenation are not 
benefi cial; indeed a recent study in a mouse model 
of acute lung injury suggested better outcomes 
with moderate hypoxia rather than hyperoxia. The 
logic behind this is that hypoxia leads to the local 
pulmonary release of adenosine, which is anti-
infl ammatory and capable of blocking a number 
of downstream cellular responses. Perhaps we 
should aim for 90–92% oxygen saturations and be 
as worried when the oxygen saturations are 100% 
as when they are <90%.

Other Pharmacological Agents

A number of other pharmacological agents have 
been used in clinical trials in ALI/ARDS with 
limited success and the results of these studies were 
recently evaluated in a Cochrane Review [56]. Intra-
venous pulmonary vasodilators (e.g. prostaglandin 
E1), antioxidants (e.g. N-acetylcysteine) and throm-
boxane synthase/5-lipoxygenase inhibitors (e.g. 

ketoconazole) have displayed some promise but 
no mortality benefi t in trials. A trial of the anti-
infl ammatory phosphatidic acid inhibitor pen-
toxifylline showed that 1 month mortality was 
reduced in patients with ALI/ARDS and meta-
static cancer [57], but a larger study in patients 
with ALI/ARDS alone, using lisofylline, was 
stopped at the fi rst interim analysis, as a pre-spec-
ifi ed level of improvement in the treatment arm 
was not met [58].

Studies using granulocyte macrophage colony-
stimulating factor (GM-CSF) have shown promise 
for restoring alveolar capillary barrier integrity. 
Furthermore, there is much current interest in the 
therapeutic role of β2 agonists in ALI/ARDS, which 
are thought to tip the balance in favour of alveolar 
fl uid clearance, by stimulating apical sodium and 
chloride channels in alveolar epithelial cells. They 
may also exert favourable effects on infl ammation 
and coagulant balance.

The Beta Agonists Lung Injury Study (BALTI) 
showed that a continuous intravenous infusion of 
salbutamol (15 μg/kg/h for 7 days) reduced 
extravascular lung water in ALI/ARDS [59]. The 
results of future Phase III studies using nebulised/
intravenous β2 agonists in ALI/ARDS are awaited 
with interest. The UK-based MRC funded BALTI-2 
study and ARDSNet ALTA trial have begun 
recruitment.

There is also much current interest in the role 
of anticoagulants in ALI/ARDS as there is increas-
ing evidence that excessive activation of the coag-
ulation cascade, with the resultant generation of 
coagulation proteases, plays a central role in 
driving the infl ammatory and fi broproliferative 
events that occur in this condition. Consistent 
with this concept, extravascular intra-alveolar 
accumulation of fi brin and excessive procoagulant 
activity are found in the lung in ALI/ARDS. Pro-
coagulant activity is promoted in ALI/ARDS as 
there is a defi ciency of anticoagulant factors such 
as antithrombin III (AT-III) and an abundance of 
procoagulant factors such as tissue factor/factor 
VII–VIIa complexes, which can activate factor X, 
and trigger activation of the coagulation cascade 
with a resultant generation of thrombin.

In addition to playing a vital role in blood coag-
ulation, thrombin also exerts a plethora of proin-
fl ammatory and pro-fi brotic cellular effects in 
vitro, many of which are mediated via proteolytic 
activation of the major thrombin receptor, 
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 protease-activated receptor (PAR-1). Broncho-
alveolar lavage fl uid (BALF) thrombin levels are 
increased in an animal model of ALI/ARDS and 
studies have shown that direct pharmacological 
inhibition of thrombin is protective in this model 
[60]. Furthermore, this effect is even greater when 
transgenic knockout mice, defi cient in PAR-1, are 
used in this model [61]. These observations 
suggest that modulation of the coagulation 
cascade, and more specifi cally, PAR-1-mediated 
effects of thrombin, warrant further evaluation as 
potential therapeutic strategies for the treatment 
of ALI/ARDS.

A number of anticoagulant agents, such as tissue 
factor pathway inhibitor (TFPI), site- inactivated 
factor VIIa, heparin and activated protein C (APC) 
have shown promise in animal models of ALI/
ARDS, but successful clinical trials using these 
agents have yet to be described. Studies are now 
underway looking at the effect of APC in ALI/
ARDS after it was successfully used in adults with 
severe sepsis to reduce mortality (PROWESS) [62]. 
A recent Phase II study of APC in ALI/ARDS by 
Michael Matthay’s group was presented at the 
American Thoracic Society Congress [63], but the 
study did not show a mortality benefi t. However, 
the drug was used in the patient group identifi ed 
as not having a survival benefi t in post-PROWESS 
studies. A subgroup of the forthcoming PROW-
ESS-Shock trial, which will re-examine the effect 
of APC in severe sepsis, will also examine whether 
APC has a role in ALI/ARDS, and the results of this 
study are awaited with interest.

It is also worth acknowledging that the poten-
tial risk of bleeding complications observed in the 
PROWESS study makes use of direct thrombin 
inhibitors or other anticoagulants in ALI/ARDS 
problematic. For this reason, strategies aimed at 
blocking PAR-1 may yet provide a unique oppor-
tunity for selectively interfering with the pro-
fi brotic and pro-infl ammatory effects of the 
coagulation cascade in ALI/ARDS, whilst avoiding 
potential haemostatic complications of blocking 
coagulation proteases, such as thrombin.

Understanding the role of anticoagulants in 
ALI/ARDS is a good example of where dramatic 
advances in basic science have been translated 
into the clinical arena. Numerous other plausible 
 therapeutic targets have been identifi ed and are 
currently under intense investigation. For example, 
a clinical trial of CD-73 modulation in ALI/ARDS 

is about to begin. It is hoped that studies such as 
this will continue to rapidly emerge so that further 
understanding of the pathogenesis of ALI/ARDS 
and generation of new therapeutic targets occurs.

Supporting the Patient with ALI/ARDS

Fluid Management and Blood Transfusion

The dramatic and complex infl ammatory sequelae 
that occur in patients with ALI/ARDS often mani-
fest as cardiovascular dysfunction, which leads to 
poor tissue and organ perfusion. Right ventricular 
failure can occur as a consequence of pulmonary 
hypertension which can affect outcome. Severe 
sepsis also leads to systemic vasodilatation, hypo-
tension and left ventricular dysfunction. Careful 
management of intravenous fl uid administration is 
clearly part of standard management in ALI/ARDS 
and the general consensus is that fl uids should be 
administered appropriately to counteract these 
events, without leading to volume overload. 
However, in reality this is diffi cult to achieve and 
over-zealous administration of fl uid often leads to 
an increase in extravascular lung water and pulmo-
nary oedema, which may be unavoidable when 
appropriate organ perfusion is being sought.

Invasive monitoring using pulmonary artery 
(PA) catheters to guide fl uid therapy has been a 
very controversial topic amongst intensivists for 
some time. However, an ARDSNet study has now 
shown that the PA catheter should not be routinely 
used (ARDSNet, 2006). In conjunction with this 
study the FACTT ARDSNet study examined the 
effect of a liberal versus conservative fl uid man-
agement strategy for 7 days (following initial 
resuscitation), in an attempt to answer this highly 
debated topic accurately. The study enrolled 1,000 
patients to the two groups and had a primary end 
point of death at 60 days and secondary end points 
of ventilator-free days, organ failure and lung 
physiology. There was no change in the primary 
end point but the conservative fl uid therapy group 
had improved lung function and shortened dura-
tion of mechanical ventilation. In addition, there 
was no increase in shock or renal failure in the 
conservative group. A pragmatic interpretation of 
these results is that once the initial resuscitation 
period (up to 72 h) has passed, patients with ALI/
ARDS should have a fl uid balance of neutral to 
–500 mls  daily.
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The role of blood transfusion in critical care 
patients has been topical since a study showed that 
a restrictive strategy for red cell transfusion 
appeared at least as effective as a liberal strategy 
when mortality was assessed [66]. Blood transfu-
sion is associated with transfusion-related lung 
injury (TRALI) and a recent observational cohort 
study investigated the effect of red cell transfusion 
in patients with ALI/ARDS. The study found that 
transfusion in patients with ALI/ARDS was associ-
ated with an increase in mortality [67], and a RCT 
to answer this question defi nitively is required.

Nutrition

Adequate nutritional support is vital in patients 
with ALI/ARDS and the enteral route is the most 
preferable as it has been shown to reduce the inci-
dence of Gram-negative bacterial colonisation 
and stress ulceration. There has been interest in 
enteral immunonutrition in ALI/ARDS after a 
study showed that a low carbohydrate, high-fat 
formula rich in fi sh, borage oils and antioxidants 
reduced pulmonary neutrophil recruitment, 
improved oxygenation and shortened the length 
of mechanical ventilation [68]. However, the study 
failed to show a difference in mortality of the 
treatment group and a meta- analysis of enteral 
immunonutrition in ALI/ARDS also failed to show 
a benefi t [69]. A new ARDNet study of omega-3 
and antioxidant supplementation versus full 
feeding has begun and results are awaited.

Radiology

Chest x-rays are part of the diagnosis of ALI/
ARDS but are subject to inter-observer variability. 
Chest computerised tomography (CT) can be very 
helpful in routine assessment of the patient with 
ALI/ARDS, is often used to diagnose presence of 
pneumothoraces and is also useful for showing 
the effects of VILI in survivors of ALI/ARDS. An 
unpredicted consequence of the use of chest CT in 
this condition has been the evolution of the ‘baby 
lung’ hypothesis, which has revealed that in most 
patients with ALI/ARDS, the normally aerated 
lung has the dimensions of a young child. The 
concept of ‘baby lung’ has helped explain VILI in 
ALI/ARDS and current theories suggest that the 
smaller the ‘baby lung’, the greater is the potential 
for unsafe ventilation [70]. Chest CT has also been 
used to set PEEP and there is emerging evidence 

that electrical impedance tomography may play a 
role in this fi eld (reviewed by [71]).

Although chest x-rays and CT may be useful in 
monitoring progression of ALI/ARDS and detect-
ing complications, they are not accurate at dif-
ferentiating between other conditions that mimic 
ALI/ARDS radiologically, but may have entirely 
different treatment protocols. This brings into 
question the role of the surgical open-lung biopsy 
in the diagnosis of this condition. On the whole, 
this technique is avoided as there are fears about 
risk/benefi t of this potentially injurious pro-
cedure. Challenging this dogma is a study in 
selected patients with ALI/ARDS suggesting that 
open-lung biopsy can be safely performed, often 
reveals an unsuspected diagnosis and frequently 
leads to alteration in therapy [72]. Most clini-
cians remain unconvinced and the rate of lung 
biopsy has fallen dramatically over the last 2 
decades.

Other Daily Management Issues

The process of care in an ICU is fundamentally 
important and many units are adopting care 
bundles to ensure compliance with a range of 
approaches that have been shown to be benefi cial 
such as feeding, analgesia, sedation-stop, throm-
boembolic prophylaxis, head-of-bed elevation, 
stress ulcer prevention and glucose control 
(FASTHUG) (reviewed in [73]).

Every effort must be made to avoid nosocomial 
infections such as VAP and line sepsis, as they are 
associated with an excess mortality. Changes in 
body position help to facilitate bronchial hygiene, 
improve oxygenation and avoid pressure sores. 
There is current interest in kinetic therapy (KT), 
as the use of this technique, which involves the use 
of successive postural positioning, has been asso-
ciated with improved outcomes in patients with 
ALI/ARDS [74, 75]. However, studies on suffi cient 
patient numbers are awaited.

In ventilator management, it is often necessary 
to use an appropriate level of sedation to avoid 
patient–ventilator asynchrony. Use of paralytic 
agents should be avoided as much as possible, as 
they may be associated with critical illness poly-
neuropathy. In addition, daily spontaneous breath-
ing trials are useful in patients weaning from the 
ventilator in ALI/ARDS and may facilitate earlier 
extubation.
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Finally, a number of important clinical trials, 
which are directly pertinent to day-to-day care of 
patients with ALI/ARDS, are ongoing. The TracMan 
trial is a good example of such a study, which is 
examining whether patients predicted to require 
ventilatory support for 7 days or more, who have a 
tracheostomy sited on day 1–4 following ICU admis-
sion, have a reduced mortality at day 30, compared 
with a tracheostomy sited on or after day 10.

How Do Survivors Perform?

Surviving an ICU stay with severe ALI/ARDS 
requires enormous input and cohesion from the 
multidisciplinary team responsible for patient 
care. Although discharge of a patient from the ICU 
after a prolonged stay is extremely rewarding, it is 
increasingly recognised that long-term disability 
occurs when survivors are followed up.

Survivors have been reported to have cognitive 
defects, depression, post-traumatic stress disorder 
and are often unable to return to employment which 
undoubtedly has a large morbidity (reviewed in 
[76]). In addition, lung function in survivors reveals 
that residual obstructive and restrictive defects are 
common. Impaired gas exchange is also frequently 
observed and cardiopulmonary exercise testing is 
particularly sensitive at detecting this [77].

Although it is well recognised that abnormal 
pulmonary function and symptoms occur after 
ALI/ARDS, their relationship to overall health-
related quality of life is disputed. Interestingly, 
signifi cant correlations have been shown to exist 
between these factors, suggesting that underlying 
lung injury does correlate with long-term morbid-
ity [76]. Finally, in addition to the problems faced 

by patients with ALI/ARDS, it is increasingly rec-
ognised that spouses, relatives and carers have to 
carry a large psychological burden in the period 
of patient convalescence.
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Abstract Acute severe asthma is a life-threatening 
condition that, in the majority of cases, has a slow 
onset and is preventable with early and appropri-
ate treatment. For those who present to hospital, 
corticosteroids and nebulised b2-agonists and 
ipratropium bromide should be administered 
according to published guidelines. Patients who 
fail to respond to fi rst-line treatment should be 
assessed by the intensive care team and placed in 
an environment where tracheal intubation can be 
rapidly and safely performed. The object of inten-
sive care management of the critically ill asthma 
patient is to buy time for medical therapy to work 
whilst causing minimal harm.

Introduction

Asthma is an infl ammatory airway disease char-
acterised by airway hyper-responsiveness and 
reversible airfl ow limitation that produces wheezing, 
shortness of breath and cough. The diagnosis of 
asthma is based on the history and evidence of 
reversible airfl ow limitation.8 The prevalence in 
adults varies geographically; 1,600 deaths per year 
in the UK and 100,000 per year worldwide are 
attributable to asthma.1,2 The British Thoracic 
Society (BTS) has defi ned grades of asthma severity 
according to the patient’s peak expiratory fl ow 
rate (PEFR) (Table 2.1).8 This review will address 
the pathophysiology, recognition and manage-
ment of life-threatening exacerbations of asthma.

Pathophysiology

Both exogenous and endogenous stimuli (e.g. 
pollen, exercise and infection) may initiate the 
release of and activation of mediators of infl am-
mation including histamine, leukotrienes and 
cytokines.3,4 Narrowing of the bronchial lumen 
occurs by bronchoconstriction, mucosal thickening 
related to infl ammation and mucus hypersecre-
tion3,4 (Figure 2.1).

Patients who die from asthma may be divided into 
two groups. In 80–90%, there is a progressive dete-
rioration over days (type 1 or slow onset acute 
asthma).5,6 These patients are more commonly 
female and infection is often the precipitating factor.7 
Eosinophilic infl ammation predominates, mucus 
plugging is seen and consequently resolution of the 
attack is slow. Type 2 or sudden asphyxic acute 
asthma occurs more rapidly over a few hours and 
accounts for 8–14% of severe asthma exacerbations 
with a slight male preponderance.5,6 In this group, 
allergens, exercise and psychological stress are more 
common precipitants, although in half the trigger 
may not be evident.5,6 Airway obstruction at presen-
tation is generally more severe but response to 
treatment is quicker than in type 1 severe asthma.8 
Post-mortem studies reveal empty airways consistent 
with severe bronchospasm, and predominantly neu-
trophilic infl ammation.9,10

Airway obstruction disproportionately retards 
expiratory fl ow, which coupled with high ventilatory 
demand and a shortened expiratory time may 
result in incomplete alveolar emptying and so-called 
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dynamic hyperinfl ation (Figure 2.2). Alveolar end-
expiratory pressures rise creating intrinsic positive 
end-expiratory pressure (PEEPi) or auto-PEEP. The 
diaphragms become fl attened reducing their effi -
ciency and an increase in dead space at higher lung 
volumes requires a rise in minute volume to maintain 
adequate ventilation.11 The combination of decreased 
venous return and increased right ventricular after-
load resulting from increased pulmonary vascular 

resistance causes cardiovascular compromise 
(Figure 2.1). This may manifest clinically as pulsus 
paridoxicus or cardiac arrest on initiating positive 
pressure ventilation.

Arterial blood gas analysis in acute severe asthma 
commonly reveals hypoxaemia caused by ventila-
tion/perfusion (V/Q) mismatching, with hypocap-
nia and respiratory alkalosis. In the most severe 
cases, hypercapnia may develop as a result of muscle 
fatigue and the inability to maintain adequate alve-
olar ventilation. Respiratory acidosis accompanies 
hypercapnia and lactic acidosis may result from 
increased muscle activity and tissue hypoxia.12

Epidemiology and Risk Stratification

Most asthma deaths occur outside hospital.13 
Unsurprisingly, poor compliance and asthma 
control are markers for increased severity of exac-
erbations and increasing or heavy use of β2-agonists 
increase the risk of fatal or near fatal asthma.14,15 
Females have an overall higher risk for acute severe 
asthma and adverse behavioural or psychosocial 
factors also increase the risk of developing severe 
exacerbations.7,16 Previous hospital admissions 
and admissions to ICU are risk factors for develop-
ing life-threatening asthma, although their absence 
does not imply decreased risk (Table 2.2).7,17,18 

TABLE 2.1. Definitions of severe and life-threatening asthma

Acute severe asthma One of:
 • PEFR 33–50% best predicted
 • Respiratory rate ≥ 25/min
 • Heart rate ≥ 110/min
 • Unable to complete a full 
sentence

Life-threatening asthma Severe asthma plus one of
 • PEFR < 33% best predicted
 • SpO2 < 92%
 • PaO2 < 8 kPa
 • Silent chest
 • Cyanosis
 • Poor respiratory effort

Near fatal asthma Raised PaCO2

Requiring mechanical ventilation

Abbreviations: PEFR, peak expiratory flow rate; SpO2, oxygen saturation 
measured by pulse oximetry; PaO2, arterial oxygen partial pressure; 
PaCO2, arterial partial pressure of carbon dioxide.
Source: Adapted from Annex 4 of the BTS/SIGN Asthma Guidelines.15

FIGURE 2.1. Cardio-respiratory interactions in life threatening asthma Iatrogenic contributions in red.
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The use of oral corticosteroids and antibiotics was 
associated with reduced mortality in a case control 
study of 532 patients with acute severe asthma, 

suggesting that early intervention prevents severe 
exacerbations.14

Clinical Assessment and Monitoring

Initial clinical assessment should be accompa-
nied by aggressive treatment when the diagnosis 
is confi rmed. The PEFR at presentation and its 
response to treatment have prognostic signifi -
cance. For severe asthma exacerbations, oxygen 
saturation by pulse oximetry (SpO2) should be 
intermittently recorded with the respiratory 
rate, pulse and blood pressure. It is recom-
mended that arterial blood gas analysis be per-
formed in those with SpO2 ≤ 92%.15 Hypoxia 
(PaO2 < 8 kPa irrespective of oxygen therapy), a 
normal or raised PaCO2, and acidosis are sugges-
tive of life-threatening asthma. A chest radio-
graph should be performed to exclude 
pneumothorax and pneumonia, although the 
yield is low.19 Continuous electrocardiographic 
monitoring is recommended to identify dys-
rhythmias secondary to therapy or worsening 
cardiorespiratory status. The electrocardiograph 
commonly shows sinus tachycardia with right 
axis deviation and right ventricular strain.12 Any 
patient with a severe exacerbation of asthma 
should be placed where suitable monitoring is 
available, for example, in a high dependency unit 
(HDU) or resuscitation bay in the Accident and 
Emergency department or medical admissions 
unit. The intensive care team should assess 
immediately any patient identifi ed as having 
life-threatening asthma (Table 2.1).

Treatment

The BTS guidelines recommend correction of 
hypoxia with high concentrations of inspired 
oxygen (40–60%) via a high fl ow mask and the use 
of oxygen-driven nebulised β-agonist (salbutamol 
or terbutaline)15 (Figure 2.3). Corticosteroids are 
recommended in high doses and can be adminis-
tered either orally, as prednisolone, or parenter-
ally, as hydrocortisone.15 Medications worsening 
airway obstruction, such as β-blockers, aspirin, 
non-steroidal anti-infl ammatory drugs and ade-
nosine, should be stopped (Table 2.3).

FIGURE 2.2. Diagram demonstrating dynamic hyperinflation in a 
mechanically ventilated patient with expiratory airflow limitation 
caused by severe asthma
Dynamic hyperinflation or breath stacking caused by gas trapping 
occurs when a breath is delivered before expiration of the previous 
breath has been completed. In this case, the set ratio of inspiration/
expiration is 1:2 (normal) but the retarded expiratory flow results 
in a progressive increase in airway pressure (Paw) and functional 
residual capacity (FRC). In addition, the positive end-expiratory 
pressure (PEEP) increases. This is comprised of an extrinsic or set 
(e) and dynamic intrinsic (i) components. Apart from the expiratory 
time, the tidal volume and respiratory rate will also determine the 
extent of breath stacking. VT — tidal volume.
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TABLE 2.2. Risk factors for life-threatening asthma

Asthma history
Adverse behavioural or 
psychosocial factors

Previous near fatal asthma 
(including ICU admission, 
ventilation and/or 
hypercapnia)

Non-compliance with treatment, 
monitoring or clinic 
appointments

Previous hospital self-discharge
History of psychiatric illness 

including deliberate self-harm
Alcohol or drug abuse
Obesity
Learning difficulties
Employment and income 

difficulties
Social isolation
Childhood abuse

Heavy use of β2-agonist
Repeated attendances to 

casualty or admissions to 
hospital within the last year

Requiring ≥ three types of 
asthma medication

Source: Adapted from BTS/SIGN Asthma Guidelines.
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b2-Agonists

The best method of administration of β2-agonists 
(salbutamol or albuterol in North America and 

terbutaline) is contentious. Use of a metered dose 
inhaler and spacer was as effective as nebulisation 
in acute severe asthma with fewer side effects.20,21 

FIGURE 2.3. Initial management of acute severe asthma in adults in hospital. (Adapted from Annex 4 of the BTS/SIGN Asthma Guidelines).
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• Oxygen 40-60% 
• Salbutamol 5mg (or Terbutaline 

10mg) and Ipratropium Bromide 
500mcg via O2 driven nebuliser 

• 40-50mg po Prednisolone or 
100mg iv hydrocortisone or both if 
very ill 

• CXR if PT/consolidation 
suspected or pt requires IPPV 

• No sedatives 

IF LIFE THREATENING FEATURES

• Discuss with senior physician + ICU 
• Add iv Magnesium Sulphate 1.2-2g 

over 20 mins (if not already given) 
• Increase rate of nebulised β2-agonist 

(e.g. Salbutamol 5mg every 15-30 
mins or continuously 10mg/hr)

SUBSEQUENT                                 MANAGEMENT 

IF PATIENT IMPROVING IF NOT IMPROVING AFTER 15-30 mins

• Oxygen 40-60% 

• Prednisolone 40-50mg po od or 
Hydrocortisone 100mg iv qds 

• Nebulised β2-agonist 4-6 hourly 

• Continue O2 and Steroids
• Nebulised β2-agonist with increased 

frequency
o Salbutamol 5mg every 15-30 mins or 

continuous 10mg/hour
• Continue ipratropium bromide nebulised 4-6 

hourly until improving

• Repeat PEF 15-30 mins after  commencing therapy 
• Oximetry- maintain SpO2>92% 

• Rpt ABG< 2 hours after initiation of treatment if: 
o Initial pO2<8 unless subsequent S pO2 >92% 
o pCO2 normal/raised 
o Patient deteriorating 

• Chart PEF  pre- and post β2-agonist and at least qds throughout hospital stay 

MONITORING FOR ALL PATIENTS

• Discuss with senior clinician and ICU 
• IV Magnesium Sulphate (as above if not 

already given) 
• Consideration by senior physician 

o iv β2-agonist 
o iv aminophylline 
o IPPV 

Transfer to ICU by Doctor prepared to intubate if: 
• ↓PEF
• ↓pO2 or persisting hypoxia
• ↑pCO2

• Exhaustion/feeble respiratory effort/confusion/drowsy
• Coma/Respiratory Arrest

Abbreviations: po- orally; iv- intravenously; PT- pneumothorax; mins- minutes; hr- hour; 
od- once daily; qds- six-hourly, ICU- intensive care unit; IPPV- Invasive Positive 
Pressure Ventilation; PEF- peak expiratory flow rate; pO2- arterial partial pressure of 
oxygen; pCO2- arterial partial pressure of Carbon Dioxide;   

STILL NOT IMPROVING 
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However, in the most severe cases inhaler devices 
may be diffi cult to use effectively. The BTS recom-
mends considering continuous nebulisation in 
severe exacerbations in which there is a poor 
response to nebulised β2-agonists,15 despite a lack 
of evidence of benefi t in airfl ow obstruction, hos-
pital admission or response.22,23 Similarly, no dif-
ference in effectiveness has been demonstrated 
between the intravenous (IV) and nebulised 
routes, but an increase in side effects was associ-
ated with IV administration.24

The α-agonist action of adrenaline leading to 
vasoconstriction and potentially reduced airway 
oedema, in addition to its β-agonist action, theo-
retically makes it an attractive treatment option. 
However, comparing nebulised β2-agonists and 
adrenaline demonstrated equivalent relief of 
airfl ow limitation, although the reduction in respi-
ratory rate was greater in the β2-agonist group.25,26 
There was no difference in side effects between 
the two groups and no benefi t in combining the 
two treatments. With no proven benefi t over 
β2-agonists the routine use of adrenaline is not 
recommended.

Ipratropium Bromide

Ipratropium bromide is an anticholinergic bron-
chodilator with a maximum effect 60–90 min after 
nebulisation. Meta-analysis and a recent trial support 
the use of ipratropium bromide as an adjunct to 

β2-agonists in acute asthma with a larger benefi t in 
those with severe or life-threatening asthma.27

Corticosteroids

Enteral steroids are as effective as parenteral and 
may be used providing there are no concerns 
regarding absorption. There is no benefi t in using 
higher doses.28,29

Magnesium

A meta-analysis and systematic review assessing 
the benefi t of intravenous magnesium sulphate in 
acute asthma showed no harm, but no benefi t in 
airfl ow obstruction and hospital admission.30,31 In 
a subgroup of patients with the most severe 
asthma a benefi t in PEFR was observed.30 The BTS 
guidelines therefore recommend giving a single 
dose of magnesium sulphate in patients with life-
threatening asthma or in those who do not have a 
good initial response to inhaled brochodilators.15

Aminophylline

There are no data supporting the use of intrave-
nous aminophylline as an adjunct to inhaled β2 
agonists, but side effects include palpitations, 
arrhythmias and vomiting.32

Heliox

This helium–oxygen mixture (80:20 or 70:30) has a 
similar viscosity to air, but a lower density. In theory 
this lowers resistance to fl ow and improves laminar 
fl ow in the airways, decreasing the work of breathing 
and improving the delivery of inhaled medications 
at a cost of decreasing the inspired oxygen concen-
tration. Despite positive results in small studies, 
systematic reviews provided no evidence to support 
its use currently in life-threatening asthma.15,33,34

Leukotriene Receptor Antagonists

Oral preparations are recommended as adjuncts 
in the management of chronic asthma.15 One ran-
domised trial comparing intravenous monteleu-
kast to placebo in 194 patients with moderate to 
severe asthma exacerbations already receiving 
β2-agonist therapy, showed improvement in FEV1 
at 10 min and 2 h.15 Further studies are needed to 
confi rm any benefi t over standard management.

TABLE 2.3. Drugs recommended in the treatment of acute severe 
asthma, routes of administration and dosage

Medication Route and dose

Salbutamol Nebulised: 2.5–5 mg in 2.5 mL normal 
saline every 15–20 min until clinical 
improvement or continuous 
nebulisation at 10 mg/h (both via 
oxygen driven nebulisers)

IV: 3–20 mcg/kg/h
Ipratropium bromide Nebulised: 500 mcg every 6 h
Corticosteroids Enteral: Prednisolone 40–60 mg once 

daily
IV: Hydrocortisone 100 mg every 6 h

Aminophylline IV: 5 mg/kg loading dose over 20 min 
(unless taking oral theophyllines) 
followed by 0.5–0.7 mg/kg/h infusion 
(guided by theophylline levels)

Magnesium sulphate IV: 1.2–2 g over 20 min, one dose

Abbreviation: IV, intravenous.
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Ventilatory Support

Tracheal Intubation

If, despite maximal medical therapy, patients with 
severe asthma deteriorate or become exhausted, 
then tracheal intubation and mechanical ventila-
tion should not be delayed even if hypercapnia is 
not present.15,36 A deteriorating conscious level 
and impending or actual cardiopulmonary arrest 
are absolute indications for tracheal intubation.15,36 
Tracheal intubation rates for asthma admissions 
vary from 2% to 61%.37 The process should be 
semi-elective and performed by an experienced 
team in an appropriate environment with good 
preparation and anticipation of the potential com-
plications.36 Induction of anaesthesia and positive 
pressure ventilation tend to further compromise 
venous return in asthmatic patients and may pre-
cipitate cardiovascular collapse (Figure 2.1). Fluid 
resuscitation and correction of electrolytes would 
ideally have been carried out previously. Vasocon-
strictors (such as metaraminol) and the means of 
maintaining sedation and paralysis must be 
immediately available.

Anaesthetic Agents and Sedatives

Opiates may also cause dose-dependent histamine 
release and bronchoconstriction; fentanyl is less 
likely than morphine to cause histamine release. 
Ketamine is a general anaesthetic with sedative, 
analgesic and brochodilating properties, which has 
been used to induce anaesthesia in the emergency 
intubation of patients with asthma.38 A randomised 
controlled trail compared the addition of ketamine 
or placebo in 53 patients receiving standard care 
in casualty. In awake patients the dose of ketamine 
that was tolerable in terms of the dysphoria caused, 
produced no bronchodilatation.39

Inhaled anaesthetic agents have a direct relax-
ant effect on bronchial smooth muscle causing 
bronchodilation.40 Hypotension and myocardial 
irritability are the side effects of these agents, but 
these are minimal with sevofl urane. Numerous 
practical problems preclude the use of these 
agents in all but the most diffi cult cases: incom-
patibility with ICU ventilators, the cost of the 
agents and continuous anaesthetic supervision, 
the inability of anaesthetic ventilators to support 
pressures required to ventilate asthmatic patients 

and fi nally the requirement for scavenging of the 
anaesthetic gases.

Neuromuscular Blocking Agents

Continued paralysis may be required to facilitate 
mechanical ventilation. The use of these agents is 
associated with an increased incidence of myopa-
thy which appears to be exacerbated by the syner-
gistic adverse effect of corticosteroids in patients 
with asthma.41

Mechanical Ventilation

Using a slow respiratory rate and prolonged expir-
atory time attenuates dynamic hyperinfl ation, 
intrinsic PEEP and the risk of air leaks (Figure 
2.2). This strategy may lead to hypercapnia but 
this is well tolerated.42,43 A low level of ventilator 
set PEEP (2/3 of PEEPi is often used) may reduce 
the work of breathing by improving expiratory 
fl ow. Higher levels of extrinsic PEEP may be 
harmful 44 and it is advisable to assess the volume 
of trapped gas (a facility available on some modern 
ventilators) associated with changes in ventilatory 
settings. One study of 51 patients mechanically 
ventilated for acute severe asthma correlated end-
expiratory lung volume alone as a risk factor for 
the acute complications of hypotension (20%), air 
leaks (14%) and arrhythmias (10%).45 In mechani-
cally ventilated patients with uncontrolled gas 
trapping, manual compression of the chest wall 
during expiration may augment expiratory fl ow 
and lung emptying.46,47 A less dramatic alternative 
is to preoxygenate the patient and then disconnect 
them from the inspiratory limb of the ventilator 
until expiratory fl ow ceases.

Non-invasive ventilation (NIV) has been used in 
small observational studies in patients with acute 
severe asthma with claims that physiology is 
improved and the outcome is unaffected.48,49 NIV 
should not be used in those who are unable to 
cooperate and coordinate with the ventilator, those 
who have excessive secretions and in those in whom 
immediate endotracheal intubation is preferable.36 
The role of NIV is acute severe asthma is undeter-
mined and its use cannot be recommended.

Mucous plugging and segmental or lobar col-
lapse are common fi ndings in asthmatic patients 
and the use of mucolytics and chest physiotherapy 
are theoretically attractive. Case reports have 
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described the successful use of bronchoscopic 
lavage in refractory asthma.50,51 There is however, 
signifi cant risk associated with this procedure. 
Recombinant human deoxyribonuclease (a muco-
lytic) has been benefi cial in children with refrac-
tory asthma.52 Generous humidifi cation should be 
provided to all asthmatic patients as a means to 
aiding expectoration.

In cases where mechanical ventilation fails to 
provide adequate respiratory support or is associ-
ated with uncontrollable adverse effects extracor-
poreal membrane oxygenation should be considered. 
Its successful use has been described in case reports 
and in the absence of right ventricular failure a 
veno-venous circuit should suffi ce.53,54

Discharge

In one study 16 out of 89 patients admitted to an 
urban ICU suffering from asthma had two or more 
admissions in a 3-year period.37 Patients who have 
survived life-threatening asthma should receive edu-
cation regarding their disease, including a written 
management plan. These measures reduce morbid-
ity post-exacerbation and reduce relapse rates.55 
Regular anti-infl ammatory medication should be 
prescribed and follow-up arranged by a respiratory 
specialist.15 Table 2.4 summarises the BTS/SIGN 
asthma guidelines for discharge of patients admitted 
for acute severe asthma (Boxes 2.1 and 2.2).
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Abstract Chronic obstructive pulmonary disease 
(COPD) is a slowly progressive disease character-
ised by increasing cough, wheeze and exertional 
breathlessness with associated airfl ow obstruction 
that is not fully reversible. The majority of patients 
have a 20-pack-year history of cigarette smoking. 
Typically, progressive decline in lung function with 
intermittent acute exacerbations leads to chronic 
respiratory symptoms, disability and respiratory 
failure. The term COPD encompasses varying 
combinations of pulmonary emphysema, chronic 
bronchitis and chronic severe asthma, and it may 
be diffi cult to defi ne the relative importance of 
each in an individual patient. Over the last 10 years 
there have been numerous COPD guidelines pub-
lished, many of which differ in detail. This chapter 
includes guidelines from the National Institute 
for Clinical Excellence (NICE, UK)1, the ATS/ERS 
standards for the diagnosis and treatment of pa-
tients with COPD position paper2, the National 
Institute for Health (USA) Global Initiative for 
Chronic Obstructive Lung Disease3, the British 
Thoracic Society Guidelines4, the American Tho-
racic Society guidelines5 and a BMJ review6.

Epidemiology

In 1999, there were 30,000 deaths attributable to 
chronic obstructive pulmonary disease (COPD) in 
the UK, representing 5.1% of all deaths (sixth 
commonest cause of death). A diagnosis of COPD 
has been established in 0.9 million of the UK pop-
ulation (∼1.5%) most of whom are over 45 years 
old, although the true prevalence is probably >1.5 

million (i.e. >40% of cases are unidentifi ed). 
Worldwide, COPD is currently the fourth leading 
cause of death. It is the only preventable cause of 
death that is increasing. The age-adjusted death 
rate as a proportion of the 1965 rate is 163% (com-
pared to a 59% reduction for ischaemic heart 
disease). Currently, COPD exacerbations account 
for ∼10% of all emergency hospital medical admis-
sions and are more frequent in the winter months. 
The NHS COPD budget is £818 million/year 
(∼£800/patient/year). However, total economic 
costs for the UK are over £2 billion/year when lost 
working days and social service support budgets 
are included. Prognosis: yearly mortality is ∼25% 
when FEV1 is <0.8 L. This is increased by coexisting 
cor pulmonale, hypercapnea and weight loss.

Definitions

COPD is a preventable and treatable disease state 
characterised by airfl ow limitation that is not fully 
reversible. The airfl ow limitation is usually both 
progressive and associated with an abnormal 
infl ammatory response of the lungs to noxious 
particles or gases, primarily caused by cigarette 
smoking. Although COPD affects the lungs, it also 
produces signifi cant systemic consequences (ATS/
ERS). Chronic bronchitis is ‘the presence of chronic 
cough and sputum production for at least 3 months 
of 2 consecutive years in the absence of other 
diseases recognised to cause sputum production’. 
This defi nition was used by the MRC as an epide-
miological defi nition of ‘chronic bronchitis’. 
However, it does not always signify the presence 
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of airways obstruction or the diagnosis of COPD. 
Most of the morbidities and mortalities of COPD 
relate to airways obstruction and not mucus 
hypersecretion.

Pathogenesis

Smoking and other risk factors accelerate normal 
age-related decline in expiratory airfl ow (Table 
3.1). Defi ciency of α1-antitrypsin is associated 
with early onset emphysema and occurs in 2% of 
COPD patients. α1-Antitrypsin is a protease inhib-
itor which prevents alveolar damage. Normal 
α1-antitrypsin production occurs in subjects with 
two M genes (i.e. phenotype MM). However, 
several genes including Z and S cause α1-antitrypsin 
defi ciency. Homozygotes (e.g. ZZ, SS) have very 
low plasma α1-antitrypsin levels and may develop 
emphysema in the third or fourth decade of life, 
whereas heterozygotes (e.g. MS, MZ) have reduced 
levels and may be at greater risk of emphysema, 
particularly in smokers.

Pathophysiology

Although emphysema and chronic bronchitis 
often coexist they are different disease processes.

· Emphysema is associated with destruction of 
alveolar septa and capillaries and may be due to 
inadequate anti-protease defences against 
inhaled toxins (e.g. tobacco smoke). Smoking 
causes centrilobular emphysema with predomi-
nantly upper lobe involvement, whereas 
α1-antitrypsin defi ciency causes panacinar 
emphysema, which affects the lower lobes. Loss 
of lung tissue creates bullae (large airspaces), 
reduces lung elastic recoil and impairs diffusion 

capacity. Emphysematous airways obstruction 
is caused by distal airways collapse during expi-
ration due to loss of the ‘elastic’ radial traction 
from the surrounding lung tissue that normally 
maintains airway patency (Figure 3.1a)7. ‘Static’ 
hyperinfl ation describes the alveolar air trap-
ping that occurs under resting conditions due to 
this distal airways collapse (Figures 3.1a and 
3.2). ‘Dynamic’ hyperinfl ation describes the 
additional air trapping that occurs when bron-
choconstriction (e.g. asthma, COPD exacerba-
tions), exercise or rapid ventilation (either 
spontaneous or mechanical ventilation [MV]) 
reduce expiratory (± inspiratory) times and 
further impair alveolar emptying (Figures 3.2a 
and b). Hyperinfl ation increases ‘end-expiratory 
alveolar pressure’ (auto-PEEP, see below) 
enhancing expiratory airfl ow but the ‘horizon-
tal’ position of the ribs and the fl at diaphragm 
place the inspiratory musculature at a mechani-
cal disadvantage, which increases the elastic 
work of breathing. Raised intrathoracic pressure 
associated with hyperinfl ation reduces venous 
return to the heart and cardiac output leading 
to cardiovascular instability.

· Auto-PEEP (Figure 3.3) refers to the component 
of positive end-expiratory pressure (PEEP) 
during mechanical ventilation that is due to 
‘dynamic’ hyperinfl ation and represents the 
pressure of the trapped alveolar gas. The pres-
sure applied to the airway by the clinician is 
called PEEP (sometimes called ‘extrinsic’ PEEP). 
The pressure measured when all airfl ows are 
stopped at end expiration is equivalent to the 
average alveolar pressure and is termed the 
‘total’ PEEP. Auto-PEEP is the difference bet-
ween the ‘total’ PEEP and PEEP (i.e. that com-
ponent of ‘total’ PEEP attributable to dynamic 
hyperinfl ation). Confusingly, the term ‘intrinsic’ 
PEEP may be used to refer to auto-PEEP or 
‘total’ PEEP. ‘Total’ PEEP and thus auto-PEEP 
is usually measured by occluding the expiratory 
port of the ventilator at end expiration for ∼2 s. 
There is probably considerable regional varia-
tion in auto-PEEP and the measured end-expir-
atory value is the mean (Figure 3.3). Auto-PEEP 
measured at end expiration may also be mis-
leadingly low, as it refl ects only those pressures 
in alveoli that communicate with the airway 
(Figure 3.3). The end-inspiratory plateau pressure 

TABLE 3.1. Risk factors for COPD

• Smoking
• Age > 50 years: prevalence ∼5–10%
• Male gender
• Childhood chest infections
• Airway hyperreactivity—asthma/atopy
• Low socio-economic status
• α1-Anti-trypsin deficiency
• Heavy metal exposure—cadmium
• Atmospheric pollution
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is usually uniform (i.e. there is little regional 
variation) and may be a better indicator of gas 
trapping (e.g. at different respiratory rates) 
when tidal volume and PEEP are fi xed. A high 
plateau pressure despite a normal or low tidal 
volume indicates widespread gas trapping. A 
marked disparity between a high plateau pres-
sure and a low auto-PEEP measured by end-
expiratory occlusion suggests extensive airways 
obstruction due to infl ammation or mucus 
plugging (Figure 3.3).

· Chronic bronchitis causes airways obstruction 
due to chronic mucosal infl ammation (± airways 
damage), mucus gland hypertrophy with mucus 
hypersecretion and bronchospasm (Figure 
3.1b). The lung parenchyma is unaffected. V/Q 

mismatch occurs due to poor ventilation of 
alveoli due to early airways closure in expiration 
or due to alveolar collapse if the airway is com-
pletely obstructed (Figures 3.1b, 3.2a and b).

Diagnosis

Diagnosis should be considered in any patient who 
has symptoms of cough, wheeze, sputum produc-
tion (or ‘winter bronchitis’), exertional dyspnoea 
and/or a history of risk factors (e.g. smoking, occu-
pation). Weight loss, ankle oedema, nocturnal 
waking and fatigue should be assessed. Haemoptysis 
or chest pain is infrequent in COPD and raises the 

FIGURE 3.1. Pathophysiology of emphysema and chronic bronchitis.
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possibility of alternative diagnoses. The diagnosis 
is confi rmed by spirometry, which demonstrates a 
post-bronchodilator FEV1 < 80% of the predicted 

value in combination with airfl ow obstruction 
(FEV1/FVC ratio < 0.7) that is largely irreversible 
with bronchodilator therapy or following steroid 

FIGURE 3.2.  Pathophysiology and strategies during mechanical ventilation to a) improve alvedar filling, b) aid alveolar deflation and 
c) correct for hyperinflation and auto-PEEP.
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FIGURE 3.3. Auto-PEEP.
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FIGURE 3.4. Spirometry in normal and COPD patients illustrating that airflow obstruction is irreversible with bronchodilators (± steroids) 
in COPD.
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therapy (i.e. <15% increase in FEV1) (Figure 3.4). 
The severity of COPD is classifi ed by (a) FEV1 as a 
percentage of predicted (e.g. BTS guidelines: mild 
50–80%; moderate 30–49%; severe <30% pre-
dicted; but individual classifi cations differ); and 
(b) by severity of symptoms (e.g. at risk; intermit-
tent or persistent symptoms; frequent exacerba-
tions; respiratory failure). Routine assessment 
includes blood tests and chest radiograph. The 
clinical scenario determines the need for further 
investigation (e.g. α1-antitrypsin, gas transfer, lung 
volumes, CT scan, sputum culture, ECG).

· Emphysema: this is associated with normal 
resting blood gases because alveolar septa and 
capillaries are destroyed in proportion to each 
other. Desaturation during exercise and increased 
minute ventilation are due to reduced diffusion 
capacity. Lung function tests confi rm impaired 
diffusion (DLCO, KCO) and increased lung volumes 
(TLC, FRC, RV). Chest radiography (CXR) reveals 
hyperinfl ation (e.g. fl at diaphragms, large retro-
sternal airspace), narrow mediastinum, bullae, 
hyperlucency and reduced peripheral vascular 
markings. Patients with emphysema are often 
relatively well oxygenated, but breathless and 
cachexic with hyperinfl ated chests and are clas-
sically described as ‘pink-puffers’.

· Chronic bronchitis: the diffusion capacity and 
lung volumes are usually normal but V/Q mis-
match due to poor alveolar ventilation or collapse 
may cause hypoxaemia with associated pulmo-
nary hypertension (PHT) and fl uid retention. 
CXR shows increased vascular markings but 
normal lung volumes. Because these patients are 
often hypoxaemic and oedematous but not 
breathless, they are sometimes described as ‘blue-
bloaters’. In reality, most patients with COPD 
have varying degrees of emphysema and bron-
chitis and a mixed clinical picture (see below).

Clinical Features

The concept of emphysematous ‘pink-puffers’ and 
bronchitic ‘blue-bloaters’ is unreliable as most 
patients have coexistent elements of both disease 
processes and a mixed clinical picture (i.e. ‘blue-
puffers’). Emphysematous patients tend to be breath-
less and tachypnoic, with signs of hyperinfl ation and 

malnutrition including thin body, barrel chest, 
pursed-lip breathing and accessory muscle use. 
Chest auscultation reveals distant breath sounds and 
prolonged expiratory wheeze. Chronic bronchitic 
patients are often less breathless despite potential 
hypoxaemia, and reduced respiratory drive leads to 
CO2 retention with associated bounding pulse, 
vasodilation, confusion, headache, fl apping tremor 
and papilloedema. Hypoxaemia-induced renal fl uid 
retention, rather than right heart failure, is the cause 
of oedema and the clinical picture of ‘cor pulmonale’ 
(i.e. hepatomegaly, ankle oedema, raised CVP). Pul-
monary hypertension (PHT) is a late feature. It 
occurs earlier in bronchitic patients due to hypoxic 
pulmonary vasoconstriction and is partially reversed 
by oxygen therapy. In emphysema, extensive capillary 
loss may contribute to PHT.

General Management

Recent guidelines [1–4] and UK national priori-
ties for healthcare require (a) early diagnosis: by 
establishing smoking history and monitoring 
spirometry (± reversibility) in >90% of primary 
care populations (see above); (b) prevention of 
disease progression: by encouraging smoking ces-
sation and reducing other risk factors (e.g. occu-
pational dust exposure, environmental pollution); 
(c) optimisation of medical therapy: to improve 
quality and length of life in stable COPD and to 
prevent acute exacerbations and associated hospi-
tal admissions;7,8,9 and (d) early hospital discharge: 
with ongoing community support (e.g. COPD out-
reach teams).

Management of Stable COPD

The exact sequence of initiation of available ther-
apies differs slightly between individual guide-
lines (e.g. GOLD, BTS, NICE) but Figure 3.5 
provides a clinically useful synthesis of the differ-
ent management protocols for stable COPD 
(adapted from [6]).

Non-pharmacological Therapy

· Smoking cessation is the single, most effective 
(and cost-effective) intervention to reduce the 
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risk of developing COPD and to stop its progres-
sion. Even a 3-min period of counselling urging 
a smoker to ‘quit’ in a clear, strong and person-
alised manner can be effective, and at the very 
least this should be done for every smoker at 
every visit. Further success is reported with 
support schemes (e.g. ASH, NHS) and anti-
smoking pharmacotherapy (e.g. nicotine 
replacement therapy, bupropion).

· Pulmonary rehabilitation strengthens respira-
tory muscles, increases exercise tolerance, 
reduces hospitalisations, enhances quality of life, 
increases physical and emotional participation 
in everyday activities and reduces symptoms. 
These benefi ts are achieved by improving educa-
tion (e.g. breathing techniques), addressing 
altered mood and social isolation and prevent-
ing weight loss, muscle wasting and exercise 
deconditioning. For example, during an acute, 
non-infective exacerbation of COPD a patient 
may be taught how to partially relieve dyspnoea 
by (a) splinting the shoulder girdle to assist work 
of breathing and (b) slowing respiratory rate to 
allow longer expiration with combined ‘pursed-
lip’ breathing to ‘splint’ open small airways during 
expiration thus reducing air trapping and allowing 
larger subsequent inspiratory volumes.

· Nutrition is related to body mass index (BMI), 
which should be monitored and maintained in 
the range >20 to <25. When BMI is <20, improv-
ing nutritional status improves respiratory 
muscle strength and prognosis. Similarly, when 
BMI is >25, reducing weight improves func-
tional status and reduces dyspnoea.

Pharmacological Therapy

· Bronchodilators (Figure 3.5) are central to the 
symptomatic management of COPD7,8,9. Initially 
prescribed on an as required basis to relieve 
symptoms, they are subsequently given regularly 
to prevent or relieve symptoms. When given by 
the preferred inhaled route, attention to inhaler 
technique is essential and side effects are mild, 
predictable and dose-dependent. Although 
spirometric improvements with inhaled bron-
chodilators are small, recent studies show reduc-
tions in functional residual capacity (FRC) and 
hyperinfl ation, which correlate with improved 
functional status, dyspnoea index and quality-
of-life measures. Nebuliser therapy: patients with 
distressing breathlessness despite maximal 
inhaler therapy should be considered for home 
nebuliser therapy with regular review.

FIGURE 3.5. Clinical algorithm for COPD management.
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(a) Inhaled ß2-agonists have a rapid onset of 
action (<5 min) and are initially prescribed 
as short-acting, cheaper agents (e.g. salbuta-
mol, albuterol). As COPD severity progresses 
regular long-acting agents (e.g. salmeterol, 
e-fomoterol) may be more convenient and 
have been demonstrated to improve health 
status.

(b) Inhaled anticholinergics agents have a slower 
onset of action (maximum effect ∼60 min) 
than β2-agonists, but are equally effective (or 
better) bronchodilators in COPD. Both 
short-acting (e.g. ipratropium bromide) and 
long-acting (e.g. tiotropium bromide) anticho-
linergic agents improve health status and 
reduce hyperinfl ation. Tiotropium bromide, a 
once daily therapy, is superior to ipratropium 
bromide as it acts specifi cally on the M3 bron-
chodilator muscurinic receptor, whereas ipra-
tropium bromide acts on three muscurinic 
receptors M1, M2 and M3, where M1 and M3 
receptors are bronchodilators and M2 is 
bronchoconstrictor8. Recent studies have 
confi rmed that tiotropium is more effective 
than ipratropium and may have benefi ts com-
pared to long-acting β2-agonists. Combina-
tions of β2-agonists and anticholinergic 
agents are additive with greater effect than 
either agent alone and fewer side effects.

(c) Methylxanthines (e.g. theophylline, amino-
phylline) are usually prescribed as slow-
release oral preparations and improve exercise 
tolerance and blood gases but have negligible 
effects on spirometry. In addition to their 
bronchodilator effects they may improve res-
piratory drive, diaphragmatic strength and 
mucociliary clearance. However, due to poten-
tial toxicity and the need for monitoring of 
plasma levels at higher doses, inhaled bron-
chodilators are preferred when available.

· Inhaled corticosteroids do not reduce long-term 
decline in FEV1 in patients with COPD. In mild 
and moderate COPD long-term treatment with 
inhaled corticosteroids is only recommended if 
a previous trial of inhaled or oral steroids has 
shown a benefi cial spirometric response. 
However, the combination of an inhaled corti-
costeroid with a long-acting β2-agonist is recom-
mended in patients with an FEV1 < 50% predicted 

who have had two or more exacerbations requir-
ing oral steroids (± antibiotics) over the previous 
12 months, as this has been demonstrated to 
decrease the frequency of further exacerbations. 
Long-term treatment with oral corticosteroids is 
not recommended in COPD and benefi ts less 
than 25% of patients. Steroid-induced myopathy 
and other systemic side effects of oral steroids 
may contribute to muscle weakness and early 
respiratory failure.

· Vaccination against infl uenza and pneumococ-
cal infection is essential. In COPD patients, 
infl uenza vaccination reduces serious illness 
and death due to infl uenza by ∼50%.

· Other pharmacological therapies include the 
following:

(a) Mucolytics assist a few patients with exces-
sive sputum production.

(b) Antitussive agents are not recommended in 
COPD as cough has a signifi cant protective 
effect.

(c) Conventional antidepressant pharmaco-
therapy should be considered in severely 
depressed COPD patients.

(d) Benzodiazepines and narcotics are respira-
tory depressants and may worsen hyper-
capnia. They are not recommended except 
in end-stage, palliative COPD when they 
may help relieve severe dyspnoea.

(e) a1-Antitrypsin therapy is expensive, of un-
proven value and is not recommended for 
routine use (NICE, BTS). Patients should be 
referred to specialist centres for advice.

(f) Other therapies such as antioxidants, res-
piratory stimulants, regular antibiotics and 
immunoregulators are not recommended 
in stable COPD.

Long-Term Oxygen Therapy (LTOT)

· LTOT used for >15 h/day improves survival in 
hypoxaemic patients. It may also have benefi cial 
effects on haemodynamics, haematological char-
acteristics, exercise capacity and mental state. It 
is only recommended when PaO2 is <7.3 kPa 
with or without hypercapnia in clinically stable 
COPD patients. When PaO2 is >7.3 kPa but 
<8 kPa, LTOT may be appropriate if one of sec-
ondary polycythaemia, nocturnal hypoxaemia, 
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peripheral oedema or pulmonary hypertension 
is present. It should only be prescribed after full 
assessment by a respiratory physician.

Surgery

·  Bullectomy is effective in reducing dyspnoea 
and improving lung function in carefully selected 
patients. Lung volume reduction surgery or trans-
plantation may be indicated in advanced COPD, 
but long-term effi cacy and selection criteria are 
not established.

Management of Acute Exacerbations

Acute exacerbations are common, and when severe 
may require admission to hospital (± critical care 
facilities). An acute exacerbation is defi ned as a 
sustained worsening of the patient’s usual stable 
state that is acute in onset and includes worsening 
breathlessness, cough, increased sputum produc-
tion and discoloured sputum. The cause is often 
unknown but infection, pulmonary embolism, 
pneumothorax, coexisting ischaemic heart disease, 
heart failure and arrhythmias (e.g. atrial fi brilla-
tion due to atrial enlargement, medications or 
metabolic disturbances) can precipitate exacera-
bations. Frequent exacerbations increase the rate 
of decline in FEV1 and lung function. Average cost 
of a severe COPD exacerbation (usually with hos-
pital admission) is about £1,500. Following hospi-
tal admission with an acute exacerbation, the 
readmission rate is >30% and mortality is >10% 
within 3 months. Following ICU admission 
12-month mortality is ∼40%.

General Measures

·  Oxygen therapy (OT) is essential in all acute 
COPD exacerbations and the small increase in 
PaCO2 that occurs in most cases is of no conse-
quence. Unfortunately, ∼10% of COPD patients 
Unfortunately, ~10% of COPD patients with 
impaired ventilatory mechanisms develop  
hypoventilation and CO2 retention with OT. 
Nevertheless, these patients still benefi t from 
low-dose ‘controlled’ OT (24–28%), as they are 
on the steep part of the oxy-haemoglobin dis-
sociation curve where small increases in PaO2 

do not cause much CO2 retention but signifi -
cantly increase arterial oxygen content. In con-
trolled OT, the response to increasing oxygen 
concentrations is monitored with arterial blood 
gas (ABG) measurements to achieve a PaO2 > 
8 kPa without a substantial rise in PaCO2.

(a) Prehospital OT: in the absence of an oxi-
meter or ABG measurements the initial se-
lection of an appropriate dose of O2 is dif-
fi cult. During the short period (<20 min) of 
prehospital transport and A + E  department 
assessment, continuous 40% O2 therapy 
should be started and if an oximeter is 
available, it should be adjusted to main-
tain SaO2 > 88% but <93%. Controlled OT 
using a fi xed performance (24–28%) ‘Ven-
turi’ mask may be preferable if drowsiness 
develops or if type 2 respiratory failure has 
occurred previously.

(b) After blood gas measurement: OT is best 
given via a Venturi mask and is titrated to 
the lowest concentration required to achieve 
an SaO2 88–92% (PaO2 ∼ 8 kPa). Higher SaO2 
has no advantage but may cause or exacer-
bate hypercapnia and respiratory acidosis. 
ABG must be monitored regularly. If PaCO2 
rises (>8 kPa), pH falls (<7.35), or if the pa-
tient becomes drowsy or fatigued, non-inva-
sive positive pressure ventilation (NIPPV) 
should be initiated (see below). If hypercap-
nia and respiratory acidosis progress but 
intubation and mechanical ventilation are 
considered inappropriate (i.e. end-stage dis-
ease), FiO2 is reduced to stimulate hypoxic 
drive and spontaneous ventilation, thereby 
decreasing PaCO2. SaO2 will fall to <88% 
but aim to maintain PaO2 at >6.5 kPa (SaO2 
80–85%).

· Respiratory/physiotherapy assists secretion clear-
ance (e.g. breathing and coughing techniques).

· Fluid, electrolyte and nutrition management is 
especially diffi cult in ‘cor pulmonale’ and requires 
careful monitoring. Electrolyte correction (e.g. 
hypophosphataemia, hypokalaemia) and good 
nutrition (2,000 cal intake daily) improve respi-
ratory muscle strength and endurance. Although 
it is possible to generate excessive CO2 produc-
tion by overfeeding with carbohydrate, this is 
rarely a problem. Low carbohydrate, high lipid 
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feeds (to reduce CO2 generation) are rarely nec-
essary. Thromboembolic prophylaxis is essential 
in immobile patients.

Pharmacological Therapy

· Bronchodilators: high-dose, aerosolised, short-
acting β-agonists and anticholinergic bron-
chodilators, usually delivered by nebuliser, 
relieve symptoms and improve gas exchange. 
Nebulisers should be driven with compressed 
air in hypercapnic patients. Patients should be 
changed to handheld inhalers as soon as their 
condition has stabilised.

· Oral corticosteroids: in the absence of contrain-
dications, oral corticosteroids improve lung 
function and hasten recovery and should be 
used, in conjunction with other therapies, in all 
patients with an exacerbation of COPD. Early 
therapy maximises benefi t. Prednisolone 30 mg 
orally should be prescribed for 7–14 days. Oste-
oporosis prophylaxis should be considered in 
patients requiring frequent courses of steroids.

· Antibiotic therapy: meta-analysis data suggest a 
small morbidity and mortality advantage with 
antibiotic therapy and is recommended in COPD 
exacerbations associated with purulent secre-
tions. Antibiotic therapy is directed against likely 
organisms (e.g. Haemophilus infl uenza, Strepto-
coccus pneumoniae, Moraxella catarrhalis) and 
adjusted according to microbiological results. 
Initial empirical therapy should be with an ami-
nopenicillin, a macrolide or a tetracycline.

· Theophyllines: these should only be used as an 
adjunct if the response to nebulised bronchodi-
lators is inadequate. To prevent toxicity, plasma 
theophylline levels should be measured within 
24 h of starting therapy and interactions with 
other drugs reviewed.

· Respiratory stimulants: these are only appropriate 
when non-invasive ventilation is not available.

Ventilatory Support

Non-invasive Positive Pressure Ventilation

Non-invasive positive pressure ventilation (NIPPV) 
has repeatedly been shown to be effective in the 
management of persistent hypercapnic ventilatory 
failure occurring during severe exacerbations of 

COPD despite optimal medical therapy. It is most 
effectively delivered by well-trained staff in an 
appropriate setting (e.g. HDU). Selection criteria: 
for NIPPV include severe dyspnoea, moderate to 
severe acidosis (pH 7.3–7.35) and hypercapnia 
(PaCO2 6–8 kPa) and respiratory rate >25 breaths/
min. Exclusion criteria: include cardiovascular 
instability, impaired consciousness, respiratory 
arrest, lack of cooperation, high risk of aspiration, 
facial surgery or other factors preventing applica-
tion of facemasks.

Three recent systematic reviews report a reduc-
tion in endotracheal intubation rates and in-hospital 
mortality in hypercapnic COPD exacerbations 
treated with NIPPV. Although one suggested that 
the benefi t was limited to more severe cases (pH 
< 7.3), this was not supported by the most recent 
publication. As compared to standard treatment 
alone, NIPPV is associated with quicker improvement 
in pH, PaCO2, respiratory rate and breathlessness, 
resulting in a 28% reduction in endotracheal intu-
bation rate, a 10% reduction in mortality rate and a 
4–6-day reduction in hospital stay. Most of the 
studies have included highly selected COPD cases 
with moderate respiratory failure (pH < 7.35; 
PaCO2 6–8 kPa, respiratory rate > 25 breaths/min) 
and have demonstrated failure rates of 20–30% 
as judged by death or the requirement for endo-
tracheal intubation. Most studies report that 
response in the fi rst 2 h of NIPPV (as measured 
by improvement in pH and PaCO2) is predictive of 
success or failure. Higher failure rates (35–49%) 
have been reported in series of less carefully 
selected patients.

Mechanical Ventilation

Mechanical ventilation (MV) may be lifesaving in 
COPD exacerbations, but whenever possible 
should be avoided because (a) most patients 
without advanced cor pulmonale tolerate hypox-
aemia and acidosis well; (b) spontaneously breath-
ing patients have an effective cough; (c) COPD 
patients are at particularly high risk of developing 
ventilator-associated complications (e.g. baro-
trauma, pneumothorax, infection, hypotension); 
and (d) weaning can be diffi cult due to respiratory 
muscle weakness and the associated increase in 
work of breathing associated with hyperinfl ation 
(Figures 3.2 and 3.3). Indications for MV: include 
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severe hypoxaemia (PaO2 < 5.3 kPa), respiratory 
rate > 35 breaths/min, increasing acidosis (pH < 
7.25), hypercapnia (PaCO2 > 8 kPa), respiratory 
arrest, NIPPV failure, confusion, poor cough and 
haemodynamic instability. Mortality in ventilated 
COPD patients is about 20%, with higher mortal-
ity in those requiring > 72 h MV (37%) and those 
who fail an extubation attempt (36%). Mean dura-
tion of ventilation is between 5 and 9 days. Con-
trary to general opinion, mortality in ventilated 
COPD patients with respiratory failure is less than 
that in non-COPD cases.

In end-stage COPD with reduced exercise toler-
ance, resting breathlessness and loss of indepen-
dence it may be appropriate to limit ventilatory 
support to NIPPV. The decision not to ventilate 
should be based on health status and an estimate 
of survival time based on previous functional 
status, BMI, LTOT requirement when well, co-
morbidities and previous ICU admissions. Neither 
age nor FEV1 should be used in isolation when 
assessing suitability for MV. A clear statement of 
the patients’ wishes in the form of an advance 
directive or ‘living-will’ always makes these diffi -
cult decisions easier.

Mechanical ventilation in COPD (and asthma) 
is associated with specifi c problems (Figures 3.2 
and 3.3):
1. ‘Dynamic’ hyperinfl ation and associated auto-

PEEP: these may occur when expiratory time is 
inadequate (rapid ventilatory rates) or tidal 
volumes are too high. The adverse consequences 
include increased work of breathing, haemody-
namic instability and patient–ventilator dysyn-
chrony. Barotrauma is an obvious risk of serious 
hyperinfl ation. Unlike restrictive disease, obstruc-
tive airways disease allows good transmission 
of alveolar pressure to the pleural space, and the 
haemodynamic effects of auto-PEEP may be 
more severe than those caused by similar levels 
of physician-applied PEEP. Cardiac output may 
fall during intubation and cardiopulmonary 
resuscitation, as air trapping associated with 
vigorous ventilation impairs venous return. 
Auto-PEEP also adds to the work of breathing 
by presenting an increased threshold load to 
inspiration, impairing inspiratory muscle 
strength and by depressing the trigger sensitiv-
ity of the ventilator. Addition of low levels of 
PEEP (less than auto-PEEP) effectively replaces 

the auto-PEEP, improving comfort, reducing 
work of breathing and marginally improving 
distribution of ventilation without increasing 
hyperinfl ation. Management: ventilated COPD 
patients must be checked at intervals for evi-
dence of dynamic hyperinfl ation. If present, 
bronchodilation, increased expiratory time (i.e. 
decreased respiratory rate), reduced tidal venti-
lation and setting PEEP at a similar level to 
auto-PEEP all reduce dynamic hyperinfl ation 
and its associated effects.

2. Metabolic alkalosis: avoid over-ventilating 
patients with long-standing CO2 retention as 
this may cause metabolic alkalosis.

3. Discontinuation of MV (weaning): cautious 
weaning is undertaken as soon as possible, but 
can be diffi cult and hazardous in COPD 
patients. The best method is debated, but 
whether pressure support or a T-piece trial is 
used, weaning is shortened when a clinical pro-
tocol is adopted. Several recent trials indicate 
that NIPPV can facilitate and shorten the 
weaning process in COPD patients with acute 
or chronic respiratory failure12. Compared with 
invasive pressure support ventilation, NIPPV 
during weaning shortened weaning time, 
reduced ICU length of stay, decreased nosoco-
mial pneumonia and improved survival rates.

Discharge After COPD Exacerbation

Prior to discharge patients must be clinically stable, 
with stable oximetry and blood gases, re-established 
on their optimal maintenance bronchodilator 
therapy, with appropriate support for discharge (e.g. 
education, oxygen delivery, visiting nurse). Arrange-
ments for follow-up should have been made.
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Abstract Patients with diffuse interstitial lung 
disease (DILD) admitted to the intensive care unit 
(ICU) often present with diffi cult diagnostic and 
management challenges to the intensivist and 
hence it is essential that a multidisciplinary 
approach is employed. Clinically, the diffi culty lies 
in differentiating between progression of an exist-
ing DILD and the potential need for a new or 
increased immunosuppression,  and other causes 
of respiratory deterioration which may require 
individual therapy and a potential reduction in 
immunosuppression. In this chapter we review the 
importance of the clinical history, radiological 
imaging and the role of additional invasive 
diagnostic techniques including bronchscopy, 
bronchoalveolar lavage and transbronchial versus 
open surgical biopsy, in complex patients. We 
review both disease-specifi c and general critical care 
management for such patients including the limited 
role of lung transplantation. In the absence of a 
reversible disease, the prognosis for patients with 
DILD requiring mechanical ventilation is extremely 
poor, and the importance of effective palliation and 
end-of-life-care management is discussed. 

Introduction

The differential diagnosis of diffuse interstitial lung 
disease (DILD) is extremely broad, encompassing a 
wide range of lung pathologies, due to a large 
number of aetiological causes (Table 4.1). In addi-
tion, an individual disease may result in differing 

clinical and histopathological presentations, this 
being particularly important in connective tissue-
related DILD. Importantly, some DILDs are more 
responsive to immunosuppressive therapy and 
hence have a better prognosis. Given the complex-
ity of the diagnosis and subsequent management, 
it is essential that a multidisciplinary approach, 
potentially involving respiratory physicians, radi-
ologists, microbiologists, thoracic surgeons and 
histopathologists is employed in the diagnosis and 
subsequent management of patients with DILD in 
the intensive care unit (ICU).1,2

Clinical Presentation

Rarely the fi rst presentation of DILD may result in 
acute respiratory failure. In the absence of specifi c 
clinical history or fi ndings, such patients are often 
treated as for pulmonary infection, with failure of 
resolution, or ongoing deterioration being the stim-
ulus to challenge the diagnosis. A high index of 
suspicion, a thorough, directed history and exami-
nation, with early involvement of a respiratory phy-
sician are vital to minimize delay in such cases.

More commonly, it is the development of respi-
ratory failure on a background of established 
DILD that fi rst brings the patient to the attention 
of the ICU team. Clinically, the differential diag-
nosis usually lies between a deterioration in the 
underlying disease requiring increased immuno-
suppression, and other causes of respiratory dete-
rioration (infection, pulmonary embolus, heart 
failure), which may require additional therapy and 
possibly a reduction in immunosuppression. This 
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distinction is diffi cult in such patients because the 
clinical presentations may overlap.

Unfortunately, in the majority of the connective 
tissue diseases and other forms of DILD, there is 
no serological marker that closely correlates with 
pulmonary disease activity. In addition, com-
monly used laboratory indices of infection (e.g. 
white blood cell count, erythrocyte sedimentation 
rate, C-reactive protein), may be infl uenced by the 
underlying connective tissue disease, or its treat-
ment (immunosuppressive agents), and therefore 
lack sensitivity or specifi city. The situation is 
further complicated with the development of 
multi-organ dysfunction and increased risks of 
nosocomial infection, in patients requiring inten-
sive care. New markers designed to differentiate 
infection from infl ammation (e.g. procalcitonin) 
have been shown to perform well in clinical 
studies, including both the critical care population 
and in patients with systemic autoimmune disease, 
but are not widely available for clinical use.3,4

Investigation

Given the severity of illness with which these 
patients present, a multidisciplinary and cali-
brated diagnostic approach is recommended 
(Figure 4.2).

Radiological Investigation

In this group of patients the importance of review-
ing available prior imaging, to place present fi nd-
ings in perspective to established disease, and to 
develop temporal relationships, cannot be under-
stated. That said, unfortunately chest radiography 
may be unhelpful in distinguishing pulmonary 
infection from progression of DILD in the ICU 
population.5 Computed tomography, in particu-
lar high-resolution computed tomography 
(HRCT), is now central to the diagnosis and man-
agement of diffuse interstitial lung disease.1 It has 
been shown to be a safe method of obtaining 
clinical and physiological information in the crit-
ically ill,6 and may be diagnostic in advanced 
DILD7 obviating the need for invasive investiga-
tion. Although characteristic HRCT patterns are 
described for specifi c forms of DILD and some 
infections (Figure 4.1a–c),CT scanning has not 

TABLE 4.1. Recognised causes of diffuse interstitial lung disease

Occupational/environmental
Non-organic 
 Asbestosis 
 Silicosis 
 Coal workers pneumoconiosis 
Organic 
 Hypersensitivity pneumonitis, e.g. Bird fancier’s lung, 
 Farmer’s lung 
Collagen vascular disease
Rheumatoid arthritis 
Poly/dermatomyositis 
Scleroderma 
Primary Sjogren’s syndrome 
Systemic lupus erythematosis 
Ankylosing spondylitis 
Vasculitis-related
Wegeners granulomatosis 
Churg–Strauss vasculitis 
Pauci immune vasculitis 
Goodpature’s syndrome (anti-GBM disease) 
Drug-related
Amiodarone Cyclophosphamide
Sulphasalazine Chlorambucil
Gold Mephalan
Penicillamine Methotrexate
Mitomycin Azothioprine
Bleomycin Cytosine arabinoside
Busulfan Nitrofurantoin
Physical agents
Radiation/radiotherapy 
Cocaine inhalation 
Intravenous drug abuse 
Paraquat toxicity 
Neoplastic disease
Bronchoalveolar cell carcinoma 
Lymphangitis carcinomatosis 
Pulmonary lymphoma 
Circulatory disorders
Pulmonary oedema 
Pulmonary veno-occlusive disease 
Chronic infection
Tuberculosis 
Fungal disease (aspergillosis, histoplasmosis) 
Miscellaneous
Sarcoidosis 
Amyloidosis 
Alveolar proteinosis 
Chronic aspiration 
Eosinophilic pneumonia 
Idiopathic interstitial pneumonias
Acute interstitial pneumonia (AIP) 
Usual interstitial pneumonitis (UIP) 
Desquamative interstitial pneumonitis (DIP) 
Non-specific interstitial pneumonia (NSIP) 
Organizing pneumonia (OP) 
Respiratory bronchiolitis interstitial lung disease (RBILD) 
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been evaluated as a diagnostic test for opportun-
istic infection in the ventilated patient with DILD. 
Poor quality images  can be a major constraint in 
the breathless and ventilated patient, along with 
other technical issues and interpretation with an 
experienced radiologist is recommended. HRCT 
can usually be combined with CT pulmonary 
angiography if pulmonary embolic disease is 
under consideration as a cause for clinical dete-
rioration (Figure 4.1d). In addition, if inconclu-
sive itself, CT may defi ne the optimal site for 

further investigation (e.g. bronchoalveolar lavage 
[BAL] or biopsy).

Microbiological Investigation

The spectrum of potential infective organisms is 
dependent on a number of factors including: 
presence of neutropenia8 level and type of 
immunosuppressive therapy,9,10 prior administra-
tion of empirical antimicrobial therapy11 and 
timing relative to hospital admission and onset of 

FIGURE 4.1. (a) Sub-pleural fibrosis (Lower 7 O’clock arrow corresponds to sub-pleural change) with marked honeycomb change (Upper 
1 O’clock arrow corresponds to honey-comb lung). Typical of UIP which is typically poorly responsive to therapy. (b) Multifocal (often 
peri-bronchial) consolidation (arrows) compatible with infection, but in this case represented organizing pneumonia which is potentially 
reversible with immunosuppression. This image also highlights the use of CT in identifying sites for further sampling (BAL or biopsy). (c) 
Mutiple medium-sized nodules with a halo of ground glass shadowing, highly suggestive of fungal infection (arrows). (d) CT pulmonary 
angiogram (CTPA) with filling defect/thrombus occluding right lower lobe pulmonary artery (arrow).
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mechanical ventilation.12,13 Although their exact 
incidence varies between series, in the non-HIV 
positive immunocompromised patient, the 
commonest infectious pathogens are bacterial 
(~40%), followed by fungal (~30%), viral (~20%), 
Pneumocystis jiroveci (~10%) and Mycobacte-
rium tuberculosis (<5%)—with mixed pathogens 
occurring commonly (~20%).

Routine specimens should include blood cul-
tures, sputum (gram stain, fungal smears, culture), 
urinary antigen detection (Pneumococcus, Legio-
nella), nasal pharyngeal aspirate or swabs (or BAL 
see below) for respiratory virus direct fl uorescent 
antibody (DFA) testing and culture, CMV antige-
naemia and serum PCR. In less sick patients with 
mild hypoxaemia, induced sputum (mycobacteria, 
pneumocystis) should be considered, but is usually 
superseded by bronchoscopy and BAL in sicker 
individuals.

Ordinarily, bronchoscopy with BAL plays a rela-
tively minor role in the clinical management of 
DILD. However, in the clinical scenario of pulmo-
nary infi ltrates in the setting of immunosuppres-
sion, BAL can be crucial in the detection of 
opportunistic infection as well as non-infective 
causes of diffuse alveolar shadowing such as alve-
olar haemorrhage and malignancy.14,15 Although 
bacterial pathogens are the most commonly iso-
lated, diagnostic testing should aim to exclude 
atypical, opportunistic, fungal, mycobacterial and 
viral infections along the lines discussed above. 
New diagnostic techniques applicable to BAL fl uid 
include antigen detection (e.g. Aspergillous spp., 
Cryptococcus neoformans, Legionella pneumo-
phila), antibody detection (anti-pneumolysin in 
detection of pneumococcal pneumonia), special 
methods for culture (BACTEC radiometric culture 
for mycobacteria), as well as molecular biological 

FIGURE 4.2. An algorithm for the management of patients with diffuse interstitial lung disease (DILD) and acute respiratory failure (ARF). 
Abbreviations: BAL, bronchoalveolar lavage; TBB, transbronchial biopsy; SLB, surgical lung biopsy.
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techniques such as the polymerise chain reaction 
(PCR) (e.g. CMV, Herpes simplex, M. tuberculo-
sis).16 However, the clinical usefulness of these 
tests is yet to be validated, and likely to be highly 
dependent on the quality of the specimen, BAL 
technique and population studied. Clinicians are 
advised to seek early microbiological advice 
regarding their use in such patients.

If adequate precautions are taken, bronchoscopy 
with BAL has been shown to be safe in immuno-

suppressed patients, including those with hae-
matological dysfunction17 and critically ill patients 
requiring mechanical ventilation.18 However, dete-
rioration in respiratory mechanics and gas exchange 
is well recognised.19,20 Therefore, in self-ventilating 
patients who are at high risk of requiring mechani-
cal ventilation,21 the additional diagnostic benefi ts 
need to be carefully considered and thought given 
to whether the procedure should be performed in 
the ICU.

Lung Biopsy

If BAL is unhelpful, attention often turns to more 
invasive methods of tissue sampling, that is, trans-
bronchial biopsy (TBB) or surgical lung biopsy 
(SLB). The added value of TBB in patients under-
going BAL remains contentious. However, in a 
retrospective evaluation in both HIV and non-HIV 
immunosuppressed patients TBB was more sensi-
tive than BAL (77% vs 48% in HIV disease, 55% 
vs 20% in haematological malignancy, 57% vs 27% 
in renal transplant recipients) and there were few 
serious complications.22 In patients with HIV 
infection it has been argued that a negative BAL 
result should prompt a repeat BAL with TBB at the 
most abnormal site; this approach has a diagnos-
tic yield of 90% for nodules or focal infi ltrates.23 A 
similar approach has been found to be successful 
and safe in mechanically ventilated patients.24,25 In 
one small retrospective review (n = 38), a com-
bined procedure allowed a diagnosis in 74% of 
patients, resulting in a confi rmation of clinical 
diagnosis in 11% and therapeutic modifi cation in 
63%. Complications included pneumothorax 
(24%), mild haemorrhage (11%) and transient 
hypotension (5%), but there were no serious com-
plications or deaths. When BAL and TBB are non-
diagnostic, SLB via either a mini-thoracotomy or 
video-assisted thoracoscopy (VATS) may be con-
sidered. Although widely accepted in DILD in 

general, the role of SLB has been questioned in 
ventilated subjects because of a perception of 
higher risk and reduced benefi t in critically ill 
patients. The diagnostic yield of SLB in ventilated 
patients varies from 46% to 100%.26–29 Perceived 
benefi ts of increased diagnostic accuracy include: 
confi rmation of the diagnosis and continuation 
of existing therapy, initiation or increase of 
immunosuppression, alterations in antimicrobial 
therapy, withdrawal of unnecessary medication 
and, where the underlying disease is untreatable, 
allowing the focus of care to change to more 
palliative goals. However, in most studies such 
therapeutic modifi cation does not reliably affect 
outcome. Although major complications or death 
directly related to the procedure are uncommon, 
‘minor’ complications are reported in 20–50%, 
with persistent air leaks being the most pertinent 
in the ventilated patient. Factors predicting 
mortality in ventilated patients with pulmonary 
 infi ltrates undergoing SLB have included an 
immunocompromised status at the onset of respi-
ratory failure or current immunosuppressive 
treatment, severe hypoxia, multi-organ failure and 
old age.26–30

Given the high hospital mortality and poor 
long-term prognosis in such patients, others have 
argued that if broad-spectrum antibiotic cover 
(including cotrimoxazole to cover PCP), and cor-
ticosteroids are included in empirical therapeutic 
trials, then SLB is of limited additional clinical 
benefi t in this population of patients.31,32

Treatment

In cases where an alternative diagnosis is found, 
this should be treated along standard lines.

Antimicrobial Therapy

Given the considerations discussed above, it is 
usually important to commence early, effective 
empiric antimicrobial therapy based on exist-
ing clinical and microbiological information 
prior to the results of more immediate investi-
gations. Invariably, broad-spectrum antibiotic, 
and often antifungal and antiviral, therapy is 
commenced pending the results of BAL and 
CT—with rationalisation of therapy once results 
become available. Direct involvement of a 
microbiologist is advised.
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Immunosuppressive Therapy

Where increased disease activity is suspected, and 
usually following the exclusion of infection, then 
consideration needs to be given to initiation/
further increases in immunosuppression. In the 
absence of randomized controlled trials, corticos-
teroids are the mainstay of therapy with initial 
doses of 0.5–1.0 mg/kg of prednisolone equivalent 
being usual, the variation being partly dependent 
on the underlying diagnosis. In patients with 
severe or rapidly progressive disease, or those 
receiving mechanical ventilation for acute respira-
tory failure, some centres, including our own, 
would initiate therapy with 3 days of intravenous 
methyprednisolone (0.5–1 g daily). In severe cases, 
or those not responsive to corticosteroid therapy, 
adjunct agents are sometimes employed, most 
commonly cyclophosphamide (0.5–1.0 g/m2 BSA), 
with dose adjustment for renal function, age 
and obesity. In patients with an adequate renal 
function promotion of a good urine output 
(>100 mL/h) and continuous catheter drainage 
should be adequate to avoid complications of 
haemorrhagic cystitis, if there is concern the 
adjunctive use of MESNA is recommended.

No strong evidence exists for these more aggres-
sive immunosuppressive regimens, which are 
extrapolated from experience in other disciplines. 
As such we would advise that they should be 
undertaken only in partnership with specialist 
clinicians familiar with their use in the wider 
setting. Of particular concern, is the risk of noso-
comial infection, and appropriate measures should 
be taken to minimize this. In addition, use of 
immunosuppression may prompt the need for 
antimicrobial prophylaxis (PCP, TB, CMV etc.).

Critical Care Supportive Therapy

Non-invasive ventilation (NIV) has been shown to 
avert the need for intubation and decrease the 
likelihood of nosocomial infection in chronic 
obstructive pulmonary disease, acute pulmonary 
oedema and in some cases of respiratory failure 
associated with immunosuppression.33 In the 
setting of pulmonary fi brosis, NIV is an option in 
mild respiratory failure, but we recommend that it 
is employed in an appropriate setting given the 
potential for deterioration and requirement for 
invasive ventilation.

The onset of severe respiratory failure and/or 
multi-organ dysfunction may prompt a multidisci-
plinary discussion regarding the benefi ts of ongoing 
ICU support versus a more palliative approach. If 
ongoing support is deemed appropriate, then it 
should occur in line with proposed evidence-based 
guidelines.34 Although there is little evidence for 
specifi c ventilatory strategies for patients with DILD, 
our approach is to extrapolate present guidelines for 
acute lung injury,35 limiting excessive tidal volume 
and pressure changes and accepting modest degrees 
of ‘permissive’ hypoxaemia and hypercapnia until 
the patient responds to a specifi c treatment. Given 
the lack of evidence of long-term benefi t, with wors-
ening gas exchange, adjunctive therapies such as 
inhaled vasodilators, prone positioning and high 
frequency oscillatory ventilation should be applied 
on an individual patient basis.

Lung Transplantation

Mechanical ventilation has been traditionally 
regarded as a strong relative contraindication to 
lung transplantation due to concerns about airway 
microbial colonisation and subsequent risk of 
pneumonia, the effects of long-term immobility 
and severe muscular deconditioning and other 
complications associated with mechanical ventila-
tion (e.g. sepsis, deep venous thrombosis, gastroin-
testinal haemorrhage, altered gut motility and 
nutritional problems etc.).36 Individual successes 
have been documented, but data reported to the 
International Society of Heart Lung Transplanta-
tion/United Network for Organ Sharing indicate a 
threefold increase in 1-year mortality compared to 
non-ventilated recipients.37 It has been suggested 
that a distinction should be made between stable, 
chronically ventilator-dependent patients and 
those with acute respiratory failure. In a recent 
retrospective review of transplantation in 21 ven-
tilator-dependent patients, 3 of 5 unstable patients 
died shortly after transplantation, compared with 
0 of 16 stable ventilator-dependent patients. The 
5-year actuarial survival rate of 40% in the latter 
group was comparable to that seen in non-venti-
lated individuals in the transplant program.38 
However, given the scarcity of donor organs, the 
indications for transplantation in those receiving 
mechanical ventilation remain imprecise and con-
troversial. Such decisions should be individualized, 
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with decisions based on variables such as, the type 
and activity of the underlying DILD, the reversibil-
ity of any superimposed process and the likelihood 
of expeditious transplantation. Transplantation 
during the acute episode is seldom practical and 
unlikely to be successful.

Outcome

When considering outcome in this patient group, 
several limitations have to be recognized. Firstly, 
all studies are retrospective reviews from single 
centers. Secondly, most cover periods before 
the more stringent classifi cation of these diseases 
and have therefore concentrated on ‘idiopathic 
pulmonary fi brosis’—considered to be resistant 
to therapy and irreversible in most patients. 
Finally, the spectrum in response of these diseases 
to immunosuppressive therapy needs to be borne 
in mind when making decisions in individual 
patients. Accepting these considerations the 
overall outlook for patients with established or 
progressive interstitial lung disease receiving 
mechanical ventilation is grave.39–43

End-of-Life Care

Given this grave prognosis, we advocate that this 
group of patients be considered for a ‘trial of ICU’44 
in the hope of identifying a treatable cause for their 
deterioration, such as acute exacerbation of the 
underlying disease, infection, heart failure or pul-
monary embolism. However, in the absence of any 
reversible element, progression despite treatment 
or the progression to multi-organ failure suggests 
that further escalation or prolonged life support 
may be inappropriate. Under such circumstances 
the goals of therapy may switch to palliation, includ-
ing the option of treatment withdrawal. Recent 
guidelines advocate a shared approach to end-of-
life decision making, including the patient (as 
appropriate), their family and the multidisciplinary 
team.45, 46 Patient comfort becomes paramount, and 
all therapies need to be reassessed with this goal in 
mind. Those that do not add benefi t should be dis-
continued, and levels of some existing therapies, 
e.g. analgesia, anti-emetics may need to be increased. 
Normal ICU practice may need to be reassessed, e.g. 
patient monitoring, routine interventions and 
 investigations, with particular attention to the 

patient’s privacy, family and spiritual needs. With-
drawal of life support measures should be under-
taken by experienced staff with knowledge of how 
to anticipate and address potential issues for the 
deteriorating patient and their family.

Summary

• Diagnosis and management of DILD in patients 
on the ICU is complex and requires a multidis-
ciplinary approach from the outset.

• Often management is directed at distinguish-
ing between exacerbation of the underlying 
DILD and superadded complications which are 
predominantly infective in origin.

• DILD includes a spectrum of diseases with vari-
able responses to immunosuppressive therapy, 
knowledge that needs to be factored in to an 
individual patient’s management on the ICU.

• In the absence of reversible pathology, the 
prognosis for mechanically ventilated patients 
is extremely poor, and careful attention should 
be given to end-of-life care issues.

Abbreviations

BAL Broncho-alveolar lavage
BSA Body surface area
CMV Cytomegalovirus
CT Computed tomography
CTPA  Computed tomography pulmonary angio-

graphy
CXR Chest x-ray
DILD Diffuse interstitial lung disease
HRCT High resolution computed tomography
ICU Intensive care unit
PCP Pnemocystis pneumonia
PCR Polymerise chain reaction
SLB Surgical lung biopsy
TB Tuberculosis
TBB Trans-bronchial biopsy
VATS Video-assisted thoracoscopic surgery
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Abstract Despite antibiotic therapy, pneumonia 
remains a signifi cant worldwide cause of morbidity 
and mortality. The term pneumonia covers several 
distinct clinical entities, and correct classifi cation is 
vital as the aetiology, infective organism, antibiotic 
management and outcome are determined by how 
and where pneumonia was contracted. Early recog-
nition and appropriate treatment improve outcome. 
Critical care physicians must be familiar with all 
aspects of pneumonia, as they will be expected to 
advise on and manage severe community-acquired 
pneumonia (CAP), hospital-acquired pneumonia 
(HAP) and opportunistic pneumonias in immuno-
compromised patients in the wards, high depend-
ency units (HDUs) and intensive care units (ICUs). 
Differences in the recently published antibiotic 
guidelines between the British and American Tho-
racic Societies are highlighted in this chapter.

General Definition of Pneumonia

Pneumonia describes an acute lower respiratory tract 
(LRT) illness, usually but not always due to infection, 
associated with fever, focal chest symptoms (with 
or without clinical signs) and new shadowing on 
chest radiography (Figure 5.1). The many infective 
micro-organisms and pathological insults that cause 
pneumonia are listed in Table 5.1.

Classification of Pneumonia

In the clinical situation, microbiological classifi ca-
tion of pneumonia is not practical, since identifi ca-
tion of the organism, even when possible, may take 

several days. Likewise, anatomical (radiographic) 
appearance (e.g. lobar pneumonia, which describes 
consolidation localised to one lobe; or bronchop-
neumonia, which describes widespread, patchy con-
solidation) gives little practical information about 
the cause, course or prognosis of the infection. 
The following classifi cation is widely accepted:

• Community-acquired pneumonia (CAP) descri-
bes LRT infections occurring within 48 h of 
hospital admission in patients who have not 
been hospitalised for more than 14 days. 
The most likely infective organisms are Strep-
tococcus pneumoniae (20–75%), Mycoplasma 
pneumoniae and Chlamydia pneumoniae.

• Hospital-acquired (nosocomial) pneumonia 
(HAP) is defi ned as any LRT infection develop-
ing greater than 48 h after hospital admission, 
which was not incubating at the time of admis-
sion. HAP includes: (i) ventilator-associated 
pneumonia (VAP), which refers to pneumonia 
developing greater than 48–72 h after endotra-
cheal intubation; and (ii) health-care-associated 
pneumonia (HCAP), which includes any patient 
admitted to hospital for more than 2 days within 
90 days of the infection, residing in a nursing 
home, receiving therapy (e.g. wound care, intra-
venous [iv] therapy) within 30 days of the 
current infection, or attending a hospital or 
haemodialysis clinic. Likely, causative organisms 
differ from CAP and include Gram-negative 
bacilli (∼70%) or Staphylococcus (∼15%).

• Aspiration/anaerobic pneumonia occurs due to 
bacteroides and other anaerobic infections, which 
follow aspiration of oropharyngeal contents due 

5
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to impaired laryngeal competence (e.g. cerebrov-
ascular accident [CVA]) or reduced consciousness 
(e.g. drugs, alcohol, postoperative).

• Opportunistic pneumonia occurs in immuno-
suppressed patients taking high-dose steroids, 
chemotherapy or who are HIV positive. They 
are susceptible to viral, fungal and mycobacte-
rial infections, in addition to the normal range 
of bacterial organisms.

• Recurrent pneumonia occurs due to aerobic 
and anaerobic organisms in cystic fi brosis and 
bronchiectasis.

Community–Acquired Pneumonia

Epidemiology: Incidence

Prospective population studies report an annual 
CAP incidence of 5–11 cases per 1,000 adults and 
∼15–45% require hospitalisation (1–4 cases per 
1,000) of whom 5–10% are treated in ICU. Incidence 
is highest in the very young and elderly (∼35 per 
1,000 in patients aged >75 years). Mortality is <1% 
in patients treated at home, 5–12% in hospitalised 
patients and 25–50% in ICU patients. Seasonal vari-
ation occurs with individual pathogens; M. pneumo-
nia, Staphylococcus and infl uenza virus occur in 
winter, Legionella spp. in September–October and 
Coxiella burnetii in spring. Annual cycles are also 
reported (e.g. 4 yearly mycoplasma epidemics). Fre-
quent viral infections increase CAP in winter.

Aetiology

Identifying the causative pathogen in CAP is 
difficult and results vary with methodology 
(e.g. bacterial quantifi cation), geography (e.g. the 
UK, Europe, the USA) and illness severity (e.g. 
community, hospital or ICU). No infective cause 
is found in 30–50% of cases, but in virtually all 
studies the most frequently identifi ed organism 
is S. pneumoniae (20–75%). The ‘atypical’ bacte-
rial pathogens including M. pneumonaie, Chla-
mydia pneumoniae and Legionalla spp. (2–25%) 
and viral infections including infl uenza A and B 
(8–12%) are relatively common causes of CAP. 
Haemophilus infl uenza and Moraxella catarrha-
lis are often associated with COPD exacerbations 
and staphylococcal infection may follow infl u-
enza. Respiratory syncytial virus affects children 
<2 years old. Alcoholic, diabetic, heart failure 
and nursing-home patients are prone to infec-
tion with staphylococcal, anaerobic and Gram-
negative organisms.

Risk Factors

Table 5.2 lists factors associated with increased 
risk of CAP. Specific risk factors include age 
(e.g. mycoplasma in young adults), occupation 
(e.g. brucellosis in abattoir workers, C. burnetii [Q 
fever] in sheep workers), environment (e.g. psitta-
cosis with pet birds, tularaemia and erlichiosis due 
to tick bites) or geographical (e.g. coccidomycosis 

TABLE 5.1. Micro-organisms and pathological insults that cause 
pneumonia

Bacterial infections
Atypical 
infections Fungal infection

Streptococcus pneumoniae
Haemophilus influenzae
Escherichia Coli
Klebsiella pneumoniae
Pseudomonas aeruginosa

Mycoplasma 
 pneumoniae

Aspergillus
Candida
Nocardia
Histoplasmosis

Coxiella burnetti
Chlamydia psittaci
Legionella
 pneumophila

Viral infections
Protozoal 
infections Others

Influenza
Coxsackie
Respiratory syncytial
Cytomegalovirus
Adenovirus

Pneumocystis
 carinii
Toxoplasmosis
Amoeboesis

Aspiration
Bronchiectasis
Cystic fibrosis
Lipoid pneumonia
Radiation

FIGURE 5.1. Pneumonia chest x-ray (CXR).
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in southwest USA). Epidemics of C. burnetti (Q 
fever) or Legionella pneumophila are often local-
ised. For example, patients developing Legion-
naires disease may have been exposed to a 
contaminated air conditioner at a specifi c hotel.

Diagnosis

Diagnosis of CAP on the basis of history and clini-
cal fi ndings is inaccurate without a chest radio-
graph, and several studies have demonstrated that 
the causative organism cannot be predicted from 
clinical features. In particular, ‘atypical’ pathogens 
do not have a characteristic clinical presentation. 
The diagnostic aims are to (1) establish the diagno-
sis of pneumonia, (2) determine classifi cation (aeti-
ology), which aids initial antibiotic choice, (3) assess 
severity, which determines the most appropriate 
ward placement (e.g. ward, HDU or ICU), (4) adjust 
antibiotic therapy when microbiological results are 
available, and (5) identify and treat complications.

• Clinical features: symptoms may be general (e.g. 
malaise, fever, rigors, myalgia) or chest-specifi c 
(e.g. dyspnoea, pleurisy, cough, discoloured 
sputum, haemoptysis). Signs include cyanosis, 
tachycardia and tachypnoea; with focal dullness, 
crepitations, bronchial breathing and pleuritic rub 
on chest examination. In young or old patients and 
in those with atypical pneumonias (e.g. myco-
plasma, legionella) non-respiratory features (e.g. 
headache, confusion, rashes, diarrhoea) may pre-
dominate. Complications are shown in Figure 5.3.

• Investigations: routine blood tests should be 
included. White cell count (WCC) and C-reactive 
protein (CRP) confi rm infection, abnormal liver 

function tests suggest Legionella spp. or M. pneu-
moniae infection and haemolysis and cold agglu-
tinins occur in ∼50% of mycoplasma infections. 
Blood gases: are performed to identify respiratory 
failure. Microbiology: is essential in all cases but no 
micro-organism is isolated in ∼33–50% of patients 
due to previous antibiotic therapy or inadequate 
specimen collection. Blood cultures are recom-
mended in severe pneumonia and may be positive 
in ∼25%. Sputum, pleural fl uid and bronchoalveo-
lar lavage samples, with appropriate staining (e.g. 
Gram stain), culture and assessment of antibiotic 
sensitivity may determine the pathogen (∼30–
50%) and effective therapy. Serology: identifi es M. 
pneumoniae infection, but long processing times 
limit clinical value. Recently developed rapid 
antigen detection tests for Legionella spp. (e.g. in 
urine) and S. pneumoniae (e.g. in serum, pleural 
fl uid, urine) are more useful. Radiological: chest 
x-ray (CXR) and computed tomography (CT) 
scans aid diagnosis, monitor deterioration, indi-
cate severity and aid early detection of complica tions 
(Figure 5.3). Resolution of radio logical changes 
may be slow and should not lead to further inves-
tigation during clinical improvement.

• Severity assessment: the following features are 
associated with increased CAP mortality and 
indicate the need for monitoring on an HDU/
ICU. (a) Clinical: age > 60 years, respiratory rate 
> 30/min, diastolic blood pressure < 60 mmHg, 
new atrial fi brillation, confusion, multilobar 
involvement and coexisting illness. (b) Labora-
tory: urea > 7 mmol/L, albumin < 35 g/L, hypox-
aemia PO2 < 8 kPa, leucopenia (WCC < 4 × 109/L), 
leucocytosis (WCC > 20 × 109/L) and bacterae-
mia. Severity scoring: the recently validated 
CURB-65 score, which allocates one points for 
each of confusion; urea > 7 mmol/L; respiratory 
rate > 30/min; low systolic (<90 mmHg) or dias-
tolic (<60 mmHg) blood pressure and age > 65 
years, stratifi es patients into mortality groups 
suitable for different management pathways. 
A score greater than 4 indicates the need for admis-
sion to a monitored bed in an HDU or ICU.

Management

Supportive Measures

These include oxygen to maintain PaO2 > 8 kPa 
(SaO2 > 90%) and intravenous (iv) fl uid and if 

TABLE 5.2. Risk factors for pneumonia

• Age: >65, <5 years old
• Diabetes mellitus
• Chronic disease (e.g. renal, lung)
• Alcohol dependency
• Aspiration (e.g. epilepsy)
• Recent viral illness (e.g. influenza)
• Malnutrition
• Immunosuppression: (e.g. drugs, HIV)
• Environmental (e.g. psitticosis)
• Occupational (e.g. Q fever)
• Travel abroad (e.g. paragonomiasis)
• Air conditioning (e.g. Legionella)
• Mechanical ventilation
• Postoperative (e.g. obesity, smoking)
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necessary inotropic support to maintain a mean 
blood pressure > 65 mmHg and urine output 
0.5–1 mL/kg/min. Ventilatory support: non-inva-
sive (e.g. CPAP, NIPPV) or mechanical ventilation 
(MV) may be required in respiratory failure. Per-
sisting hypoxia with PaO2 < 8 kPa despite maximal 
oxygen administration, progressive hypercapnia, 
severe acidosis (pH < 7.2), shock and depressed 
consciousness are indications for mechanical ven-
tilation. Alveolar recruitment strategies using 
PEEP aid oxygenation and ventilator modes that 
avoid high peak pressures and alveolar hyperinfl a-
tion are optimal. Physiotherapy and bronchoscopy 
may aid sputum clearance and sample collection 
for further microbiology. Steroids do not improve 
pneumonia resolution, but may be indicted 
(hydrocortisone 8 mg/h) in patients with septic 
shock who are poorly responsive to fl uid and ino-
tropic therapy.

Initial Antibiotic Therapy

Initial antibiotic therapy represents the ‘best 
guess’, according to pneumonia classifi cation and 
likely organisms, as microbiological results are 
often not available for >24 h. Therapy is adjusted 
when results and antibiotic sensitivities are avail-
able. The American and British Thoracic Societies 
(ATS, BTS) recommendations for initial antibiotic 
therapy differ slightly and are as follows:

• Non-hospitalised patients: with less severe 
symptoms usually respond to oral monotherapy 
with amoxicillin 0.5–1 g tds (BTS), or a macrolide 
(e.g. clarithromycin 500 mg bd) (ATS/BTS) or 
doxycycline 100 mg od (ATS). Patients with 
severe symptoms or at risk for drug-resistant S. 
pneumoniae (e.g. recent antibiotics, comorbidity, 
alcoholism, immunosuppressive illness, recent 
travel to areas with high levels of S. pneumoniae 
resistance [e.g. Portugal, Spain]) are treated with 
a β-lactam (e.g. co-amoxiclav 625 mg tds) plus a 
macrolide or doxycycline; or an oral antipneu-
mococcal fl uoroquinolone alone (e.g. levofl oxacin 
500 mg od, moxifl oxacin) (ATS).

• Hospitalised patients: antibiotic therapy must 
cover ‘atypical’ organisms and S. pneumoniae at 
admission. If not severe, the BTS suggests that 
combined ampicillin plus macrolide (oral or iv) 
may be adequate. In severe CAP, the BTS recom-
mends intravenous therapy with co-amoxiclav 

1.2 g tds or a second- or third-generation cepha-
losporin (e.g. cefuroxime 1.5 g tds iv) plus a 
macrolide (e.g. clarithromycin 500 mg bd). The 
ATS guidelines recommend intravenous therapy 
with a β-lactam (e.g. ceftriaxone 1–2 g od) plus 
an advanced macrolide (clarithromycin 500 mg 
bd) or an antipneumoccocal fl uoroquinolone 
(e.g. levofl oxacin 500 mg bd or moxafl oxacin). 
Staphylococcal infection following infl uenza 
and H. infl uenzae in COPD should also be 
appropriately covered. An antipseudomonal 
agent may be required when there is underlying 
structural lung disease.

Hospital-Acquired (Nosocomial) 
Pneumonia

Hospital-acquired pneumonia (HAP) including 
ventilator-associated pneumonia (VAP) and 
health-care associated pneumonia (HCAP) affects 
0.5–2% of hospitalised patients. Pathogenesis, 
causative organisms and outcome differ from 
community-acquired pneumonia (CAP). Prevent-
ative measures and early antibiotic therapy guided 
by awareness of the role of potential multidrug-
resistant (MDR) pathogens improve outcome 
(Table 5.3). Defi nitions: for HAP, VAP and HCAP 
see Classifi cation of Pneumonia.

Epidemiology

HAP is the second commonest nosocomial (hos-
pital-acquired) infection in the USA (after wound 
infection) and the most important in terms of 
mortality. Available data suggest that it affects 
between 5 and 10 per 1,000 hospital admissions 

TABLE 5.3. Risk factors for multidrug-resistant pathogens causing 
hospital-acquired pneumonia

• Antimicrobial therapy in the previous 90 days
• Current hospitalisation of >5 days
• High frequency of local antibiotic resistance
• Presence of risk factors for HCAP
 ○ Hospitalisation for >2 days in the previous 90 days
 ○ Residence in a nursing home
 ○ Home wound care or intravenous therapy
 ○ Chronic dialysis within 30 days
 ○ Family member with MDR pathogen
• Immunosuppressive disease and/or therapy
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and lengthens hospital stay by 3–14 days/patient. 
Incidence is highest in surgical and ICU wards 
and in teaching hospitals. In ICU, HAP accounts 
for 25% of all infections and ∼50% of prescribed 
antibiotics. The risk of HAP increases 6–20-fold 
during mechanical ventilation (MV) and occurs in 
9–27% of intubated patients. VAP accounts for 
>80% of all HAPs. The risk of VAP is highest early 
in the course of hospital stay and is estimated to 
be 3%/day during the fi rst 5 days of MV, 2%/day 
during days 5–10 of MV and 1%/day after this. As 
most MV is short term about 50% of all episodes 
of VAP occur during the fi rst 4 days of MV.

Aetiology

HAP is caused by a wide spectrum of bacterial 
pathogens. Time of onset (i.e. early or late-onset 
HAP/VAP) and risk factors for infection with 
MDR organisms determine potential pathogens 
(Table 5.3). Aerobic Gram-negative bacilli (e.g. 
Klebsiella pneumoniae, Pseudomonas aeruginosa, 
Escherichia coli, Acinetobacter spp.) cause ∼60–
70% of infections and Staphylococcus aureus 
causes ∼10–15%. S. pneumoniae and H. infl uenzae 
may be isolated in early onset HAP/VAP. In ICU, 
>50% S. aureus infections are methicillin-resist-
ant (MRSA). In general, the bacteriology in non-
ventilated and ventilated patients is similar. 
Pneumonia due to S. aureus is more common in 

diabetics, head trauma and ICU patients. Reported 
rates of polymicrobial infections vary widely but 
are increasing and are especially high in patients 
with ARDS. Viral and fungal infections are rare in 
immunocompetent hosts.

Pathogenesis

Oropharyneal colonisation with enteric Gram-
negative bacteria occurs in most hospitalised 
patients within a few days of admission due to 
immobility, impaired consciousness, instrumen-
tation (e.g. nasogastric tubes, gastroscopy), inad-
equate attendant hygiene with cross infection or 
inhibition of gastric acid secretion (e.g. proton 
pump inhibitor therapy) (Figure 5.2). Subse-
quent aspiration of nasopharyngeal secretions 
(or gastric contents) due to supine positioning, 
reduced consciousness, diffi culty swallowing, 
leakage past endotracheal-tube cuffs, infected 
biofilm in the endotracheal tube with subse-
quent embolisation to distal airways or direct 
inoculation of the airways during suctioning 
introduces these organisms into the LRT. Impaired 
mechanical, cellular and humoral host defences 
and inability to clear secretions (e.g. structural 
lung disease, sedation, MV, postoperative pain) 
promote ensuing infection. Haematogenous spread 
from distant infected sites (e.g. infected central 
lines) may also cause HAP.

FIGURE 5.2. Pathogenesis of hospital-acquired pneumonia (HAP).
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Risk Factors

Risk factors include those that predispose to CAP 
and factors associated with the development of 
MDR organisms and HAP pathogenesis (Tables 
5.2 and 5.3, Figure 5.2). Critical risk factors include 
prolonged (>48 h) mechanical ventilation, dura-
tion of hospital or ICU stay, severity of illness 
(including APACHE score), presence of acute 
respiratory distress syndrome and medical comor-
bidity. In ventilated patients prior use of antibiot-
ics appears protective, whereas continuous 
sedation, cardiopulmonary resuscitation, high 
ventilatory pressures, upper airway colonisation 
and duration of ventilation are independent risk 
factors. Prevention: Table 5.4 lists modifi able risk 
factors that reduce HAP incidence.

Diagnosis

Diagnosis of HAP is based on both clinical and 
microbiological assessments but may be diffi cult 

(especially in ventilated patients) as clinical fea-
tures are often non-specifi c, patients may have 
concurrent illness (e.g. ARDS) and previous anti-
biotics limit microbiological evaluation. Clinical 
criteria: HAP is suspected if a patient develops 
new radiographic infi ltrates (± hypoxaemia) 
with at least two of three clinical features sugges-
tive of infection (e.g. temperature > 38°C, puru-
lent sputum, leukocytosis or leukopaenia). 
Purulent tracheobronchitis may mimic many of 
the clinical features of HAP. Diagnostic tests: 
verify infection and determine the causative 
organism and antibiotic sensitivity. They include 
all the routine blood and radiographic tests used 
in CAP, blood cultures, CRP monitoring, diag-
nostic thoracocentesis of pleural effusions and 
LRT cultures including endotracheal aspirates 
and bronchioalveolar lavage in intubated patients. 
CT scanning aids diagnosis and detection of 
complications. Complications: are frequent with 
cavitation, abscesses, effusions and haemoptysis 
(Figure 5.3).

Management

Early diagnosis and treatment of HAP improves 
morbidity and mortality and requires constant 
vigilance in hospital patients. Antibiotic therapy 
must not be delayed while awaiting diagnostic 
tests and microbiological results.

TABLE 5.4. Risk factors for HAP and VAP

Unmodifiable risk factors Modifiable risk factors

Host-related Host-related
• Malnutrition •  Nutrition (e.g. enteral feeding)
• Age: >65, <5 years old •  Pain control, physiotherapy
• Diabetes •  Posture, kinetic beds
•  Chronic disease (e.g. renal)
• Alcohol dependency
• Aspiration (e.g. epilepsy)
•  Immunosuppression 

(e.g. SLE)
• Recent viral illness
• Smoking
• Obesity

•  Limit immunosuppressive 
therapy

•  Preoperative smoking 
cessation

Therapy-related
•  Semi-recumbent position 

(30° head up)
•  Early removal of iv lines, ET 

and NG tubes
•  Avoid intubation + 

re-intubation
•  Minimise sedative use
•  Avoid gastric overdistention
•  Maintain ET cuff pressure 

>20 cmH2O
•  Subglottic aspiration during 

intubation
•  Drain and change ventilator 

circuits

Epidemiological factors
•  Environmental 

(e.g. psitticosis)
•  Occupational (e.g. Q fever)
•  Travel abroad (e.g. 

paragonomiasis)
•  Air conditioning 

(e.g. Legionella)

Therapy-related
•  Mechanical ventilation
•  Postoperative

Infection control
•  Hand washing, sterile 

technique
•  Microbiological surveillance
•  Patient isolation

FIGURE 5.3. Computed tomography (CT) scan from a patient with 
hospital-acquired pneumonia showing consolidation, cavitation 
and abscess formation.
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Supportive Therapy

Supportive therapy includes supplemental oxygen 
to maintain PaO2 > 8 kPa (saturation > 90%) and 
intravenous fl uids (± vasopressors or inotropes) 
to maintain a mean blood pressure >65 mmHg 
and urine output 0.5–1 mL/kg/min. Ventilatory 
support including non-invasive (e.g. CPAP, NIPPV) 
or mechanical ventilation may be required in res-
piratory failure (see CAP management). Intensive 
insulin therapy to maintain serum glucose levels 
between 4 and 6.5 mmol/L improves outcome. Vig-
orous physiotherapy and adequate analgesia aid 
sputum clearance postoperatively and in the 
immobilised patient. Avoid heavy sedation and 
paralytic agents that may depress cough. Semi-
recumbent nursing of bed-bound patients with 
elevation of the bedhead to 30° reduces aspiration 
risk. Continuous subglottic aspiration using spe-
cially designed endotracheal tubes may reduce 
early onset VAP but frequency of ventilator circuit 
changes does not affect VAP incidence. Stress ulcer 
prophylaxis with either sucrulfate or proton pump 
inhibitors is acceptable although there is a trend 

to reduce VAP with sucrulfate. It is essential that 
modifi able risk factors are addressed (Table 5.4).

Antibiotic Therapy

Antibiotic therapy is empirical (as with CAP) while 
awaiting microbiological guidance. However, the 
causative organisms and suitable antibiotics differ 
from CAP. The initial key decisions are (i) whether 
the patient has risk factors for MDR organisms 
(Table 5.3), and (ii) whether the patient has early or 
late-onset HAP/VAP or HCAP, which determines the 
need for broad-spectrum (i.e. combination) antibi-
otic therapy. Figure 5.4 illustrates the recently pub-
lished American Thoracic Society guidelines for 
initial, empiric antibiotic therapy. Initial therapy 
should be intravenous in all patients. About 50% of 
the initial, empiric treatment regimes will need 
modifi cation due to either resistant organisms or 
failure to respond. However, it is important to try 
and get the antibiotic treatment ‘right the fi rst time’ 
because mortality is lower in patients receiving 
effective initial antibiotic therapy compared to those 
that require a treatment change. Consequently, local 

FIGURE 5.4. Likely pathogens and empirical antibiotic treatment of hospital-acquired pneumonia (HAP).
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patterns of bacterial infection and antibiotic resist-
ance should be used to establish the ‘best empiric 
therapy regimen’ for an individual hospital.

• In early onset HAP/VAP (<4 days in hospital) 
with no risk factors for MDR organisms, antibi-
otic monotherapy is advised with:

○ A β-lactam/β-lactamase inhibitor (e.g. piper-
acillin-tazobactam 4.5 g qds iv)

○ A third-generation cephalosporin (e.g. ceftazi-
dime 2 g tds iv) or

○ A fl oroquinolone (e.g. ciprofl oxacin 400 mg 
tds iv)

• In late-onset HAP/VAP (>4 days in hospital) or 
with risk factors for MDR pathogens (Table 5.4) 
and most HCAP combination therapy, with 
broad-spectrum antibiotics that cover MDR 
Gram-negative bacilli and MRSA, may be 
required. For example:

○ An antipseudomonal cephalosporin (e.g. 
ceftazidine 2 g tds iv), an antipseudomonal 
carbepenem (e.g. imipenem 0.5–1 g qds, mero-
penem 1 g tds iv), or a β-lactam/β-lactamase 
inhibitor (e.g. piperacillin-tazobactam 4.5 g 
qds iv).

○ Plus an antipseudomonal fl uoroquinolone 
(e.g. ciprofl oxacin 400 mg tds iv, levofl oxacin 
750 mg od iv) or aminoglycoside (e.g. gen-
tamicin 7 mg/kg od iv, adjusted to maintain 
monitored trough levels <1 μg/mL).

○ Plus vancomycin 15 mg/kg bd (adjusted to 
maintain monitored trough levels 15–20 μg/
mL) or linezolid 600 mg bd iv.

○ Adjunctive therapy with inhaled aerosolised 
aminoglycosides or polymyxin should be 
considered in patients not improving with 
systemic antibiotic therapy or who have VAP 
due to MDR Gram-negative pathogens and/
or carbapenem-resistant Acinetobacter spp.

A short course of therapy (e.g. 7 days) is appropri-
ate, if the clinical response is good. However, 
aggressive or resistant pathogens (e.g. P. aerugi-
nosa, S. Aureus) may require treatment for 14–21 
days, which improves subsequent survival. Overuse 
of antibiotics is avoided by tailoring antibiotic 
therapy to the results of lower respiratory tract 
cultures, withdrawing unnecessary antibiotics and 
shortening duration of therapy to the minimum 
effective period. Sterile cultures (in the absence of 

new antibiotics in the previous 72 h) virtually 
rules out the presence of HAP (94% negative pre-
dictive value for VAP) and withdrawal of antibiotic 
therapy should be considered. Although there is 
some evidence for a reduction in ICU-acquired 
HAP/VAP following prophylactic antibiotic 
administration, routine use is not recommended.

Mortality

The crude mortality rate for HAP may be as high 
as 30–70%, but many of these critically ill patients 
die of their underlying disease rather than pneu-
monia. The directly ‘attributable mortality’ due to 
HAP is estimated to be 33–50% in case-matched 
VAP studies. Delayed or ineffective antibiotic 
therapy, bacteraemia (especially with P. aerugi-
nosa or Acinetobacter spp.), medical rather than 
surgical illness and VAP also increase mortality. 
Early onset HAP/VAP (defi ned as occurring within 
the fi rst 4 days of hospitalisation) is usually caused 
by antibiotic-sensitive bacteria and carries a better 
prognosis than late-onset HAP/VAP (defi ned as 
occurring 5 days or more after hospitalisation), 
which is associated with MDR pathogens. However, 
in early onset HAP/VAP, prior antibiotic therapy 
or hospitalisation predisposes to MDR pathogens 
and is treated as late-onset HAP/VAP.

Other Pneumonias

Aspiration/Anaerobic Pneumonia

Bacteroides and other anaerobic infections follow 
aspiration of oropharyngeal contents due to impaired 
laryngeal competence (e.g. CVA) or reduced con-
sciousness (e.g. drugs, alcohol) (Figure 5.5). Lung 
abscesses are common. Antibiotic therapy should 
include anaerobic coverage (e.g. metronidazole 
500 mg tds iv). Large lung abscesses may require 
oral antibiotic therapy for several weeks.

Pneumonia During Immunosuppression

HIV, bone marrow transplant and chemotherapy 
patients are susceptible to viral (e.g. cytomega-
lovirus), fungal (e.g. aspergillus) and mycobac-
terial infections, in addition to the normal 
range of organisms. Severely immunocompro-
mised patients require isolation, barrier nursing 
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and combined broad-spectrum antibiotic, anti-
fungal (e.g. ampho tericin) and antiviral (e.g. 
acyclovir) regimes. HIV patients with CD4 counts 
<200/mm3 are at high risk of opportunistic infec-
tions including Pneumocystis carinii pneumonia 

(PCP), toxoplasmosis and mycobacterium avian 
intracellulare. PCP is treated with steroids and 
high-dose co-trimoxazole.

Recurrent Pneumonia

Recurrent pneumonia with aerobic and anaerobic 
organisms occurs in cystic fi brosis and bron-
chiectasis. Pulmonary fi brosis with distorted 
architecture and frequent antibiotic usage result 
in MDR organisms and the need for broad-spec-
trum regimens adjusted according to microbio-
logical results and antibiotic sensitivities.
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FIGURE 5.5. Aspiration pneumonia; chest x-ray (CXR) 6 h after 
aspiration of gastric contents.
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Abstract Pleural effusions commonly occur in the 
critically ill and arise primarily through a combina-
tion of organ failure (cardiac, renal, hepatic), sepsis 
and poor nutrition leading to hypoalbuminaemia. 
The incidence varies considerably, with estimates 
ranging from 8% to 60% depending on whether 
clinical or radiological criteria are applied. Effu-
sions are typically defi ned in terms of transudates 
(protein content <30 g/dL) and exudates (>30 g/
dL). The nature and cause of a pleural effusion is 
usually determined by pleural fl uid aspiration and 
analysis, together with non-invasive imaging such 
as chest radiography, ultrasound and computer-
ised tomography (CT). Management is dependent 
on the underlying cause (e.g. heart failure, pneu-
monia), effusion size and symptom severity. Treat-
ment may be initially medical (thoracocentesis, 
diuretics, antibiotics), though surgical intervention 
(intercostal drains, pleurodesis, pleural shunts) 
may be required in more complex cases such as 
empyema or neoplasia.

Introduction

Pleural effusions are a common medical problem, 
particularly in the critically ill, occurring in 8–10% 
of ICU patients based on clinical and radiological 
findings, though an effusion may be detected 
in up to 60% of patients with ultrasonogra-
phy.1–3 A pleural effusion represents the accumu-
lation of fl uid in the pleural space and may be 
caused by a wide variety of disorders (see Pleural 
Fluid Analysis and Imaging). The nature of the 
effusion depends on the underlying cause, but 

several factors may contribute to their development 
in the critically ill such as sepsis, organ failure 
(cardiac, renal, hepatic), hypoalbuminaemia and 
large volume intravenous fl uid resuscitation.1 This 
chapter will review the pathophysiology, aetiol-
ogy, investigation and management of pleural 
effusions.

Patho-Physiology

The pleura are comprised of fi ve main structures4 
(Figure 6.1). The outermost layer is formed by 
extra-pleural tissue, consisting of branches of the 
intercostal and internal mammary arteries, lym-
phatic vessels and extra-pleural interstitium. 
Beneath this layer lie the parietal and visceral 
pleurae, each comprising a layer of mesothelial 
cells separated by the pleural space or cavity. The 
innermost layer is formed by the lung edge com-
prising of alveoli, interstitial fl uid, blood and lym-
phatic vessels.

In health the pleural cavity contains 1 mL of 
fl uid producing a fi ne fi lm between the parietal 
and visceral pleura. Pleural fl uid is normally 
formed through fi ltration of fl uid from blood 
vessels in the extra-pleural tissues via the parietal 
pleura along a pressure gradient into the pleural 
cavity. Fluid then drains out of the pleural cavity 
via lymphatics in the parietal pleura which even-
tually drain into the mediastinal lymph nodes.

This balance may be disrupted through several 
mechanisms resulting in fl uid accumulation within 
the pleural space. For example, a transudate will 
form when pulmonary capillary pressure is raised 

6
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(e.g. left ventricular failure, renal failure) or oncotic 
pressure is reduced (e.g. hypo-albuminaemia). 
Exudates predominantly occur when the permea-
bility of the pleural membrane is increased by 
infection, infl ammatory disease or malignancy. 
Alternatively, obstruction of lymphatic fl ow by 
malignancy may also result in an exudative pleural 
effusion.

Types of Pleural Effusion

Pleural effusions can be categorised according to 
aetiology, biochemical composition and macro-
scopic appearance leading to four main types 
being described:

· Transudates
· Exudates
· Haemothorax
· Chylous effusion (chylothorax/pseudochylothorax)

Transudates

The term transudate refers to any effusion with a 
protein content <30 g/dL in the presence of a 

normal serum albumin.5 Transudates usually 
develop through a relative imbalance between 
pulmonary capillary pressure and plasma oncotic 
pressure. The most common causes of transudates 
are left ventricular failure, liver cirrhosis, renal 
failure and protein losing enteropathy; however, a 
wide variety of other conditions may also be 
implicated as outlined in Table 6.1.

Exudates

Exudates often develop in response to infection 
and/or infl ammation adjacent to or within the 
pleural cavity. The protein content is raised (≥30 g/
dL) relative to the serum protein level and an 
infl ammatory cell infi ltrate is frequently present.5 
Exudates are most commonly associated with 
pneumonia, neoplasia, connective tissue disorders 
and pulmonary infarction. A comprehensive list of 
causes is given in Table 6.1.

Haemothorax

A haemothorax is often diagnosed by the pres-
ence of frank blood within the pleural fl uid. 

FIGURE 6.1. Pleural anatomy.
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However, if the fluid is only blood-stained, a 
diagnosis can only be established by measuring 
the pleural fl uid haematocrit. A haemothorax is 
present if the pleural fluid haematocrit is more 
than half of the patient’s peripheral blood hae-
matocrit. The condition is associated with malig-
nancy, trauma (including pneumothorax), 
post-cardiac injury syndrome and benign asbes-
tos pleural disease.6 Other causes include large 
pulmonary embolism with infarction, aortic 
dissection and coagulopathy.

Chylous Effusion

A chylothorax refers to the accumulation of 
lymph (or chyle) within the pleural cavity, with 
the fl uid appearing milk-like in nature, resulting 
from the disruption of the thoracic duct or its 
tributary vessels.7 The most common causes for 
a chylothorax are neoplasia (∼50%; particularly 
lymphoma), infection (tuberculosis), trauma 
and surgery (25%; predominantly neck and 
chest). A pseudochylothorax results from the 
progressive accumulation of cholesterol crystals 
in a chronic pleural effusion, with progressively 
thickened and fi brotic pleura. This phenomenon 
is usually associated with chronic rheumatoid 
pleurisy, tuberculosis and inadequately treated 
empyema, though it may occur with artifi cial 
pneumothoraces.

Investigations

Pleural Fluid Analysis

Direct sampling of pleural fl uid is essential in the 
diagnosis and treatment of pleural effusions. 
Various parameters have been studied though only 
a few have been shown to aid diagnosis.6 The fol-
lowing variables should be measured in all cases:

· Protein
· Lactate dehydrogenase (LDH)
· pH
· Glucose
· Microscopy, culture and sensitivity
· Cytology
· Amylase
· Other—lipids (cholesterol, triglycerides), alanine 

deaminase (ADA)

Protein and LDH

The protein content of pleural fl uid has conven-
tionally been used to discriminate between transu-
dates and exudates with a protein level of less than 
30 g/dL and greater than 30 g/dL, respectively.5 
These values depend on the serum protein being 
normal which is frequently not the case in the criti-
cally ill. In addition, both pleural and serum protein 
concentration may be altered by diuretic therapy 
which is often administered in the ICU.

In view of these limitations, Light’s criteria were 
developed to differentiate exudates from transu-
dates using pleural protein and LDH measure-
ments.5 An exudate is present if one or more of the 
following criteria are fulfi lled:

· Pleural fl uid/serum protein ratio >0.5
· Pleural fl uid/serum LDH ratio >0.6
· Pleural fl uid LDH >2/3 the upper limit of normal 

serum LDH

The sensitivity and specifi city of these criteria are 
81% and 91% respectively, and Light’s criteria 
have been widely adopted as the most accurate 
method for differentiating exudates from 
transudates.

pH and Glucose

Pleural fl uid pH has been used as a marker of 
infection or infl ammation within the pleural 
cavity. A pH level of <7.2 (with normal blood pH) 

TABLE 6.1. Aetiology of transudates and exudates

Transudate Exudate

• Left ventricular failure • Pneumonia (bacterial, fungal, TB)
• Cirrhosis • Neoplasia
• Hypoalbuminaemia • Pulmonary infarction
• Nephrotic syndrome • Rheumatoid arthritis
• Peritoneal dialysis
• Protein losing 

enteropathy
• Hypothyroidism
• Pulmonary embolus
• Constrictive pericarditis
• Superior vena cava 

obstruction
• Urinothorax
• Meig’s syndrome

• Pancreatic disease (pancreatitis, 
pseudocyst)

• Collagen vascular disease 
(Wegener’s granulomatosis, SLE, 
Churg–Strauss)

• Benign asbestos-related pleural 
disease

• Dressler’s syndrome
• Intra-abdominal abscess 

(subphrenic, hepatic, splenic)
• Oesophageal rupture
• Drug-induced (e.g. amiodarone)
• Radiotherapy
• Yellow-nail syndrome
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is highly indicative of pleural infection, though 
similar values may occur with malignancy, colla-
gen vascular disease (e.g. rheumatoid arthritis, 
SLE) and oesophageal rupture.8 These conditions 
are also associated with low pleural glucose level 
(<3 mmol), with readings below 2 mmol present in 
pleural sepsis and rheumatoid arthritis.9

Microscopy, Culture and Sensitivity

Differential white cell analysis may help to char-
acterise and diagnose the cause of a pleural effu-
sion by identifying a predominant cell type. For 
example, polymorph (neutrophil)-rich effusions 
are often seen in cases of pneumonia, pulmonary 
embolism, viral infection, acute tuberculosis or 
benign asbestos-related pleural disease.6 Lym-
phocytic effusions are typically found in tubercu-
losis, neoplasia (especially lymphoma), sarcoidosis, 
rheumatoid arthritis and chylothoraces. An eosi-
nophilic effusion (>10% cell count) may arise in 
pneumonia but can also occur in neoplasia, tuber-
culosis, pulmonary infarction, Churg–Strauss, 
benign asbestos-related pleural disease, parasitic 
disease and idiosyncratic drug reaction.

All specimens should be sent for routine culture 
and sensitivity with additional samples required 
for TB and/or fungal culture if there is a high 
index of suspicion (e.g. immunocompromised or 
patients from endemic areas).

Cytology

Neoplasia may be diagnosed in up to 60% of cases 
from pleural fl uid aspirates alone.10 Diagnostic 
yield can be improved by repeated sampling, so 
further aspiration should be considered if malig-
nancy is strongly suspected.

Amylase

Pleural amylase is raised in specifi c conditions, 
aiding diagnosis in certain circumstances. Ele-
vated amylase levels (pleural/serum ratio >1) are 
observed in acute pancreatitis, pancreatic pseudo-
cyst, oesophageal rupture, pleural malignancy and 
ruptured ectopic pregnancy.11 Measurement of 
pancreatic and salivary isoenzymes may help to 
differentiate oesophageal rupture from pancreatic 
disease.

Lipid Profile

Chylothoraces and pseudochylothoraces can be 
distinguished from one another by lipid analysis 
of the pleural fl uid.12 A chylothorax will usually 
have a raised triglyceride level, typically >1.24
 mmol/L, with chylomicrons present but no choles-
terol crystals. A chylous effusion can normally be 
excluded if the triglyceride is <0.56 mmol/L. In 
a pseuodochylous effusion the triglyceride level 
is low but the cholesterol level is raised 
(>5.18 mmol/L), with cholesterol crystals often 
present on microscopy. An empyema may occa-
sionally appear similar to a chylous effusion but 
can be distinguished by centrifugation which 
leaves a clear supernatant and cellular sediment 
on separation.

Adenosine Deaminase (ADA)

Raised ADA levels have been found in pleural fl uid 
aspirates from patients with tuberculosis.13 
However, ADA may also be elevated in pleural 
sepsis, neoplasia and certain connective tissue 
disorders, so it must be interpreted in the context 
of each clinical case.

Imaging

Chest Radiograph

Most pleural effusions in the critically ill are iden-
tifi ed following a routine chest radiograph (Figure 
6.2a). An effusion is usually visible when 200 mL 
or more of fl uid is present, though smaller effu-
sions (50 mL) may be detected on lateral fi lms by 
loss of the posterior costophrenic angle.14 Venti-
lated patients are often imaged supine causing 
loss of the fl uid layer, though other radiological 
features remain that still allow diagnosis (Figure 
6.2b). There may be hazy opacifi cation of the 
hemithorax with preservation of the vascular 
structures. Poor delineation of the ipsilateral 
hemidiaphragm and thickening of the minor 
fi ssure may also be present.

Occasionally, sub-pulmonic effusions will occur 
and can be diffi cult to identify on routine chest 
radiographs. Subtle features may include elevation 
of the hemi-diaphragm with lateral peaking and 
downward sloping of the major fi ssure. However, 
the chest radiograph frequently underestimates 
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the nature and size of a pleural effusion so that 
other imaging modalities such as ultrasound or 
computerised tomography (CT) are required.

Ultrasound

Ultrasonography allows more accurate assessment 
of the nature, size and site of pleural collections 
than conventional chest radiography15,16 (Figure 
6.3). The superior resolution can show fi brinous 
septation, loculation and distinguish pleural thick-
ening from fl uid. Exudates are invariably septated 
and homogenously echogenic (particularly in 
infection or haemorrhage). Ultrasound is fre-
quently used to guide thoracocentesis, particularly 
in loculated effusions or when previous pleural 
aspiration has failed, with success rates of up to 
97%.17 Complication rates are also reduced with 
some studies reporting low rates of pneumothorax 

(1.3%) in mechanically ventilated patients.18,19 Its 
principle advantage is mobility, allowing repeatable, 
detailed imaging at the bedside.

Computerised Tomography (CT)

CT scanning with contrast enhancement provides 
high-resolution images of the pleura and underly-
ing lung parenchyma (Figure 6.4a). Pleural disease 
may be distinguished from parenchymal lung 
pathology (e.g. pneumonia or neoplasia) and CT 
can help to differentiate benign from malignant 
pleural disease. The main features of malignant 
pleural disease include nodular and/or circumfer-
ential pleural thickening, particularly involving 
the mediastinal and parietal pleura.20 CT scanning 
should be performed prior to pleural drainage to 
provide better anatomical defi nition.

The presence, nature and severity of pleural 
infection may also be assessed by contrast-
enhanced CT (Figure 6.4b). Empyemas usually 
appear lenticular in shape with compression of 
the adjacent lung parenchyma, whilst lung 
abscesses may have poorly defi ned margins.21 CT 
pulmonary angiogram should be considered in 
patients with a persistent, undiagnosed pleural 
effusion despite extensive investigation.6

Diagnostic Procedures

Bronchoscopy

Fibre-optic bronchoscopy has a limited role in 
the investigation of pleural effusion. It may aid 

FIGURE 6.2. Typical CXRs of (a) a right-sided pleural effusion and (b) bilateral pleural effusions in a supine patient.

FIGURE 6.3. Ultrasound appearance of a pleural effusion.
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diagnosis in cases where an underlying malig-
nancy is suspected (e.g. haemoptysis, chronic 
cough, weight loss) or there is associated consoli-
dation/collapse indicative of possible bronchial 
obstruction by tumour or a foreign body.6 This 
should ideally be performed after pleural drainage 
to avoid distortion of the lung anatomy due to 
airway compression by the effusion.

Pleural Biopsy

Percutaneous biopsy is normally undertaken 
when pleural malignancy or tuberculosis is sus-
pected, particularly in patients with a chronic 
pleural effusion in whom all previous investiga-
tions have failed to yield a diagnosis.6 The proce-
dure can be performed blind with an Abram’s 
needle, at the same time as pleural aspiration, or 
under image guidance with contrast-enhanced CT 
using a true-cut biopsy needle.

Previous studies have shown blind biopsy to 
yield a diagnosis in an extra 7–27% of cases fol-
lowing thoracocentesis, with total diagnostic rates 
of 57% and 75% for carcinoma and tuberculo-
sis.22–24 However, the diagnostic rates for both con-
ditions increases further when pleural biopsy is 
performed under image guidance. The diagnostic 
yield for pulmonary tuberculosis increases to 
80–90% when undertaken in conjunction with 
pleural fl uid analysis and Ziehl–Nielson staining 
for acid-alcohol fast bacilli (AAFB) and culture for 
tuberculosis.25,26 The most common complications 
are pneumothorax (3–15%), haemothorax (<2%), 
site bleeding (<1%) and fever (<1%).25

Thoracoscopy

Video-assisted thoracoscopy allows direct visu-
alisation of the pleural space, considerably 
improving diagnosis by draining all the pleural 
fl uid for analysis, permitting inspection of the 
pleura and thereby facilitating pleural biopsy. The 
technique is normally reserved for those indi-
viduals with a chronic pleural effusion in whom 
all other investigations have failed to provide a 
diagnosis.

The procedure may be performed under local 
anaesthesia, so-called medical thoracoscopy, 
allowing non-ventilated patients with signifi cant 
co-morbidities who cannot tolerate general anaes-
thesia, such as the elderly, to be investigated. Ven-
tilated patients may receive surgical intervention 
during thoracoscopy (e.g. decortication, pleurod-
esis) under general anaesthesia. Serious complica-
tions such as major haemorrhage are rare but 
surgical emphysema (6.9%) and cardiac arryth-
mias (0.35%) have been reported in previous case 
series.27

Management

Several factors must be considered when deter-
mining the treatment of a pleural effusion. These 
include the underlying cause, size, chronicity, 
patient age and co-morbidities. In addition to 
establishing the diagnosis, the main steps in 
management are treatment of the underlying 
cause, drainage and preventative measures should 
recurrence occur.

FIGURE 6.4. Typical CT appearance of (a) a pleural effusion and (b) an empyema with loculations and pleural thickening.
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Treatment of the Underlying Cause

Attempts should be made to treat the underlying 
condition in all cases in order to aid recovery and 
prevent recurrence. In certain situations this may 
be suffi cient to achieve resolution of the effusion, 
for example, diuretics in left ventricular failure.

Left Ventricular Failure

Pleural effusions of varying size occur in up to 
80% of patients with cardiac failure. The majority 
of cases will normally resolve with optimisation 
of medical therapy. Patients should receive appro-
priate diuretic therapy with an angiotensin con-
verting enzyme (ACE) inhibitor or angiotensin II 
receptor antagonist and a β-blocker introduced 
once tolerable. Spironolactone may be started in 
those patients with more severe cardiac failure 
(NYHA grade 3 or 4). However, large effusions 
causing signifi cant symptoms or respiratory com-
promise (diffi culty with mechanical ventilation or 
weaning) may not resolve rapidly with medical 
therapy, and will still require either thoracocente-
sis or chest drain insertion.

Pneumonia and Empyema

All patients with empyema or complicated para-
pneumonic effusion should receive antibiotic 
therapy in addition to having intercostal drain 
insertion. The type of antibiotic regimen used 
depends on the whether the infection is hospital 
or community acquired, local bacterial prevalence 
and antibiotic policy. Ideally, antibiotic therapy 
should be guided by pleural fl uid culture and 
sensitivities.

The organisms most commonly associated with 
community-acquired infection are Streptococcus 
pneumoniae, Haemophilus infl uenzae and Staphy-
lococcus aureus.28 The British Thoracic Society 
(BTS) guidelines on the management of pleural 
infection advise that intravenous empirical therapy 
should consist of either a second-generation 
cephalosporin (e.g. cefuroxime) with metronida-
zole or a penicillin with a quinolone (e.g. benzyl 
penicillin and ciprofl oxacin). Meropenem and 
metronidazole or clindamycin, with or without a 
cephalosporin, may be used in those individuals 
with penicillin allergy. Aminoglycosides do not 
adequately penetrate the pleural cavity and are 

generally avoided. There is no data regarding 
duration of therapy, though treatment for 3 weeks 
is usually advocated.29 Patients may be converted 
to an oral regimen if a prolonged course of treat-
ment is recommended, and the BTS guidelines 
advise using a beta-lactamase-inhibiting penicillin 
(e.g. co-amoxiclav), with or without metronida-
zole, or clindamycin alone.

Pleural infection can also occur with atypical 
bacteria, although signifi cant disease is rare.30,31 
Small effusions are seen in 5–20% of patients with 
mycoplasma pneumoniae, and are usually reactive 
in nature. Similarly, effusions associated with 
legionella pneumonia tend to be insignifi cant and 
self-resolving. Treatment with a macrolide antibi-
otic is recommended for effusions associated with 
atypical bacterial infection.

Hospital-acquired pleural infection usually 
occurs in conjunction with nosocomial pneumo-
nia or chest trauma/surgery. Infection may be due 
to aerobes, both Gram positive and negative, and/
or anaerobes. Empirical therapy must cover this 
broad spectrum of organisms with specifi c activ-
ity against pseudomonas and staphylococcus. 
The BTS guidelines advise using piperacillin-
tazobactam, meropenem or a third-generation 
cephalosporin such as ceftazidime.29 Mixed infec-
tion with Streptococcus milleri and anaerobes has 
been documented and is associated with signifi -
cant mortality.32 In these circumstances clin-
damycin, with or without a cephalosporin, may be 
considered.

Neoplasia

The majority of malignant pleural effusions 
require chest drain insertion or surgical interven-
tion. In a small proportion the effusion will resolve 
after treatment of the underlying malignancy with 
chemotherapy, an example being small cell carci-
noma of the lung, which is normally highly chemo-
sensitive. However, chemotherapy may not be 
feasible in the critically ill patient with signifi cant 
co-morbidities, particularly in the presence of 
severe sepsis.

Connective Tissue Disease

Disease modifying therapies such as corticoster-
oids and immunosuppressant drugs may need to 
be initiated in those with active disease in addition 
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to performing pleural drainage. The opportunity 
to introduce these agents may again be limited by 
the patient’s co-morbidities.

Thoracocentesis

Drainage of pleural effusions improves ventila-
tion and cardio-pulmonary haemodynamics, 
shortens duration of mechanical ventilation and 
reduces ICU length of stay.33 Therapeutic thora-
cocentesis is normally performed under local 
anaesthesia by inserting a suitably sized cannula 
(16 or 18 gauge) attached to a three-way tap and 
50 mL luer lock syringe.6 It is best practice to 
identify the point of drainage using ultrasonog-
raphy. The procedure is most suitable for patients 
with small- to moderate-sized effusions (<500 mL), 
though up to 1 L may be aspirated, and offers 
certain advantages over conventional chest drain 
insertion. It is minimally invasive, and carries a 
lower risk of complications such as pneumotho-
rax, especially when performed under ultrasound 
guidance. Thoracocentesis also tends to be better 
tolerated than drain insertion, particularly in 
patients with advanced cardiorespiratory disease 
who may require non-invasive ventilation. 
However, it has the disadvantage of being time-
consuming, particularly for large effusions, and 
repeated intervention may be required in the 
event of recurrence. It is not suitable in patients 
with pleural sepsis.

Intercostal Chest Drain

Percutaneous chest drain insertion is regarded as 
the defi nitive form of treatment in the majority of 
cases. It is indicated in patients with moderate to 
large pleural effusions, often loculated, particu-
larly when there is evidence of respiratory com-
promise (e.g. diffi culty with ventilation or weaning) 
or confi rmed pleural sepsis (empyema or compli-
cated para-pneumonic effusion).6,29

Traditionally, large bore chest drains (size > or 
= 24) have been used to ensure adequate pleural 
drainage, but recently there has been a trend 
towards using small bore (size 10–14) Seldinger 
chest drains. They are considered to be less inva-
sive, easier to insert and therefore better toler-
ated.34,35 Small-scale studies have shown no 
signifi cant difference in successful pleural drain-
age between large and small bore drains. However, 

these were not randomised, controlled studies and 
did not assess the effect on the length of stay, dura-
tion of mechanical ventilation or hospital mortal-
ity. At present, large bore chest drains should be 
reserved for patients with empyema and large 
loculated pleural effusions. If smaller Seldinger 
drains are inserted blockage should be prevented 
by regular fl ushing with normal saline (25–50 mL 
aliquots) 2–4 times a day.6

Chest drains may occlude or fail to drain the 
effusion adequately, particularly when the effu-
sion is loculated or purulent. If minimal or no 
fl uid is obtained, a repeat chest radiograph should 
be performed in the fi rst instance, to check that 
the drain is correctly placed, and to establish 
whether or not a collection remains. Occasionally, 
the chest radiograph is inconclusive and further 
imaging with CT is required.6 If the drain is kinked 
or displaced it should be re-positioned, and if 
blocked an attempt should be made to fl ush it with 
25–50 mL of normal saline. A new drain should be 
inserted and the original removed if it remains 
blocked. Suction may be applied at low pressure 
(10 cmH2O or less) if the drain output remains 
problematic or resolution is slow.36

Until recently, fi brinolytic agents such as intra-
pleural streptokinase were used to aid drainage of 
loculated effusions, but a recent randomised con-
trolled trial has shown no signifi cant benefi t in 
terms of resolution, length of hospital stay or mor-
tality.37 Clinical trials with alternative intrapleural 
agents such as DNAse are currently in progress.

Pleurodesis

This is normally performed in patients with recur-
rent pleural effusions, particularly those with 
malignant disease, to prevent further fl uid accu-
mulation. Pleurodesis involves the instillation of a 
sclerosing agent into the pleural cavity to induce 
a diffuse, infl ammatory response followed by an 
intense fi brotic reaction causing adhesion between 
the visceral and parietal pleurae.

A number of agents have been used to achieve 
chemical pleurodesis, with varying degrees of 
success. In the past, tetracycline and bleomycin 
were used (doses 1–1.5 g and 60 units, respec-
tively) with reported success rates of 50–90%.38–41 
These agents have now been superseded by sterile 
talc, due to its greater clinical effectiveness with 
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response rates of 80–100% in published case 
series.39,41,42 The talc (normally 5 g) may be inserted 
via a chest drain as a suspension or ‘slurry’, or 
instilled at thoracoscopy using an atomiser (so-
called ‘talc poudrage’). Similar success rates have 
been reported for both techniques.

The sclerosant may be instilled via the chest 
drain in the ICU or pleurodesis may be performed 
using video-assisted thorascopy in theatre. The 
latter approach allows the sclerosing agent to be 
instilled under direct visualisation increasing the 
effectiveness of the procedure. Once the sclerosant 
is inserted, the chest drain is normally clamped 
for 1 h and the patient rotated (if possible), though 
no evidence currently exists to support this 
approach. The chest drain is usually removed 
when the amount of fl uid draining is less than 
150 mL/day.43 Patients may experience fever, pleu-
ritic chest pain and nausea after pleurodesis, but 
serious side effects (e.g. empyema, acute lung 
injury, pneumonitis) are rare. Pain can be reduced 
by pre-medication with an opiate, with or without 
an anxiolytic (preferably a benzodiazepine), and 
inserting lignocaine (3 mg/kg; up to 250 mg 
maximum) prior to administering the sclerosant.44 
Caution must be exercised in those patients with 
signifi cant cardiac disease.

Pleurodesis may fail in certain circumstances, 
the most common reason being excessive fl uid 
within the pleural cavity (drainage still>250 mL/
day). Although the procedure can be repeated 
using an alternative sclerosant, if that is also 
unsuccessful further attempts are likely to be futile 
and the drain may be removed. In some cases, the 
lung may not re-expand following drain insertion, 
due to the development of a fi brothorax trapping 
the underlying lung and preventing contact 
between the visceral and parietal pleura. In both 
of these situations, surgical intervention may be 
required to allow lung re-expansion and success-
ful pleurodesis.

Surgery

Surgical intervention should be considered when 
pleural sepsis persists, and in patients with malig-
nant or chronic pleural effusions that have not 
resolved with medical therapy (i.e. antibiotics, 
chest drain insertion). No specifi c criteria exist 
regarding referral for surgery, and the nature of the 

procedure performed will depend on various 
factors including the patient’s underlying pathol-
ogy, age, co-morbidities and the surgical facilities 
available. A surgical opinion should be sought 
when pleural infection persists beyond 7 days, with 
the aim of removing any residual infected fl uid/
tissue and preventing fi brothorax formation.45 The 
procedures undertaken most frequently are video-
assisted thoracoscopic surgery (VATS), open tho-
racic drainage and thoracotomy with decortication. 
VATS has become increasingly favoured in the 
treatment of chronic pleural effusions and pleural 
sepsis. The procedure requires double lumen intu-
bation under general anaesthesia and has the spe-
cifi c advantage of allowing direct visualisation of 
the pleura facilitating decortication, biopsy, pleu-
rodesis and chest drain placement.

VATS may not be possible in certain patients, 
particularly those with malignant disease, when 
pleurodesis has failed or a trapped lung has devel-
oped. Long-term indwelling pleural catheters and 
pleuroperitoneal shunts may be inserted in this 
situation under thoracoscopic guidance or by 
mini-thoracotomy. Long-term tunnelled pleural 
catheter insertion has been shown to be more 
effective than chemical pleurodesis via a chest 
drain in terms of length of hospital stay, quality of 
life, symptom scores, spontaneous pleurodesis 
and failure rates.46 Pleuroperitoneal shunts consist 
of a valved chamber (containing two unidirec-
tional valves) with pleural and peritoneal fenes-
trated catheters at either end. The device is 
pressure activated and needs regular manual com-
pression. Shunt insertion is usually well tolerated 
with low post-operative morbidity and mortality 
rates.47 The most common complications are loca-
lised infection (up to 14%), shunt occlusion (12–
25%) and seeding of the pleural tract by tumour.

In non-ventilated patients who are unfi t for 
general anaesthesia, further chest drain insertion 
under image guidance may be considered for loc-
ulated collections. Alternatively, surgical rib resec-
tion and open drainage may be performed under 
local anaesthesia.6

Nutritional Support

Poor nutrition and hypoalbuminaemia have both 
been shown to increase mortality in patients with 
pleural infection.48 They are thought to cause 
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immunodefi ciency leading to delayed recovery. 
Nutritional support should therefore be initiated 
as soon as possible.

Summary

Pleural effusions are common in the critically ill. 
There are many different causes and manage-
ment is dependent on establishing the type and 
size of the effusion. Management should focus 
on diagnosis, treatment of the underlying cause, 
drainage, prevention and general supportive 
measures.
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Abstract Pneumothorax is a relatively frequent 
occurrence in the intensive care unit (ICU). It may 
be procedure-related, due to severe underlying 
pulmonary disease and/or baro/volutrauma from 
mechanical ventilation. Some conditions, such as 
the acute respiratory distress syndrome (ARDS), 
predispose patients to develop pneumothorax and 
multiple air leaks may arise in individual patients 
during the course of their admission. Pneumoth-
orax can lead to signifi cant morbidity, particularly 
when it is under tension. Diagnosis is challenging 
in the ICU environment, and relies on a combina-
tion of clinical skills and a number of different 
imaging modalities. Management involves drainage, 
implementation of a ventilatory strategy to mini-
mize air leak and treatment of the underlying 
pulmonary disorder. Occasionally, surgical inter-
vention—thoracoscopy, stapling of surface blebs, 
pleurodesis—may be required. Recurrence rates 
following such interventions are reported to be low.

Introduction

A pneumothorax is defi ned as a collection of air in 
the space between the visceral and parietal layers 
of the lung pleura.1 The incidence of pneumothorax 
in mechanically ventilated patients has declined 
over the last 2 decades from around 20% to 3%2,3, 
probably due to the dissemination of lung-protec-
tive ventilation strategies, however its occurrence 
often leads to signifi cant morbidity. This may be 
explained in part by the loss of essential lung func-
tion in a group of patients with limited cardiores-
piratory reserve, and the potential for a simple 

pneumothorax to develop into a life-threatening 
tension pneumothorax in those receiving positive 
pressure ventilation.

Classification and Aetiology

Pneumothorax may be classifi ed as primary or 
secondary, depending on the absence/presence of 
underlying lung disease. Risk factors for primary 
pneumothorax include smoking, tall stature and 
some familial genes.

In the intensive care environment the most 
common aetiological factors are:

· Baro/volutrauma from mechanical ventilation
· Iatrogenic complication of an invasive procedure
· Underlying lung disease
· Trauma (Figure 7.1)

Use of excessive airway pressure (barotrauma) 
and/or tidal volume (volutrauma) are important 
aetiological factors in the development of pneu-
motho races in mechanically ventilated patients, par-
ticularly in those with severe underlying lung disease 
such as acute respiratory distress syndrome (ARDS). 
Other pulmonary diseases associated with an 
increased risk of pneumothorax include chronic 
obstructive pulmonary disease, bullous emphysema, 
Pneumocystis pneumonia (PCP), cystic fi brosis and 
tuberculosis.4 In these patients multiple, complex 
and repeated air leaks are often seen. Weight <80 kg, 
acquired immunodefi ciency syndrome (AIDS) and 
cardiogenic pulmonary oedema at the time of 
admission have been identifi ed as additional risk 
factors in a prospective cohort study.5

7
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The procedures most commonly linked to inad-
vertent pneumothorax formation are thoracocen-
tesis, central venous cannulation (subclavian > 
internal jugular approach), transbronchial biopsy 
and tracheostomy formation. The incidence of 
pneumothorax complicating thoracocentesis may 
be reduced by using ultrasound (US) to guide the 
procedure.6

Traumatic pneumothorax should be suspected 
and sought in cases of direct chest wall trauma, 
pulmonary contusion and diaphragmatic injury. 
In this situation the pneumothorax is said to be 
‘open’ if it communicates with the exterior.

There are few data regarding prognostic factors 
and outcomes in critically ill patients, although 
pneumothorax associated with barotrauma, 
tension pneumothorax and concurrent sepsis is 
reported to carry a particularly bleak outlook.3 

Patients with procedure-related pneumothorax 
tend to fare better, as demonstrated in a recent 
retrospective cohort study in which 59% of the 
pneumothoraces during a 3-year period were 
procedure-related.3,7

Pathophysiology

In many severe lung diseases, such as ARDS, there 
is direct tissue damage due to the host infl amma-
tory response and/or toxins produced by the 
causative organism, e.g. Pneumocystis. Infarction 
can also occur as a result of local vascular com-
promise. Subpleural cysts or cavities form, which 
may eventually leak air. If this leak is signifi cant, 
air will accumulate in the pleural space, usually 
towards the apex in a spontaneously breathing 
erect patient, due to the higher negative pressure 
in the pleural cavity (pleural pressure gradient 
increases from base to apex). This may remain a 
small localised collection or, depending on disease 
progression and airway pressure, increase in size 
resulting in loss of lung volume and impaired 
ventilation/perfusion matching. As the pressure 
in the affected hemithorax continues to rise the 
mediastinal structures, including major blood 
vessels, become compressed and shift towards the 
opposite side of the chest. Venous return is 
reduced and cardiac afterload increases. Cardiac 
output is usually severely reduced under these cir-
cumstances—known as a tension pneumotho-
rax—and if the pleural air collection is not 
decompressed, it may promptly culminate in a 
cardiac arrest. Although ventilated patients with 
air leaks are at constant risk of this dangerous 
sequence of events, in reality, tension pneumot-
horax is uncommon. Most patients with air leaks 
develop localised collections which resolve, albeit 
slowly in patients with underlying pathology, 
after drainage.

Pneumothorax ex vacuo is a rare phenomenon, 
which occurs at the site of atelectatic obstructed 
lung or fi xed trapped lung following drainage of 
an effusion. The rapid drainage of fl uid combined 
with the inability of the lung parenchyma to 
re-expand leads to the generation of a negative 
intrapleural pressure which encourages the passage 
of nitrogen into the space from the local microcir-
culation leading to a collection.

FIGURE 7.1. Causes of air penetration into the pleura:
1. Soft tissue injury to the subclavian region
2. Trauma to the trachea
3. Trauma to the bronchus
4. Alveolar rupture
5. Rupture of the visceral pleura
6. Rupture of preformed bullae or blebs
7. Trauma to the external chest wall and parietal pleura
8. Rupture of the oesophagus
9. Entry of air from the abdomen
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Clinical Diagnosis and Imaging

Clinical Diagnosis

The classical fi ndings on clinical examination in 
patients with a pneumothorax are:

· Decreased chest movement on the affected side
· Hyper resonance on percussion of the affected 

side
· Decreased or absent breath sounds on the 

affected side
· Hyperinfl ation of the affected side
· Tracheal deviation away from the affected side

Given the limitations of clinical examination in 
critically ill ventilated patients, clinicians must 
also be alert to other signs that may indicate the 
development of a pneumothorax:

· Worsening gas exchange or increased oxygen 
requirements

· A need for increased ventilatory support, raised 
peak airway pressures or abnormal respiratory 
pattern

· Cardiovascular changes such as tachycardia, 
hypotension or rising central venous pressure

· Evidence of decreased end-organ perfusion, e.g. 
metabolic acidosis (elevated lactate), oliguria

Misdiagnosis of pneumothorax is particularly 
common in critically ill patients who have an 
altered mental state, are receiving sedation, 
present out of hours or have atypical radiologi-
cal findings.8,9

Imaging

Chest X-Ray (CXR)

This is the most frequently used modality in the 
diagnosis of pneumothorax, the gold-standard 
being the erect, posterior–anterior (P-A), expiratory 
fi lm. Unfortunately, most critically ill patients will 
not be stable enough for transfer to the radiology 
department, and clinicians must therefore rely 
upon portable AP chest x-rays to assist in the 
diagnosis. In addition, it is often diffi cult to obtain 
an erect fi lm due to haemodynamic instability or 
patient immobility, and a supine or semi-erect fi lm 
may be the only practical option. Approximately 
500 mL of pleural gas is needed for a defi nitive 

diagnosis of pneumothorax to be made.10 CXR 
features include peripheral loss of bronchovascular 
lung markings (hyperlucency), and presence of a 
clear, white line demarcating the lung border 
medial to this. Hyperexpansion of the affected 
hemithorax may also be noted. The presence of a 
‘deep sulcus’ sign at the diaphragm is useful in 
estimating the volume of the pneumothorax as a 
percentage of the hemithorax. Clinicians should 
be wary of conditions that can mimic pneumothorax, 
including large subpleural bullae, diaphragmatic 
herniae containing gas-fi lled bowel and excessive 
skin folds.11

Computed Tomography (CT) Scan

CT scan is a more sensitive and specifi c modality 
than CXR in the diagnosis of pneumothorax. It 
has a particularly important role in distinguishing 
bullous emphysema from pneumothorax, and in 
detecting multiple, unilateral pneumothoraces. It 
is not unusual in critically ill patients with unre-
markable CXRs to detect a pneumothorax with CT 
imaging (Figure 7.2). CT scanning can also be 
extremely helpful in guiding the placement of 
chest drains. It is important to ensure that CT 
scanning is only attempted in those patients who 
are stable enough to undergo a transfer to the 
radiology department.

Ultrasound

Ultrasound may be useful in detecting occult 
pneumothoraces, and has been shown to reduce 
the need for CT scanning. Useful signs include the 
sliding lung, the ‘A’ sign and the lung point.12,13 
Although highly sensitive and specifi c in the right 
hands, it is very operator dependent. It plays a 
major role in real-time guidance of chest drain 
placement.

Endoscopy

Some clinicians recommend the routine use of 
thoracoscopy in the management of pneumotho-
rax. It allows visualisation of bronchopleural fi s-
tulae, optimal drain placement and pleurodesis if 
required.
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Management

There are three important aspects to managing a 
pneumothorax:

· Treatment of any underlying lung pathology
· Drainage of air from the pleural space
· Early detection and management of complica-

tions such as tension pneumothorax, persisting 
air leak, bronchopleural fi stula (particularly 
prevalent in post-operative thoracic surgical 
patients) and infected pleural space (empyema)

Treatment of Any Underlying Lung Disease

If the pneumothorax is secondary to underlying 
lung disease, such as pneumonia, empyema, tuber-
culosis or ARDS, it is essential that appropriate 
medical and/or surgical management of that 
disease is instituted.

Drainage of Air from Pleural Space

A conservative approach may be used if the pneu-
mothorax is small (<15%), and is not causing any 
signifi cant symptoms. However, in mechanically 
ventilated patients there is a risk of tension pneu-
mothorax, and a high level of awareness combined 
with frequent reassessments of the size of the 
pleural collection are mandatory. The pneumotho-
rax will usually resorb spontaneously at a rate of 
1.2–1.8% of the volume of the hemithorax per day, 
due to the gas tension gradient promoting diffusion 
of nitrogen from the pneumothorax into capillary 

blood. This gradient can be improved by adminis-
tering increased levels of inspired oxygen.

Most patients with a signifi cant air collection 
causing deterioration in their clinical state will 
require tube thoracostomy. A large bore (>20F) 
drain should be inserted in an aseptic manner 
using a blunt dissection technique and taking care 
to avoid using a trochar. This method minimises 
the risk of tube misplacement and possible damage 
to lung parenchyma, liver and spleen. The drain 
should be fi rmly sutured in place and attached to 
an underwater seal.

Smaller gauge Seldinger drains (12F), although 
less traumatic to insert, are generally unsuitable 
for patients undergoing positive pressure ventila-
tion as their diameter may be insuffi cient to ensure 
adequate drainage of the pneumothorax. Since the 
incidence of misplacement is high with Seldinger 
drains, real-time US or CT imaging should be used 
to assist their insertion.

Suction should not be routinely applied to chest 
drains following elective lung surgery, since there 
is no evidence that it reduces the duration of air 
leak.14 It may however be useful in individual 
cases. High-volume low-pressure systems are rec-
ommended (−10 to −20 cm H2O). Clinicians should 
be aware that application of suction in mechan-
ically ventilated patients may result in increas-
ing pneumothorax due to limitation of air flow 
by the suction system itself. In this situation, 
suction should be removed from the drain. Con-
sideration should be given to the insertion of a 
second, larger drain if the problem remains 
unresolved.

FIGURE 7.2. Left: Anterosuperior supine chest radiograph of a blunt trauma victim revealing left posterolateral rib fractures and paren-
chymal opacity due to pleural fluid and pulmonary contusion. There is no obvious pneumothorax. Right: CT scan reveals a large occult 
left-sided pneumothorax.
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In a minority of cases with multiple pneumotho-
races due to severe underlying lung disease, e.g. 
ARDS, PCP, multiple chest drains may be required 
for several weeks. There is no evidence for routine 
tube changes; however, the drain site should be 
inspected daily for signs of local infection.

The chest drain is usually removed once the 
pneumothorax has resolved on CXR and there has 
been no air leakage for at least 24 h.

Early Detection and Management 
of Complications

The presence of surgical emphysema implies that 
an air-fi lled space is in communication with the 
tissues, and the chest drain should be checked for 
misplacement, kinking or blockage. The surgical 
emphysema itself is of cosmetic importance only, 
and will resolve over a few days once any problem 
with the drain has been rectifi ed.

Infection of the pleural space (empyema) is 
more common in trauma cases. Rib resection may 
be required in addition to antibiotics and stan-
dard tube thoracostomy to achieve adequate 
drainage of the infected space.

In cases with persisting air leak, it is vital to ensure 
that any underlying lung disease is adequately treated. 
A number of ventilatory strategies aimed at minimis-
ing the size of the air leak may be tried including 
reducing tidal volume, respiratory frequency, positive 
end-expiratory pressure (PEEP) and inspiratory time. 
Other strategies include high frequency oscillatory 
ventilation (HFOV) or selective intubation of the 
unaffected lung and differential lung ventilation. In 
patients with continuing air leak despite these 
manoeuvres, video-assisted thoracic surgery (VATS) 
or open thoracotomy should be considered. Small 
surface blebs (<2 cm) can often be obliterated with 
laser or argon coagulation; however, larger blebs 
(>2 cm) will usually need surgical excision or sta-
pling. This can be followed by pleurodesis using scle-
rosing agents or mechanical abrasion. Recurrence 
rates for pneumothorax following VATS are low.

Tension Pneumothorax

Tension pneumothorax is a relatively uncommon 
medical emergency; however, if it is unrecognised 
or left untreated can result in death. In patients 

receiving positive pressure ventilation the delivery 
of supra-physiological airway pressures can lead 
to a rapid dramatic decompensation.

Recent literature suggests that clinical presenta-
tion is remarkably consistent in ventilated patients, 
featuring a rapid and progressive deterioration in 
arterial and venous oxygenation combined with 
hypotension and a fall in cardiac output. High 
ventilatory pressures, lateralising signs such as 
decreased air entry and hyper-infl ation are present 
in only about a third of cases. Other clinical signs, 
such as venous distension and surgical emphy-
sema, are unreliable.

Delaying intervention in ventilated patients, 
in order to obtain a CXR, is associated with 
increased mortality and has led to the belief that 
radiography has no place in the diagnosis of 
tension pneumothorax. Whilst as a general rule 
this is true, each individual case should be con-
sidered on its own merits. It should be remem-
bered that there are risks associated with both 
needle decompression and chest drain insertion 
(haemorrhage, tamponade, infection). Whilst 
radiography should never delay drainage in a 
deteriorating case with clinical suspicion of a 
tension pneumothorax, it may be useful in less 
acute situations.15

In ventilated patients, needle/cannnula decom-
pression has a role in the emergency situation, but 
has a high failure rate due to obstruction/kinking, 
misplacement and an inability to drain large collec-
tions adequately. The traditional approach for 
needle/cannula decompression is though the 
2nd/3rd intercostal space in the mid-clavicular line. 
However, this may fail if the pleural cavity is located 
deep below well-developed pectoral muscles.

Some recent guidelines have advocated the use 
of the 5th intercostal space in the mid-axillary 
line, a site containing less fat and avoiding muscle. 
The use of a syringe fi lled with normal saline may 
facilitate detection of the pleural space.

Chest drain insertion is the defi nitive treatment 
for a tension pneumothorax. It ensures adequate 
drainage of the pleural space and should result in 
re-expansion of the lung. Complications are now 
rare, since the implementation of blunt dissection 
with a 360° fi nger sweep, making use of a trochar 
unnecessary. Thoracostomy using blunt dissec-
tion without tube insertion is an alternative in the 
pre-hospital environment.
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Abstract The obstructed airway presents a 
potentially life-threatening and terrifying (for 
both clinician and patient!) clinical situation. 
At all times a thorough assessment is required and 
highly skilled and experienced staff should be 
involved from an early stage. It is imperative 
that management is underpinned by a sound 
understanding of the possible underlying pathol-
ogies and the pitfalls associated with clinical 
intervention.

Introduction

The obstructed airway is the clinical situation in 
which a patient develops signs or symptoms due 
to narrowing or distortion of the airway. Narrow-
ing of the airway increases the resistance to airfl ow 
and respiratory effort increases to maintain alveo-
lar ventilation and gaseous homeostasis. Two 
broad clinical patterns, acute and chronic, can be 
recognised.

In acute airway obstruction, narrowing occurs 
in minutes, hours or a few days, and the untrained 
respiratory muscles tire easily. Alveolar ventila-
tion cannot be sustained and the increasing levels 
of hypoxaemia and hypercapnia give rise to fl orid 
signs and symptoms of respiratory distress neces-
sitating urgent intervention.

In chronic obstruction, narrowing or distortion 
develops over weeks or months and allows respi-
ratory muscle training such that alveolar ventila-
tion may be maintained even when the airway 

diameter is narrowed to less than 3 mm. Interven-
tion is not immediately needed.

Acute Obstruction

Causes

The disease processes which distort the airway 
within minutes or hours are generally ‘fl uidic’ in 
nature and involve oedema, blood, pus or a foreign 
body. The commonest site is ‘upper airway’, a 
rather ill-defi ned term which includes the glottis, 
supraglottis, tongue base and pharynx. Common 
causes of acute upper airway obstruction are

· Infections such as epiglottitis, retropharyngeal 
abscess or diphtheria

· Airway oedema due to anaphylaxis, angiotensin-
converting enzyme inhibitors, angio-oedema or 
thermal injury

· Bleeding into a cyst (Figure 8.1) or postopera-
tive haematoma in the head or neck

· Foreign body
· Airway trauma

Symptoms and Signs

With sudden complete airway obstruction the 
clinical presentation is as outlined below:

· Patient is unable to breath, speak or cough
· Patient may hold throat between thumb and 

index fi nger (universal choking sign)

8
Diagnosis and Management 
of the Obstructed Airway
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· Patient is anxious and agitated
· Patient may have progressed to loss of con-

sciousness, bradycardia and hypoxia with a 
silent chest

· Death is inevitable if obstruction is not imme-
diately relieved

In the setting of partial airway obstruction, symp-
toms and signs are due to increased work of 
breathing, ineffective alveolar ventilation and the 
secondary effects of hypoxia and hypercapnia.

· Hypoxaemia, tachypnoea, nasal fl aring, use of 
accessory muscles, adoption of sitting position, 
tachycardia, sweating, anxiety, restlessness, 
depressed level of consciousness—due to the 
increased work of breathing or failure of 
gaseous homeostasis

· See-saw pattern of respiratory movements with 
intercostal and substernal recession

· Stridor (noisy breathing) due to narrowing of 
the airway lumen causing a change from 
laminar to turbulent airfl ow and hence noisy 
breathing. The airway diameter is said to be 
less than 50% if stridor is present and 4.5 mm 
or less if present at rest. If the lesion is above 
the vocal cords (extrathoracic), then the stridor 
will be inspiratory in nature. If the pathology 
is below the vocal cords (intrathoracic), then 
stridor will occur in the expiratory phase

· Diffi culty in swallowing—indicates pharyngeal 
involvement

· Hoarse voice—laryngeal involvement
· Dribbling and retention of secretions

Diagnosis and Investigations

The diagnosis of acute airway obstruction is easy 
to make when the patient presents with noisy, dif-
fi cult breathing. The aetiology may not be imme-
diately obvious but is suggested by the history. 
Sudden onset suggests foreign body inhalation, 
which may be self-reported or witnessed and must 
always be considered in children. Prodromal sore 
throat and pyrexia suggests an infective cause and 
perusal of the medications will identify those on 
ACE inhibitors. Examination will reveal obvious 
masses, infections or trauma in the head or neck. 
Once the history and examination have been per-
formed the following investigations may be con-
sidered to support the diagnosis and attempt to 
identify the site and extent of any pathology.

Investigations

· Chest x-ray (CXR) to estimate airway diameter, 
any obvious extrinsic compression, tracheal 
deviation, radio-opaque foreign body, obstruc-
tive emphysema and to exclude pneumothorax

· Radiographs of the soft tissues of the neck can 
be useful to detect radio-opaque foreign bodies, 
retropharyngeal masses and epiglottitis

· Computed tomography (CT)/magnetic reso-
nance imaging (MRI) can be used in a stable 
patient. The integrity of the thyroid, cricoid 
and arytenoid cartilages as well as the status of 
the airway lumen can be assessed

· The supraglottis and glottis can be viewed and 
assessed by indirect mirror laryngoscopy or 
fl exible fi bre-optic nasendoscopy. It is very 
helpful to know if the vocal cords can be visu-
alised and to assess if a tracheal tube will pass 
through the glottis

Three serious management pitfalls must be 
emphasised. Firstly, stridor is not always present 
and life-threatening obstruction may be ‘silent’. 
Secondly, monitoring of oxygen saturations is not 
a useful method of identifying the seriousness of 
the situation. Figure 8.2 shows the relationship in 
a normal patient (with normal lungs) between the 
alveolar minute ventilation and arterial oxygen 
tension. It can be seen that while breathing air 
there will be a noticeable decline in oxygen satura-
tion as alveolar minute ventilation decreases. 
Breathing high-inspired oxygen concentrations 

FIGURE 8.1. Bleeding into a thyroid cyst causing acute airway 
obstruction.
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maintains an adequate arterial PO2 even when 
alveolar minute ventilation is at very low levels. 
The seriousness of the situation must be assessed 
by the perceived work of breathing or arterial 
blood gas monitoring to measure pH and PaCO2. 
Thirdly, a defi nite decision needs to be made as to 
whether a patient is well enough to undergo a 
diagnostic procedure such as x-ray or direct 
inspection of the pharynx. Sudden deterioration 
may ensue in an environment which is unsuitable 
for urgent airway intervention and the patient 
should be accompanied by a clinician competent 
at emergency airway intervention.

Management

Obstruction due to glottic impaction of a food-
bolus should be treated by the Heimlich manoeu-
vre. On arrival at hospital, if airway obstruction is 
complete, attempts must be made to oxygenate and 
ventilate the patient and support the cardiovascular 
system. A rapid attempt at intubation is worthwhile, 
but may prove impossible and should not delay 
emergency cricothyrotomy or tracheostomy.

With partial airway obstruction it is important to 
involve experienced senior ENT (or maxillo-facial 
and thoracic) surgeons and anaesthetists. Treatment 
depends to a certain extent on the aetiology.

· Administer 100% oxygen by facemask
· Allow the patient to adopt the most comforta-

ble position, usually sitting up
· Establish IV access and administer fl uid resus-

citation as appropriate. These patients will often 
be hypovolaemic, particularly if the disease 
process has affected oral intake or if the patient 
is pyrexial

· Minimum monitoring should include SaO2, 
ECG and non-invasive blood pressure (NIBP)

· Nebulised epinephrine (adrenaline) in 100% 
oxygen, usually given in 1 mg aliquots up to a 
maximum of 5 mg. This can be very useful 
when the aetiology is one of airway oedema

· Parenteral epinephrine (adrenaline) 1:10,000 
may be required where airway obstruction is 
part of a general anaphylactoid reaction

· Consider a trial of Heliox (79% helium and 21% 
oxygen) for symptomatic relief where large airway 
narrowing is associated with turbulent fl ow. The low 
density of helium is favourable in turbulent fl ow

· Steroid administration, hydrocortisone 200 mg 
IV, is also useful in minimising airway oedema, 
but will not be effective for a number of hours

· Antibiotic administration for infection, usually 
a broad-spectrum penicillin plus metronida-
zole if anaerobic infection (such as a dental 
abscess) is suspected

FIGURE 8.2. Relationship between 
alveolar minute ventilation and 
alveolar PO2.
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· Consider arterial cannulation in the more 
serious or rapidly developing situation. A rising 
PaCO2 and falling pH are indicators that airway 
support will be needed

· High dependency unit (HDU) or intensive care 
unit (ICU) is the appropriate environment for 
continuing treatment and supervised transfer 
should be organised

Failure of conservative management is indicated 
by increasing respiratory effort or fatigue, decrease 
in level of consciousness or worsening blood 
gases. Airway intervention is required and often 
proves to be diffi cult.

· Pre-existing airway obstruction is likely to be 
worsened by lying the patient fl at, by instru-
mentation of the larynx or by the use of general 
anaesthesia

· Identifying the laryngeal inlet may be diffi cult 
because of anatomical distortion, particularly 
with supraglottic lesions or airway oedema

· Severe stenosis may limit intubation, particu-
larly at glottic or subglottic level

Airway Intervention Strategies

It is important to work out a plan for airway man-
agement under the guidance of senior anaesthetists 
and surgeons. There are no proven ideal techniques 
but an assessment of the safest, most familiar 
approach should be made. There needs to be a 
primary plan (plan A) with a default back-up plan 
(plan B) that can be implemented by the personnel 
available. Whichever technique is used, a full range 
of equipment should be prepared including differ-
ent laryngoscopes, various sized endotracheal tubes 
(ETTs), cricothyrotomy equipment and facilities for 
surgical tracheostomy.

There are four main approaches that can be adopted 
and each has its benefi ts and potential pitfalls:

1. Tracheostomy under local anaesthesia
2. Awake fi breoptic intubation
3.  General anaesthesia and intubation or tracheo-

stomy
4. Emergency cricothyrotomy

Tracheostomy Under Local Anaesthesia

· Where mask ventilation is predicted to be 
diffi cult and awake fi breoptic intubation is 
contraindicated or not possible

· Can be very diffi cult in the agitated, hypoxic 
patient who cannot lie fl at

· May be technically diffi cult due to distorted 
anatomy

· Avoid sedative agents as this can precipitate 
complete obstruction

Awake Fibreoptic Intubation

· Technically challenging in this group of patients
· It should be performed by an anaesthetist expe-

rienced in fi breoptic techniques and in the man-
agement of patients with airway obstruction

· Most useful in patients whose pathology is 
above normal vocal cords

· Give an antisialogogue and perform the proce-
dure in the sitting position

· Sedation is contraindicated and applying topical 
anaesthesia to the vocal cords can precipitate 
laryngeal spasm. As a result the procedure should 
be carried out in the operating theatre with a 
tracheostomy set and senior surgeon scrubbed 
and ready

· If the lesion is at the glottic or subglottic level, 
then there may be diffi culty railroading an ETT 
over the fi brescope or complete obstruction 
may occur (Figure 8.3a–c)

General Anaesthesia and Intubation 
or Tracheostomy

Generally, induction of anaesthesia should be 
undertaken in the operating theatre with a surgeon 
ready to perform urgent tracheostomy if intuba-
tion fails. Both inhalational and intravenous 
induction of anaesthesia has been promoted with 
no clear consensus. The major arguments for and 
against each technique are:

· Inhalational induction of anaesthesia (Figure 8.4) 
with 8% sevofl urane in 100% oxygen allows reten-
tion of spontaneous ventilation and is reversible in 
the early stages, so that if problems occur it can be 
stopped and an awake tracheostomy performed

· It is diffi cult to achieve deep anaesthesia with 
inhalational induction in cases of airway obstruc-
tion and laryngeal spasm may be provoked under 
light plains of general anaesthesia

· When using sevofl urane, hypoventilation and 
apnoea are not uncommon

· Intravenous induction provides rapid loss of 
consciousness, low oxygen consumption by the 



FIGURE 8.3. Awake fibre-optic intubation. (a) Topical anaesthesia nares. (b) Topical anaesthesia oro pharynx. (c) Awake fibre-optic intubation.

FIGURE 8.4. Inhalational induction of anaesthesia.

body, good conditions for an attempt at direct 
laryngoscopy or for urgent tracheostomy

· Intravenous induction abolishes spontaneous 
respiration and muscle tone and may precipi-
tate a ‘can’t ventilate, can’t intubate’ (CVCI) 
scenario

The laryngeal mask (LMA) has proved useful 
in maintaining the airway in some anaesthe-
tised or unconscious patients with upper airway 
obstruction and may maintain a satisfactory 
airway while tracheostomy is undertaken. 
Another technique gaining popularity is the 
placement of a trans-tracheal ventilation cath-
eter through the cricothyroid membrane (CTM) 
or trachea in the awake patient prior to induc-
tion of anaesthesia (Figure 8.5a and b). This 
catheter may be used for oxygenation of the 
patient during intubation or tracheostomy. Such 
a catheter can be considered only if the level of 
obstruction is known to be above the catheter 
insertion point. The correct position of the 
catheter should be confirmed by free aspiration 
of air and capnography prior to use. It needs to 
be secured in place and, if ventilation with high-
pressure oxygen is required, particular atten-
tion is needed to avoid barotrauma.
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Emergency Cricothyrotomy

Emergency cricothyrotomy may be needed at any 
time to provide oxygenation when the normal 
airway fails. The cricothyroid membrane has a 
number of desirable features, but the upper trachea 
is also a suitable location.

The cricothyroid membrane (CTM) has the fol-
lowing characteristics:

· Present in most patients and rarely calcifi es
· Easy to locate and relatively superfi cial
· Relatively avascular
· One centimetre below the vocal cords
· Approximately 8 mm below the skin in the 

midline
· Is 9–10 mm high and 22–30 mm wide
· The complete cricoid ring provides support 

during catheter insertion
· The posterior lamina of the cricoid cartilage 

decreases the chance of damage to the poste-
rior tracheal wall

There are three types of cricothyrotomy—small 
needle or cannula (Figure 8.6), large (>4 mm 
diameter) purpose-built cannula (Figure 8.7) and a 
surgical tube (6 mm diameter). The small cannula is 
inserted through the CTM and angled caudad into 
the trachea (Figure 8.8 a–d). Its narrow diameter 
and high resistance to airfl ow necessitate high-pres-
sure oxygen at 2–4 bar to provide effective ventila-
tion. Exhalation occurs through the upper airway 

FIGURE 8.5. (a) Transtracheal catheter placed under local anaesthesia. (b) Attachment of high-pressure oxygen to cannula.

FIGURE 8.6. Small 13 Ga cricothyrotomy cannula ∼2 mm internal 
diameter.
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FIGURE 8.7. Large cricothyrotomy cannula >4 mm 
internal diameter.

FIGURE 8.8. (a–d). Steps in placement of a small cannula cricothyrotomy.

and barotrauma is possible. The large purpose-built 
cannula (>4 mm) allows use of the standard breath-
ing system and exhalation occurs through the 
cannula. Surgical cricothyrotomy enables direct 
placement of a 6 mm tube into the trachea.

Chronic Obstruction

Where the disease process develops relatively 
slowly over weeks or months, the respiratory 
muscle adaptation allows maintenance of normal 
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alveolar ventilation until the airway is narrowed 
to only a few millimetres in diameter. Generally 
the disease process is a benign or malignant 
tumour, chronic infl ammation such as Wegener’s 
granulomatosis, fi brosis due to surgery or radio-
therapy or stenosis due to prolonged intubation or 
tracheostomy.

At rest, patients may have few symptoms but are 
generally short of breath on exertion. They may 
have a position in which breathing is optimum and 
they may exhibit symptoms such as voice change 
or dysphagia related to the disease process causing 
obstruction. Signs of increased respiratory work 
may not be evident and the increased respiratory 
muscle bulk cannot be seen. There may be an 
obvious mass such as a goitre (Figure 8.9). There 
are often subtle changes in timbre of voice, strength 
of cough or a ‘rasping’ noise on respiration.

The most important aspect of management is 
MRI or CT imaging from the base of skull to 
carina and fl exible nasendoscopy to delineate the 
extent and degree of airway narrowing. Flow-vol-
ume loops as part of pulmonary function tests can 
help identify the site of airway obstruction. The 
pathology indicates whether the narrowing is 
likely to be fi xed or amenable to passage of a rea-
sonable sized tracheal tube. Surgical intervention 
may be required for biopsy or debulking of a 
tumour, dilatation of a stenotic section or excision 
of a mass impinging on the airway.

Central Airway Obstruction

Central airway obstruction refers to the scenario 
where the obstruction, usually an intrinsic or 
extrinsic tumour, affects the lower trachea and 
carina. This region is beyond the reach of standard 
tracheostomy tubes or emergency oxygenation by 
cricothyrotomy. Unrecognised anterior mediasti-
nal masses are one cause of catastrophic failure of 
ventilation after induction of anaesthesia. Where 
possible, imaging of the airway allows planning of 
surgical and anaesthetic intervention. Standard 
tracheal tubes may not pass the obstruction and a 
rigid bronchoscope may be required. Occasionally, 
intubation of one bronchus and one lung ventila-
tion is all that may be possible and this is main-
tained for several days during chemoradiotherapy. 
At other times tracheobronchial stents are effec-
tive. Surgical resection at the level of the lower 
trachea and carina is highly specialised work.
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Abstract Patients undergoing thoracic and oesopha-
geal surgery frequently have pre-existing cardiorespi-
ratory and other general medical problems. This, 
combined with the nature of the surgery, makes their 
perioperative care extremely challenging. In this 
chapter the nature and management of postoperative 
complications are discussed. The importance of good 
analgesia and careful fl uid balance are emphasised. 
Paravertebral block (PVB) is recommended for post-
operative analgesia, since it has a better side-effect 
profi le than thoracic epidural, and reduces pulmonary 
complications. Specifi c issues relating to oesophagec-
tomy and thymectomy are also considered.

Introduction

This chapter outlines the basic principles of caring 
for the thoracic surgical patient during the post-
operative period in the overnight intensive recov-
ery unit (OIRU), high dependency unit (HDU) or 
intensive care unit (ICU) setting. The manage-
ment of patients following oesophagectomy or 
thymectomy is given specifi c consideration, 
although many of the general postoperative issues 
in thoracic surgery will also apply in these cases.

Thoracic Surgery

General Considerations

The thoracic surgical patient frequently has pre-
existing cardiorespiratory and other general 
medical problems. Pain and poor respiratory 

function following surgery may compound these 
problems, and result in severely impaired ventila-
tion, decreased functional residual capacity (FRC) 
and sputum retention. These patients are there-
fore at high risk of perioperative complications, 
especially respiratory failure. Careful patient selec-
tion and meticulous care are essential if complica-
tions are to be minimised.1

In uncomplicated thoracic surgical cases, the 
patient is usually extubated in the operating 
theatre at the end of the procedure. Good anal-
gesia is vital as it allows deep breathing, cough-
ing and may attenuate the decrease in FRC. The 
patient is then transferred to the recovery area 
and nursed upright with supplemental oxygen. 
Intra-arterial blood pressure monitoring is often 
continued into the postoperative period, as this 
facilitates close observation of blood pressure 
and serial measurement of arterial blood gases. 
Occasionally, a period of ventilation is required 
postoperatively, especially in the frail, elderly or 
high-risk patient. This allows time for rewarm-
ing, optimisation of fl uid status and correction 
of any acid–base or metabolic abnormality. If a 
period of postoperative ventilation is required it 
should be kept to a minimum, and high peak 
airway pressures avoided in order to prevent 
barotrauma to the bronchial stump and other 
anastamoses.

Routine investigations in the postoperative 
period include arterial blood gases, urea and elec-
trolytes, full blood count and coagulation studies. 
A chest x-ray is essential and special attention 
should be paid to:
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· Position of drains, tubes and intravascular 
catheters

· Lung expansion
· Presence of pneumothorax, haemothorax or 

other pleural collections
· Contour and position of mediastinal structures

Figure 9.1 is an example of a postoperative chest x-ray 
in a patient who has undergone a pneumonectomy.

Chest Drainage

Chest drains enable air or fl uid (including blood) 
to escape from the pleural space, allow the lung to 
re-expand and prevent mediastinal shift. They are 
often, although not always, present in patients who 
have undergone thoracotomy.

A chest drainage system consists of an intercos-
tal catheter and a collection system. Suction, if 
indicated, may also be added. A size 26 French 
gauge (Fr) catheter is commonly used in the post-
operative setting, but sizes 24–36 Fr are available 
for use in adults, with the larger sizes usually 
reserved for drainage of blood or pus. The cathe-
ter is attached to the collection system by a length 
of PVC tubing, which ends 2 cm below the fl uid 
level in the container. This underwater seal forms 
a one-way valve, allowing air and fl uid to drain out 
of the pleural cavity while preventing the entry of 
air. Providing the container is kept below the 
patient, the seal cannot be broken during normal 
respiration and minimal resistance is offered to 

the escape of air. Incremental markings on the 
side of the container allow estimation of blood or 
fl uid loss (Figure 9.2).

Low-pressure suction may be applied to the col-
lection system (usually at a level of 5 cmH2O). 
Recent evidence suggests that routine application 
of suction is not necessary in patients following 
thoracotomy or video-assisted thoracoscopic 
surgery (VATS); however, it may assist with re-
expansion of the lung and evacuation of air, fl uid 
or blood.2 Addition of positive end-expiratory 
pressure (PEEP) in mechanically ventilated patients 
may also promote lung re-expansion.

Classically, two drains are inserted following lung 
resection: an apical drain to remove air and a basal 
drain for the removal of fl uid. Another approach is 
to insert two apical drains (anterior and posterior) 
with side holes to drain blood or fl uid basally. If 
signifi cant bleeding is unlikely no drains may be 
placed. Drains are removed when the lung has re-
expanded radiologically, drainage of fl uid and bub-
bling has ceased and there is minimal respiratory 
‘swing’ of the fl uid level. Following pneumonectomy, 
the drain is removed on the fi rst postoperative day, 
allowing the pneumonectomy space to fi ll with 
exudate. The drain is removed with the patient per-
forming a valsalva manoeuvre at full inspiration to 
minimise any infl ux of air. The wound is sutured, or 
if mattress sutures are already in place they are 
pulled tight, and an occlusive dressing is placed over 
the wound. A further chest radiograph is under-
taken to exclude pneumothorax.

Persistent air leak may be problematic in the 
postoperative period, and if the volume is large 
surgical re-exploration may be required. Continu-

FIGURE 9.1. Chest x-ray of a patient following a left thoracotomy. FIGURE 9.2. Schematic representation of a chest drainage system.
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ing air leak is especially troublesome if the patient 
is mechanically ventilated, as a large proportion of 
the tidal volume may be lost through the chest drain 
and result in failure of ventilation and a rising arte-
rial pCO2. High-frequency oscillation can be used to 
overcome this problem if the air leak is large.

Postoperative Analgesia

Provision of good analgesia following thoracot-
omy is vital, enabling the patient to be extubated 
in the operating theatre, breathe deeply and cough. 
It minimises the reduction in FRC that occurs in 
the postoperative period, and reduces the inci-
dence of pulmonary complications such as atel-
ectasis and infection. While regional analgesia 
provides the cornerstone of postoperative analge-
sia in these cases, a ‘multimodal’ approach with 
frequent input from the acute pain service pro-
duces the best results (Table 9.1).

Paravertebral Block

Paravertebral block (PVB) is a mode of regional 
analgesia that can be delivered continuously via a 
paravertebral catheter or given as a ‘single shot’ 
injection, and has been shown to reduce pulmo-
nary complications following thoracic surgery.3 
Although PVB and thoracic epidural analgesia 
(TEA) provide comparable pain relief, PVB has a 
better side-effect profi le, and is the technique of 
choice in our institution in combination with 
patient-controlled analgesia (PCA).

Thoracic Epidural

TEA is still widely used to minimise pain follow-
ing thoracotomy, with a mixture of opioid and 
local anaesthetic usually being infused into the 
epidural space.

It has the advantage of offering a number of 
non-analgesic benefi ts, including reduced inci-
dence of tachyarrhythmia, improved left ventricu-
lar function and reduced atelectasis and 
postoperative respiratory failure.

Other Regional Techniques

A number of other regional techniques may be 
used in post-thoracotomy patients. An intrapleu-
ral catheter, inserted at the time of surgery and 
positioned between the visceral and parietal 
pleura, can be used to deliver local anaesthetic 
postoperatively. However, the analgesic effect is 
often unpredictable with this technique, since 
local anaesthetic may be lost through drains or 
absorbed systemically. Intercostal nerve blocks 
provide limited short-term pain relief to areas 
supplied by the anterior rami of the intercostal 
nerves and can be delivered using a catheter-based 
or ‘single shot’ technique.

Systemic Analgesia

Although not the technique of choice for post-tho-
racotomy pain relief, patient-controlled analgesia 
with morphine or fentanyl is still used where 
regional techniques are refused or contraindicated. 
When administered and monitored correctly it can 
offer adequate pain relief; however, the incidences 
of respiratory depression, nausea and sedation are 
signifi cant. Opioid analgesia can be supplemented 
with other drugs, notably non-steroidal anti-infl am-
matory drugs (NSAIDs), although these should be 
avoided in the elderly and those with a history of 
renal impairment. Ketamine and clonidine may also 
have a role in the treatment of breakthrough pain. 
Tramadol, with its lower incidence of respiratory 
depression, is a useful alternative to opioids.

Fluid Management

Surgical trauma, retraction, repeated collapse/re-
expansion and overinfl ation can predispose 
patients to develop pulmonary oedema in the 

TABLE 9.1. Analgesia following thoractomy

Regional techniques
•  Paravertebral block: e.g. bupivacaine 0.25% 2–8 mL/h or 0.5% 

Lignocaine 10–12 mL/h
•  Epidural analgesia: e.g. 0.1% bupivacaine with fentanyl 2 mcg/

mL at 5–15 mL/h
• Intrapleural analgesia: e.g. bupivacaine 0.25% 2–8 mL/h
•  Intercostal nerve blocks: e.g. 5 mL 0.5% bupivacaine with 

adrenaline 1 in 200,000 per segment
Opioid analgesia
•  Patient-controlled analgesia: e.g. morphine 1 mg bolus, 5 min 

lockout
Non-steroidal anti-inflammatory drugs: e.g. diclofenac 50 mg 8 hourly
Adjunctive analgesics
• Ketamine i.v. infusion 5–20 mcg/kg/h
• Tramadol 50 mg 6 hourly
• Clonidine 2 mcg/kg
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postoperative period. Fluid overload may also 
contribute to this, and it is prudent to avoid exces-
sive volumes of crystalloid in these patients. Posi-
tive crystalloid balance should not exceed 20 mL/
kg in the fi rst postoperative day, and colloid or 
blood should be used to treat intravascular deple-
tion where possible.

Postoperative Complications

Respiratory Failure

Patients undergoing thoracic surgery have a high 
incidence of coexisting respiratory disease, particu-
larly a history of smoking, chronic obstructive pul-
monary disease and occupational lung disease. Pain, 
obesity, supine positioning and pulmonary oedema 
may all contribute to postoperative respiratory 
failure. Good analgesia, upright posture, humidifi ca-
tion of inspired gases, bronchodilator therapy and 
regular physiotherapy will help to minimise postop-
erative hypoxia. Sputum retention can be problem-
atic in post-thoracotomy patients. If predicted 
postoperative FEV1 is < 1 L, it is unlikely that the 
patient will be able to cough well enough to clear 
their own secretions. Phrenic nerve damage or 
partial chest wall resection may also contribute to 
ineffective coughing. Provision of good analgesia 
and physiotherapy are the mainstays of therapy. If 
sputum clearance remains problematic and respira-
tory failure ensues, a period of ventilation may be 
necessary. Tracheostomy may be helpful in a small 
number of patients requiring prolonged respiratory 
support and assistance with sputum clearance.

Acute lung injury following pneumonectomy 
has been described in a small percentage of patients 
undergoing lobectomy or pneumonectomy, and is 
also referred to as post-pneumonectomy or post-
lung resection pulmonary oedema. Its aetiology is 
thought to be multifactorial. Surgical trauma and 
hyperinfl ation of the lung during one-lung ventila-
tion may play a role, leading to neutrophil activa-
tion and formation of reactive oxygen species 
(ROS).4 In common with other types of acute lung 
injury, high infl ation pressures and tidal volumes 
should be avoided, and careful fl uid management 
in the postoperative period is important. Both 
non-invasive ventilation (NIV) and intermittent 
continuous positive airway pressure (CPAP) have 
been used to improve gas exchange in this group 

of patients and may reduce the need for and dura-
tion of mechanical ventilation.

Blood Loss

Blood loss following thoracotomy varies accord-
ing to the site and nature of the surgery. If drains 
are present blood loss can be measured objec-
tively. Losses are often high in the fi rst postop-
erative hour and rolling or turning the patient 
can result in a ‘dump’ of blood into the drain 
from the pleural cavity. Such blood loss is usually 
short-lived. Beyond this, ongoing losses of 
greater than 2 mL/kg/h are a cause for concern. 
Coagulopathy should be sought and treated and 
the surgical team informed. If drains are not 
present, a chest x-ray may reveal evidence of 
ongoing bleeding.

Dysrhythmias

Atrial fi brillation is common following thoracic sur-
gical procedures. Any obvious precipitants such as 
hypoxia, hypokalaemia or hypomagnesaemia should 
be treated. If there is associated serious haemody-
namic compromise DC cardioversion or administra-
tion of intravenous amiodarone may be required. 
Otherwise rate control can be achieved with digoxin 
or a beta blocker (unless contraindicated). Ventricu-
lar and other dysrhythmias are treated according to 
current life support guidelines.

Myocardial Ischaemia

Ischaemic heart disease is a common co-morbidity 
in this group of patients. It is important that 
anti-anginal and antihypertensive therapy is con-
tinued up to the day of surgery and recommenced 
as soon as possible afterwards. There is some evi-
dence that perioperative beta blockade, (provided 
that it is not contraindicated), may reduce the inci-
dence of ischaemic events. Postoperative hyperten-
sion can be treated with an intravenous infusion 
of nitrates or beta blockers, e.g. GTN, labetolol.

Renal Failure

Pre-existing renal dysfunction, hypotension, hypo-
volaemia and the use of nephrotoxic drugs such as 
aminoglycosides and NSAIDS may all contribute to 
the development of postoperative renal failure. Opti-
mising intravascular volume is particularly chal-
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lenging in this group of patients, since fl uid overload 
is poorly tolerated, and excessive volumes of crystal-
loid should certainly be avoided. The use of loop 
diuretics does not prevent the progression of renal 
dysfunction to frank failure, but is advocated by 
some to assist with fl uid balance. There is no evi-
dence to support the use of renal-dose dopamine.

Infection

The vast majority of patients are given 24 h of 
prophylactic perioperative antibiotics according 
to local policy. Further antibiotic therapy should 
be instituted if there is proven or suspected infec-
tion (e.g. purulent sputum, fever, rising infl amma-
tory markers, new changes on chest x-ray). As 
always, antibiotic use should be guided by appro-
priate microbiological cultures.

Oesophagectomy

Despite advances in radiotherapy and chemother-
apy, oesophagectomy still has a major role in man-
aging patients with carcinoma of the oesophagus. 
In the past postoperative mortality was depress-
ingly high, but recent data suggest that a 30-day 
mortality rate of 2–5% and 5-year survival 
approaching 30% can be achieved. This improve-
ment is attributed to advances in postoperative 
intensive care management and centralisation of 
oesophageal surgery in ‘high-volume’ tertiary 
centres. Preoperative risk factors for mortality 
have been identifi ed and include age, lung func-
tion, arterial blood gases, chronic respiratory 
disease and pre-existing liver disease. Patients 
may be risk stratifi ed into three groups using the 
scoring system developed by Bartel5 (Table 9.2).

The procedure itself is performed by a transtho-
racic or transhiatal approach. With the transthoracic 
approach, a right-sided thoracotomy is required for 
tumours in the upper two thirds of the oesophagus 
and a left-sided thoracotomy for those in the lower 
third. The transhiatal approach is predominantly for 
palliative resection of tumours below the carina, and 
carries a reduced incidence of respiratory compro-
mise postoperatively but a higher incidence of anas-
tamotic leakage.

Since cancer of the oesophagus is associated 
with poor nutrition, smoking and high alcohol 
intake, patients presenting for surgery often have 

poor cardiovascular, respiratory and nutritional 
status. These may be compounded by swallowing 
diffi culties as a result of tumour bulk. Immuno-
suppression due to prior radiotherapy or chemo-
therapy may also predispose them to develop 
perioperative infection. In our institution anaero-
bic threshold, which has been shown to accurately 
predict postoperative mortality, is measured pre-
operatively and used to risk-stratify cases.

Respiratory failure occurs in approximately 
25% of patients following oesophagectomy, and 
acute respiratory distress syndrome (ARDS) in 
10–20%. Mortalities as high as 70% have been 
reported for post-oesophagectomy ARDS; however, 
it should be remembered that these data preceded 
publication of the ARDS Net study, following 
which changes in ventilator management have led 
to a general decrease in ARDS-related mortality.6 
The pathogenesis of lung injury following 
oesophagectomy is probably multifactorial. Col-
lapse and re-expansion of the non-dependant 
lung during the procedure is associated with 
diffuse damage to the alveolar/epithelial interface, 
and is compounded by relative overventilation 
and barotrauma of the dependent lung. Subse-
quently, there is infi ltration by infl ammatory cells 
and increased vascular permeability resulting in 
ARDS. Bacterial translocation and endotoxin 
release from the gut may also be implicated in this 
process. Increased extravascular lung water due to 
volume loading perioperatively can compound 
the problem. A recent study identifi ed low preop-
erative body mass index (BMI), history of smoking, 
haemodynamic instability intra-operatively, duration 
of surgery, need for re-operation and surgical expe-
rience as risk factors for the development of ARDS. 

TABLE 9.2. Bartels risk stratification system for oesophageal 
surgery4

System Normal Compromised
Severely 
impaired

General status 4 8 12
Cardiovascular 3 6 9
Pulmonary 2 4 6
Hepatic 2 4 6

Score Risk 30-day mortality (%)

11–15 Low 2
16–21 Moderate 5
22–33 High 25
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However, the most signifi cant risk factor was anas-
tamotic breakdown. Atelectasis, pleural effusions, 
pneumothoraces and pneumonia may all further 
complicate the postoperative course.

Many centres electively ventilate the patient over-
night postoperatively using lung protective stra te-
gies to minimise pulmonary complications. Altho ugh 
immediate extubation is becoming more popular, a 
period of postoperative ventilation allows optimisa-
tion of analgesia, temperature and fl uid balance. The 
patient should be extubated when fully alert and 
sitting upright to minimise risk of aspiration.

Careful fl uid management is essential and vaso-
pressor usage should be avoided if possible or kept 
to a minimum to protect the surgical anastamosis. 
Arrhythmias are common and electrolyte distur-
bances should be attended to quickly. Epidural 
analgesia is the cornerstone of pain relief. Early 
enteral nutrition, usually via a jejunostomy is also 
important, particularly to promote wound healing 
and maintain anastamotic integrity. Conversion to 
parenteral nutrition should not be delayed in cases 
of prolonged ileus or jejeunal tube displacement.

Thymectomy

Myaesthenia Gravis (MG) is an autoimmune disease 
characterised by weakness and fatigue of voluntary 
muscle. Patients often present initially with ptosis 
and visual disturbance. There is marked reduction 
of acetylcholine receptors at the neuromuscular 
junction and circulating anti-acetylcholine recep-
tor antibodies are found in 85–90% of those with 
generalised disease. Therapy with anticholineste-
rase drugs provides temporary symptomatic relief, 
but many patients require immunosuppression 
with corticosteroids or immunosuppressant drugs. 
Plasma exchange or intravenous immunoglobulin 
provides short-term relief for those suffering from 
severe weakness or myaesthenic crisis.

Thymectomy is a widely accepted therapy for 
myaesthenic patients, particularly those with 
thymoma and early onset generalised MG. 
Although the effi cacy of thymectomy is based on 
retrospective data, about 75% of patients obtain 
benefi t from this procedure. Thymectomy can be 
undertaken from transcervical or suprasternal 
approaches. Usually, a limited median sternotomy 
is suffi cient, although in severe hyperplasia a full 
sternotomy may be indicated.

Mechanical ventilation is usually continued 
post-thymectomy in the OIRU or ICU. This provi -
des additional time for the effects of muscle relax-
ants and anaesthetic agents to wear off. Opioids 
can be used in reduced doses to provide analgesia. 
Anticholinesterase therapy should be re-instituted 
at the preoperative level. Few patients require pro-
longed ventilation. Leventhal et al. (1980) devised 
a scoring system to predict the need for postop-
erative ventilatory support in patients undergoing 
trans-sternal thymectomy7 (Table 9.3). Extubation 
is performed when the patient is awake, respon-
sive and able to generate a pressure of 
−20 cmH2O.
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Patient factors Points

Duration of disease >6 years 12
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Vital capacity <3 L 4

Score of ≥10 has a positive predictive value of 80%.
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Abstract This chapter oulines the indications for 
intubation and ventilatory support in adults. A 
range of ventilatory options, both non-invasive 
and invasive, are described and their merits in 
specifi c clinical situations discussed.

Overview of Ventilatory Support 
in Adults

Mechanical ventilatory support is most com-
monly delivered through a tracheal tube or tra-
cheostomy using a device that generates 
intermittent positive pressure.1 Other options for 
support include non-invasive positive pressure 
ventilation (NIPPV), negative pressure ventila-
tion (NPV) and a range of high-frequency venti-
lation techniques. There are many modes of 
positive pressure ventilation ranging from those 
which decrease the work of breathing and prevent 
airways collapse (e.g. continuous positive airway 
pressure [CPAP], bi-level positive airway pres-
sure [BiPAP]), to those that provide more support 
and supplement spontaneous ventilation (e.g. 
pressure support [PS], synchronised intermittent 
mandatory ventilation [SIMV]) and those which 
fully support ventilation (e.g. continuous manda-
tory ventilation [CMV], inverse ratio ventilation 
[IRV]).

The physiological objectives of ventilation are 
to provide alveolar ventilation for the delivery of 
oxygen and removal of carbon dioxide, to expand 
the lung suffi ciently to prevent or treat atelecta-

sis, to maintain functional residual capacity 
(FRC), and to reduce the work of breathing such 
as in a patient with increased airways resistance 
or reduced compliance.2,3 Mechanical ventilation 
is required when a patient’s breathing is compro-
mised because of neurological, muscular or ana-
tomical causes, or when there is a failure of gas 
exchange because of problems with diffusion or 
ventilation perfusion mismatch. It may also be 
indicated to decrease systemic or myocardial 
oxygen consumption in patients with a high 
respiratory demand and compromised supply. 
Manipulation of PaCO2 may be useful to control 
intracranial volume and pressure in patients with 
severe head injuries. Following upper abdominal 
or thoracic surgery or trauma, poor pain control 
may prevent the patient from coughing or breath-
ing adequately and ventilation will allow paraly-
sis, sedation and analgesia if indicated (Table 
10.1).

The decision to initiate mechanical ventilation 
is based on clinical examination and arterial blood 
gas and metabolic abnormalities. Ventilation is 
usually necessary in a patient with one or more of 
the following: a PaO2 < 8 kPa on maximal oxygen 
supplementation, high and increasing PaCO2 
values, acute respiratory acidosis or cardiovascu-
lar instability. Ventilation is also indicated for 
severe respiratory distress.4 Arterial blood gases 
may not be grossly abnormal, but respiratory dis-
tress is manifested by a high respiratory rate (e.g. 
>30), low tidal volumes (e.g. <4 mL/kg), a low vital 
capacity (e.g. <15 mL/kg), along with symptoms of 
respiratory distress.

10
Indications for Ventilatory Support in Adults
David Goldhill



96 D. Goldhill

Intubation

Patients may be intubated because of upper 
airway obstruction, to protect the airway or 
facilitate control of secretions. In healthy adults 
there is little additional work of breathing with 
minute ventilation of less than 10 L/min through 
a tracheal tube of 7 mm or larger. Modes of spon-
taneous and supported ventilation incorporat-
ing positive end-expiratory pressure may be 
acceptable in some of these patients. However, 
many critically ill patients require higher minute 
ventilation, are weak and are cardiovascularly 
compromised and will require controlled venti-
latory support.

Non-invasive Positive Pressure 
Ventilation

NIPPV avoids the need for intubation. It is most 
commonly indicated for managing acute exacerba-
tions of chronic obstructive pulmonary disease 
(COPD) and to facilitate weaning from prolonged 
ventilation.5,6 It may be suitable for many other situ-
ations; these include acute cardiogenic pulmonary 

oedema, avoidance of intubation in immunocom-
promised patients, asthma, postoperative respiratory 
failure, profound muscle weakness and chest wall 
deformity. NIPPV may also be considered in patients 
who have declined intubation or where this interven-
tion is not thought to be appropriate.

Ventilatory Support in Specific 
Conditions

Acute Exacerbation of COPD

Suggested criteria for non-invasive and invasive 
ventilation are outlined in Table 10.2. Decisions 
about ventilation are guided by clinical experience 
and the response of the patient over time. In particular, 
if the patient remains conscious and cooperative, 
a trial of NIPPV may be justifi ed even with a low 
pH, high PaCO2 and low PaO2.

Neuromuscular Disease

This includes conditions such as Guillain-Barré and 
Myasthenia Gravis. Vital capacity of less than 
10–15 mL/kg and maximum inspiratory pressure of 
less than 20–30 cmH2O have been suggested as 

TABLE 10.1. Indications for mechanical ventilation

Failure to ventilate
• Neurological Central Depressed ventilatory drive from intracerebral pathology (e.g. 

CVA), alcohol and other sedative or narcotic medication
Spinal Cervical and high thoracic spinal cord injury
Peripheral Guillain-Barré, polio, motor neurone disease, paralysing drugs, 

tetanus
• Muscle Myopathies Myasthenia, protein malnutrition
• Anatomical Chest wall Rib fractures, flail chest, chest wall deformities (e.g. scoliosis), 

morbid obesity, ascites, abdominal distension, restrictive 
dressings

Pleura Effusions, pneumothorax, haemothorax
Airways Obstruction (in lumen, in wall, outside wall), small tracheal tube, 

laryngeal oedema, foreign body, bronchospasm
Failure of gas exchange

Diffusion Pulmonary oedema, ARDS, fibrosis, pneumonia
Dead space Pulmonary embolism, emphysema, cystic fibrosis, excessive PEEP
Shunt Lung collapse, atelectasis, consolidation

Other indications To decrease oxygen consumption
To control intracranial pressure
To allow paralysis, sedation and analgesia
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 indications for positive pressure ventilation. 
However, even below these thresholds ventilation 
may be manageable with non-invasive techniques in 
patients who can protect their airways. These tech-
niques include NIPPV and negative pressure cuirass 
ventilation, either continuously or intermittently, in 
combination with physiotherapy and equipment to 
assist coughing and mobilisation of secretions.

Heart Failure and Cardiogenic Shock

Ventilation is hypothesised to decrease oxygen con-
sumption at the time of severely reduced cardiac 
output. There is limited evidence from animal and 
patient studies to suggest that this may be benefi cial.

Head Injury

Control of PaCO2 affects cerebral blood fl ow and 
volume and it is important when managing a 
patient with severe intracranial injury. There are 
other indications for ventilation in these circum-
stances including avoidance of hypoxia and pro-
tection of the airway.

Flail Chest

Although intubation and ventilation used to be 
routine for patients with a fl ail chest, it is often 
unnecessary if the underlying lung function is ade-
quate and appropriate analgesia is delivered allow-

ing the patient to breathe and cough without pain.

High-Frequency Ventilation

High-frequency oscillatory and percussive ventila-
tion have been tried in many circumstances includ-
ing severe lung damage, inhalation injury and 
bronchopleural fi stula.7–11 This mode of ventilation 
may improve gas exchange while providing ade-
quate ventilation at lower peak pressures than con-
ventional ventilation. There may therefore be less 
risk of ventilator-induced lung injury.

Negative Pressure Ventilation

NPV is delivered through a cuirass ventilator such as 
an iron lung12 or Hayek Oscillator.13,14 Studies have 
shown that this form of ventilation can be effective 
in COPD and other forms of acute respiratory failure. 
Cardiac function may be better preserved with 
NPV than positive pressure ventilation.15 Continu-
ous negative external pressure may also improve 
cardiac as well as respiratory function.

Hazards of Mechanical Ventilation

Although in some circumstances intubation and 
ventilation is undoubtedly life-saving it is also 
associated with many risks and complications 
including pneumothorax, ventilator-associated 
pneumonia and ventilator-induced lung injury.16,17 
There are also additional hazards associated with 
the procedure of intubation itself, perhaps the 
most worrying being failure to intubate the 
trachea with the associated risk of hypoxic neu-
rological damage. In patients ventilated for more 
than a brief time, outcomes are improved using 
‘lung protective’ strategies to limit lung disten-
sion and transalveolar pressure.18 Ventilation is 
also expensive and may be uncomfortable in the 
awake patient. There are few major complica-
tions associated with NIPPV but minor compli-
cations include nasal bridge ulceration, facial 
ulceration, epistaxis, increased intraocular pres-
sure, gastric distension and aspiration, and poor 
tolerance/compliance.

TABLE 10.2. Suggested criteria for ventilation in COPD

Non-invasive—at least two of the following
• Moderate to severe dyspnoea with use of accessory muscles
• Moderate acidosis (pH 7.3–7.35)
• Hypercapnia (PaCO2 6–8 kPa)
• Poor oxygenation (PaO2/FiO2 < 25 kPa)
• Respiratory rate > 25 breaths/min
Invasive ventilation–any of the following
• Severe dyspnoea with use of accessory muscles
• Severe acidosis (pH < 7.25)
• Hypercapnia (PaCO2 > 8 kPa)
• Severe refractory hypoxaemia (PaO2/FiO2 < 10 kPa)
• Respiratory rate > 35 breaths/min
• Respiratory arrest
• Coma (GCS ≤ 8)
• Cardiovascular instability or other major complications
• High risk of aspiration
•  Contraindications/limitations to NIPPV—e.g. morbid obesity, 

craniofacial trauma, recent upper airway or gastrointestinal surgery
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Abstract The respiratory system is susceptible to 
insults from many sources, both intra- and extra-
pulmonary, and is the organ system supported 
most frequently in critically ill patients. In broad 
terms, the need for respiratory support may arise 
due to a failure of ventilation or oxygenation. 
Although institution of mechanical ventilation 
can be life-saving in these circumstances, it may 
also lead to ventilator-induced lung injury (VILI) 
through barotrauma, volutrauma and oxygen tox-
icity, and strategies to minimise VILI must be 
incorporated within the overall approach.

Developing a consistent approach to mechanical 
ventilation is made more complex by the myriad of 
acronyms and trademarked names used by the dif-
ferent equipment manufacturers. These serve to 
confuse by means of having very similar functions 
and names. In fact there is little evidence for the 
superiority of one mode of ventilation over another. 
The aim of this chapter is to explain the basic prin-
ciples on which these systems are based, and enable 
the reader to build a sound strategy for delivering 
respiratory support to critically ill patients.

Abbreviations

APRV Airway pressure release ventilation
ARDS Acute respiratory distress syndrome
BIPAP Biphasic positive airway pressure 
BiPAPTM Bilevel positive airway pressure
COPD  Chronic obstructive pulmonary 

disease
CPAP Continuous positive airway pressure

Texp Expiratory time
ECMO Extra corporeal membrane 
 oxygenation
FiO2 Inspired fraction of oxygen
Q Inspiratory fl ow rate
Tinsp Inspiratory time
Tir Inspiratory rise time
Tp Inspiratory pause time
Pinsp Inspiratory pressure
IPPB Intermittent positive pressure 
 breathing
IRV Inverse ratio ventilation
MV Minute volume
Pmax Maximum pressure
NIPPV Non-invasive positive pressure 
 ventilation
Psupp Pressure support
PEEP Positive end expiratory pressure
PRVC Pressure-regulated volume control
SIMV Synchronised intermittent 
 mandatory ventilation
VC Volume control
VA-ECMO Veno-arterial ECMO
VV-ECMO Veno-venous ECMO

Introduction

Mechanical respiratory support can be subdivided 
into three categories:

· Mechanical support without ventilation
· Negative pressure ventilation
· Positive pressure ventilation.

11
Modes of Invasive and Non-invasive 
Ventilatory Support
Tony Pickworth
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In these systems ‘negative’ is taken to mean pres-
sure less than atmospheric and ‘positive’ more 
than atmospheric.

Respiratory Support Without 
Ventilation

The most basic mechanical intervention used in 
critically ill patients is continuous positive airway 
pressure (CPAP). This is sometimes referred to as 
continuous positive pressure breathing (CPPB), 
and was fi rst used in the 1930s to treat pulmonary 
oedema.1 Essentially it requires a system that can 
maintain a constant positive pressure which varies 
by no more than 2–3 cmH2O over the respiratory 
cycle. In order to prevent pressure falling during 
inspiration a high fl ow of gas must be applied to 
the system. There has to be a mechanism for pre-
venting rebreathing and an expiratory valve that 
sets the nominal CPAP level. This offers no venti-
latory support, but enhances oxygenation through 
increasing mean airway pressure.

A number of CPAP systems have developed over 
time but two types are particularly prevalent:

· Reservoir bag systems. These use a gas reservoir 
to provide adequate gas fl ow at the peak of inspi-
ration. These systems also require an additional 
low-resistance one-way valve in the inspiratory 

limb to prevent rebreathing. This type would 
include the Drager CF800 system (Figure 11.1).

· Air entrainment systems such as the Whispa 
Flow. These use the Venturi principle to 
entrain air into an oxygen delivery system. 
High gas fl ows are delivered to the patient, so 
the pressure drop is minimal during the peak 
of inspiration. The high fl ow also ensures that 
rebreathing of expired gas is prevented.

The expiratory valves are usually spring-loaded 
systems which operate at low preset pressures 
(Figure 11.2).

Intermittent Negative Pressure 
Ventilation

Application of an intermittent negative pressure to 
the chest wall may improve ventilation in some 
groups of patients. ‘Iron lungs’ are intermittent nega-
tive pressure tank ventilators that enclose the entire 
body, apart from the head, and can provide complete 
ventilatory support to patients with abnormalities of 
the chest wall. However, they cannot generate suffi -
cient pressure differences to support patients with 
severely impaired lung function. Cuirass or jacket 
ventilators deliver partial support, but their per-
formance is often limited by leaks, and they are often 
associated with the development of pressure sores.

Fresh gas

Reservoir

Patient

Low resistance
one-way valve

High Fresh Gas Flow with Air entrainment

Patient

Expiratory valve

Expiratory valve

FIGURE 11.1. Two systems for delivering continuous positive airway pressure (CPAP). The first uses a reservoir bag to provide adequate 
gas flow to the patient during inspiration and a one-way inspiratory valve to prevent rebreathing. The second uses air entrainment to 
generate a high enough flow. An inspiratory valve is not required to prevent rebreathing. The simple and successful Boussignac system 
essentially works on this principle.



11. Modes of Invasive and Non-invasive Ventilatory Support 101

Intermittent Positive Pressure 
Ventilation

Basic Modes of Ventilation

The most common modes of ventilation can be 
described by the way in which the ventilator deliv-
ers a breath of a certain magnitude, and the way 
in which it cycles between expiration and inspira-
tion. A breath can be delivered as volume preset 
or pressure preset. The cycling can be determined 
by the patient (a supported breath) or the ventila-
tor (a controlled breath). Based on this assump-
tion a simple matrix generates four potential 
modes of ventilation.

Controlled Supported

Volume 
preset

Volume 
control

Volume 
support

Pressure 
preset

Pressure 
control

Pressure 
support

To make things simpler, volume support is not 
a widely used mode, so we will ignore it here and 

consider only three modes: volume control, pres-
sure control and pressure support.

Volume Control

Volume control delivers a set tidal volume (deter-
mined by the operator) at regular time intervals 
(again set by the operator) to the patient. In order 
to do this, the following parameters should be set 
on the ventilator:

· Tidal volume (VT)
· Inspiratory fl ow rate (Q)
· Total inspiratory time (Tinsp)
· Frequency (f)

These four parameters are important because 
they describe the ‘breath shape’, and this will 
infl uence the effectiveness of the breath in terms 
of lung recruitment (Figure 11.3). From these 
four basic parameters others can be derived. The 
settings on many ventilators will use some of 
these derived parameters. This is because of his-
torical user familiarity with the concepts encom-
passed by the derived parameters. Derived 
parameters include:

5 cmH2O

0 cmH2O

5 cmH2O

0 cmH2O

CPAP

PEEP

Start of Mechanical
inspiration 

Start of Spontaneous
inspiration 

FIGURE 11.2. What is the difference between CPAP and PEEP? 
Positive end-expiratory pressure (PEEP) is the application of a 
positive pressure (above atmospheric) to the airway during expi-
ration, usually by means of an expiratory valve. Unlike CPAP, 
where the pressure must be maintained throughout the entire 
respiratory cycle, PEEP only requires the pressure to be main-
tained during expiration. A high gas flow is therefore not needed. 

The effect of PEEP on gas exchange is similar to that of CPAP. 
PEEP is usually employed in conjunction with intermittent posi-
tive pressure ventilation, during which a positive pressure is 
maintained throughout the cycle. However, if the patient 
attempts to breathe spontaneously, the respiratory effort may 
generate sub-atmospheric pressures during the spontaneous 
inspiratory phase.
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Tir

I:E Ratio 1:2

I:E Ratio 1:2

Tinsp - 1.7s

Tinsp − 1.7s

f = 12 breaths/min

VT - 420ml

VT - 420ml

volume
a

b

c

volume

Q–14.8 I/min 

Texp – 3.3s

Texp – 3.3s

MV = 5.04 l /min

time

time

Tinsp - 1.7s

Tp

volume

time

pressure

time

flow

time

FIGURE 11.3. ( (a) The four parameters VT, Tinsp, f and Q (the gradient 
of the slope) define the shape of the breath. These are shown in the 
first breath. Note the flow of 14.8 L/min (or 247 mL/s) means that a 
VT of 420 mL can be delivered in 1.7 s. The second breath shows how 
other parameters are derived. At a respiratory frequency of 12 each 
breath is 5 s in duration so Texp is 3.3 s (5–1.7 s). Therefore, the I/E ratio 
is 1:2. The MV is 5.04 l (420 mL × 12). (b) The flow rate has been 

increased leading to development of a pause time. However the total 
inspiratory time remains unchanged, as does the I/E ratio. (c) The 
volume pressure and flow curves are shown as contemporaneous. 
Note the overshoot in the pressure curve that settles to a plateau 
once flow ceases. The second breath is delivered with a higher flow 
rate. This generates a higher mean airway volume but at the expense 
of a marked increase in airway pressure.
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· Minute volume (MV) [VT × f]
· Inspiratory rise time (Tir) [VT/Q]
· Pause time (Tp) [Tinsp − Tir]
· Expiratory time (Texp) [60/f − Tinsp],
· I/E ratio [Tinsp/Texp].

By using these derived parameters to set the ven-
tilator the breath shape can still be determined. 
Adjusting the settings leads to changes in breath 
shape which may be advantageous in terms of 
ventilatory strategy. For example, if the fl ow rate 
is increased then the tidal volume is achieved 
earlier. For a constant Tinsp a pause time Tp is intro-
duced. During this time there is no fl ow of gas into 
or out of the lungs. The greater the fl ow rate the 
earlier VT is achieved. This leads to a greater mean 
airway volume which leads to an improvement in 
lung recruitment and oxygenation.

As gas fl ow increases, airway resistance also 
rises generating higher airway pressures. It has 
been argued that this pressure is dissipated by the 
time the gas reaches the alveoli. However in 
patients with severe lung disease different alveoli 
are likely to have different time constants, hence 
the pressure may be dissipated unevenly through-

out the lung and a large overshoot may result in 
lung damage or barotrauma. The differing time 
constants may also lead to movement of gas 
between lung units, termed pendelluft.

Pressure Control

The optimum compromise between high fl ow and 
low pressure is delivered by pressure control ven-
tilation. The operator sets the inspiratory pressure 
(Pinsp), thus protecting the lung from extremes of 
pressure, with fl ow being determined by the time 
constant of the lung.

When setting the ventilator in pressure control 
mode, three basic parameters are adjusted:

· Inspiratory pressure (Pinsp)
· Total inspiratory time (Tinsp)
· Frequency (f)

During the early part of a breath gas fl ow is fast, 
due to the large pressure difference between the 
ventilator circuit and the lungs, and lung volume 
increases rapidly. Gas fl ow then decelerates as the 
ventilator and lungs equilibrate. At this point there 
may be an inspiratory pause (Figure 11.4).

volume 

time 

pressure

time 

flow 

time

FIGURE 11.4. Pressure control breaths deliver the optimum breath shape. The tidal volume is dependent on lung compliance, but is 
delivered quickly without sharp rises in pressure. The rate of pressure change from expiration to inspiration can also be changed as in 
the second breath. This is often referred to as the ramp.
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The I:E ratio is determined by Tinsp and f as for 
volume control. The tidal volume and hence 
minute volume are dependent on the lung mechan-
ics. The main disadvantage of pressure control 
ventilation is that the tidal volume may fall if the 
lungs become stiff, or may increase as lung 
mechanics improve. High tidal volumes (12 mL/kg 
ideal body weight) are associated with worse 
outcome and must therefore be avoided.

One other ventilator setting is applicable on some 
machines. This is the ‘ramp’ or rate of change of pres-
sure from expiration to inspiration. The ramp time 
is usually very short (around 0.2 s). It is rarely neces-
sary to adjust the ramp in pressure control mode.

Pressure Support

Pressure support (sometimes referred to as 
assisted spontaneous breathing [ASB]) is a 
common mode of ventilation for patients who 
have reasonably well-preserved respiratory control 
mechanisms. The magnitude of support is deter-
mined by a preset inspiratory pressure but the 
cycling from expiration to inspiration and back is 
determined by patient factors (Figure 11.5). The 
only settings required are positive end-expiratory 

pressure (PEEP) and pressure support level which 
we will call Psupp (Box 11.1).

Cycling from expiration to inspiration (trigger-
ing of the ventilator) is initiated by the patient’s 
own respiratory effort. The ventilator then gener-
ates an inspiratory pressure as set by Psupp. Early 
versions employed a pressure trigger but modern 
ventilators use a fl ow trigger which requires less 
work to operate (Box 11.2).

For cycling from inspiration to expiration most 
ventilators work on an algorithm, for example, 
when fl ow rate falls to a fi xed percentage (usually 
between 5% and 25%) of the maximum fl ow gen-
erated during the breath. Note that, unlike the con-
trolled modes of ventilation, if the patient makes 
no respiratory effort there will be no ventilation.

The only other variable is the ‘ramp’, which 
may require adjustment in certain circum-
stances. If an excessively fast rate of change is 
applied inspiratory muscle activity may be sup-
pressed, and the patient effectively allows the 
ventilator to do the work. Conversely if a very 
low rate of change is applied, the patient makes 
continued effort against limited airfl ow. This 
increases the work of breathing and may result 
in respiratory failure.

time

pressure

flow

“Off” = flow 25% Q max

“On” = flow  5l/min

Q max 

FIGURE 11.5. Pressure Support. The breath is triggered ‘on’ by spontaneous effort. Detection of inward flow of gas leads to cycling to 
the inspiratory pressure (preset). As a pressure breath the flow has a decelerating waveform just as one sees in pressure control. There 
is a peak flow rate shortly after the inspiratory pressure has been reached. The flow decreases. In this instance the ventilator cycles to 
expiration when the flow rate has fallen to 25% of its maximum.
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Dual Modes of Ventilation (Pressure-
Regulated Volume Control)

From an oxygenation perspective pressure control 
ventilation delivers the optimal ‘breath shape’, and 
is commonly used when patients have severe oxy-
genation failure. However with pressure control 
there is a risk, particularly if lung compliance 
improves, that excessively high tidal volumes may 
be inadvertently delivered resulting in lung 
damage. To address this problem ‘dual modes’ 
have been developed that incorporate elements of 
both volume and pressure control.

As demonstrated in Figure 11.3c, if high inspira-
tory fl ows are used excessive pressure may be 
applied to the lung. This can be avoided by applying 
a pressure regulator to the inspiratory phase, to 
prevent occurrence of high peaks, while instructing 
the ventilator to deliver a high inspiratory fl ow to 

maximise mean airway pressure and lung recruit-
ment (Figure 11.6). This is the most basic form of 
pressure-regulated volume control (PRVC). In this 
form VT can be set to 6 mL/kg, and inspiratory fl ow 

BOX 11.1. Potential pitfalls—pressure settings

A potential pitfall is that on many ventilators Pinsp for pressure control 
is an absolute value whereas Psupp for pressure support may be set as 
‘above PEEP’. This can lead to misunderstandings as to what is set on 
the ventilator especially as these two modes can be employed at the 
same time. So with PEEP set to 10 cmH2O a Pinsp of 15 cmH2O will lead 
to a pressure difference of 5 cmH2O and a peak pressure of 15 cmH2O, 
whereas a Psupp of 15 cmH2O may be ‘above PEEP’ in which case the 
peak pressure will be 25 cmH2O.

BOX 11.2. Triggering ventilators

Early versions of pressure support utilised a pressure trigger. When 
the patient caused the circuit pressure to fall to a preset level (usually 
2–3 cmH2O below expiratory pressure) then the ventilator would cycle 
to inspiration. This often required more work than might be 
anticipated as the compliance of the breathing circuit would absorb 
some of the pressure change. Modern ventilators operate a flow 
trigger whereby during expiration there is a constant flow of gas 
through the circuit out of the expiratory valve. The ventilator can 
detect any change in flow rate without the need to alter pressure 
significantly. This makes it easier to trigger.

There is a slight catch though….

Many patients will experience what is known as intrinsic PEEP. This is 
where the pressure in the lung at end expiration remains above the 
circuit pressure, often as a result of limitation of expiratory airflow. In 
this case patients will have to overcome intrinsic PEEP in order to 
equilibrate with the circuit pressure before they can start to generate 
flow into the lung and trigger the ventilator. This can lead to increased 
work of breathing and respiratory failure. The remedy is to match 
extrinsic PEEP (i.e. that set on the ventilator) to intrinsic PEEP. That 
way the circuit pressure and lung pressure are the same and any 
additional effort allows flow of gas and triggering occurs.
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FIGURE 11.6. (a) In the first diagram we see the effect of application 
of high inspiratory flow rate on peak airway pressure.
(b) If we start to regulate maximum pressure the flow rate becomes 
limited and as we further regulate the pressure the breath shape 
takes on the form of a pressure control breath.
(c) It is not possible to further limit the inspiratory pressure as the 
lung compliance here would not permit the delivery of the set tidal 
volume within these parameters.
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rate to a nominal maximum (e.g. 120 L/min). A 
pressure maximum (Pmax) can be set and adjusted 
to 2 or 3 cmH2O above that required to allow the 
ventilator to deliver the full tidal volume.

Most commercial forms of PRVC simplify things 
further. A preset VT is entered but there is no fl ow 
setting or maximum pressure setting. For a 
number of initial breaths a constant, low fl ow, 
volume-controlled breath is delivered and the 
peak pressure measured. This gives an idea of lung 
compliance from which the ventilator can deter-
mine the Pinsp required to deliver the preset VT. The 
measurement of VT allows the ventilator to assess 
whether for the subsequent breath the inspiratory 
pressure (Pinsp) should be higher, lower or the 
same. Using this system the ventilator maintains 
VT for the lowest inspiratory pressure. This system 
is described as Autofl ow™ by Drager and may be 
used in volume control modes with their EVITA 
series of ventilators. However, it should be noted 
that most ventilators offering PRVC also operate 
in this way.

PRVC has advantages in offering the optimal 
breath shape seen with pressure control while 
allowing predetermination of the VT.

2 It is also 
quite simple to set, requiring only three parame-
ters. However, in patients with a high respiratory 
drive PRVC can be problematic. If the patient 
breathes during the inspiratory cycle then the VT 
increases. The ventilator then makes a downward 
adjustment to the Pinsp as it is confused into think-
ing lung compliance has improved. As the pressure 
decreases more effort takes place and the ventila-
tor can be fooled into delivering less and less 
inspiratory pressure until it is almost zero. While 
in some circumstances it might be appropriate for 
this ‘auto-weaning’ to occur, for patients with 
severe oxygenation failure this can lead to inap-
propriately increased work of breathing and some 
de-recruitment of lung units.

Add-Ons and Modifications

Although most modes of mechanical ventilation 
can be fi tted into the matrix described (i.e. volume 
control, pressure control or pressure support), 
there are also a number of complementary systems, 
which have been developed to either promote 
weaning from the ventilator or to enhance 
oxygenation.

Synchronised Intermittent Mandatory Ventilation 
(SIMV)

SIMV is a very commonly employed system. 
The concept itself is simple and designed to facili-
tate some spontaneous breathing during mechani-
cal ventilation. In early ICU ventilators the delivery 
of breaths was mandatory (MV), and the patient 
could not initiate or effect any spontaneous 
breaths. By inserting a valve into the expiratory 
limb of the ventilator circuit, patients were also 
able to take spontaneous breaths. This arrange-
ment was termed intermittent mandatory ventila-
tion (IMV),3 and IMV valves were often used when 
weaning commenced. However, this system had a 
number of disadvantages, including delivery of an 
excessive tidal volume to the patient if a spontane-
ous breath was taken just prior to a mandatory 
one. The resulting rise in airway pressure would 
usually trigger a pressure alarm, and the breath 
could be ‘cut-off ’. High airway pressures could 
also be generated as the patient tried to exhale.

In extreme cases this patient–ventilator asyn-
chrony (‘patient fi ghting the ventilator’) might 
result in ventilatory failure.

Using the same triggering systems employed in 
pressure support, it is now possible to synchronise 
spontaneous and mandatory breaths. If the patient 
triggers the ventilator within a certain time 
window before a breath is due, then the manda-
tory breath can be initiated early. Different venti-
lators have different trigger windows. Usually 
triggering can occur within the last 25% or so of 
the expiratory phase. This can lead to the delivery 
of more mandatory breaths than prescribed and 
different ventilators have specifi c strategies to 
cope with this. Either more breaths are permitted 
or compensatory lengthening of the subsequent 
expiratory phase is allowed.

SIMV is therefore only a timing/triggering sys-
tem and not a mode of ventilation in its own right. 
It can be applied to volume-control (VC-SIMV), 
pressure-control (PC-SIMV) or indeed PRVC 
(PRVC-SIMV). SIMV was designed to facilitate 
weaning. As spontaneous effort increased, the fre-
quency of mandatory ventilation could be reduced 
until full spontaneous ventilation was achieved. 
The spontaneous ventilation could also be sup-
ported using pressure support, and one of the 
 commonest systems of mechanical ventilation is 
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SIMV +  pressure support. Although this system of 
weaning was employed for many years, randomised 
controlled trials have demonstrated that SIMV 
weaning is actually less effective than either pres-
sure support weaning or simple T-piece weaning. 
Nevertheless, SIMV systems may still have a role in 
encouraging some spontaneous breathing when 
active weaning is not being undertaken, and in 
helping to reduce patient–ventilator asynchrony.

Biphasic Positive Airway Pressure (BIPAP)

This is a relatively new development in the realm of 
pressure control ventilation, and often causes some 
confusion due to the existence of many almost iden-
tical modes with similar trademarked names and 
acronyms.4, 5 Technically the development is simple. 
In many ventilators breaths are delivered via inspir-
atory and expiratory valves. In pressure control 
during inspiration the pressure delivered (Pinsp) is 
generated from the inspiratory end of the circuit 
while the expiratory valve is closed. During expira-
tion the inspiratory valve is closed and the expira-
tory valve opens to allow exhalation. The expiratory 
valve may also permit the delivery of positive end-
expiratory pressure (PEEP) (Figure 11.7). In BIPAP 
the expiratory valve becomes a pressure valve which 
switches between Pinsp and PEEP. Essentially there is 
no inspiratory valve but there is a constant high gas 
fl ow through the circuit. Pressure cycles between 

Pressure regulator 

Pressure regulator 

PC 

BIPAP

FIGURE 11.7. Pressure control differs from BIPAP only in the posi-
tion of the pressure regulator. In PC this is part of the inspiratory 
valve whereas in BIPAP it is part of the expiratory valve.

FIGURE 11.8. (a) Inverse ratio ventilation utilised here in pres-
sure control mode. The area under the pressure and volume 
curves are much increased compared to the original pressure 
control curves in Figure 11.4. However the peak pressure and 
tidal volume are unchanged. This manoeuvre will increase oxy-
genation by improving lung recruitment. (b) Breath stacking. 
When there is inadequate time for full expiration breath stack-
ing may occur. Therefore the lung volume has not fallen to its 
original level. In volume control ventilation an additional tidal 
volume is delivered so the lung volume for each subsequent 
breath increases. This leads to increasing peak airway pressures 
and may trigger an alarm. As the peak pressure rises the expira-
tory flow rate will increase so this may not be an inexorable rise 
and a new stable state may be achieved. If pressure control 
ventilation is used we don’t consider the result to be breath 
stacking, but what happens is similar. The intrinsic PEEP 
increases while the Pinsp remains the same so VT falls. (c) Airway 
pressure release ventilation (APRV). The patient generates 
small, rapid breaths at a high pressure. Carbon dioxide elimina-
tion is enhanced by brief periods of reduced pressure that are 
equivalent to very short expiratory times.
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Pinsp and PEEP in both PC and BIPAP, so that ven-
tilation occurs as the pressure in the lungs changes 
to equilibrate with the ventilator.

To understand the benefi ts of the BIPAP system, 
it is helpful to consider a patient who tries to take 
a spontaneous breath during the ventilator 
inspiratory cycle. By generating spontaneous 
effort the pressure in the lungs falls so gas moves 
from ventilator to patient and both BIPAP and PC 
allow the ventilator to replenish that gas in order 
to maintain the set pressure. However, in pressure 
control ventilation a problem occurs when the 
patient then tries to exhale. The expiratory valve 
remains closed, and since gas cannot pass back 
through the inspiratory valve, a high pressure is 
generated which triggers the ventilator alarms 
and cuts the breath off. Under these circumstances 
patient–ventilator asynchrony occurs and inade-
quate ventilation may be observed. In BIPAP, in 
order to exhale during the inspiratory phase the 
patient only has to generate a higher pressure 
than the Pinsp and gas will fl ow out through the 
expiratory valve. The breath is not lost and asyn-
chrony does not usually occur. Under normal 
 circumstances it is unusual for a patient to att-
empt to breathe during a mandatory inspiration; 
however, it does become an issue when a long Tinsp 
is used, especially if the patient has a raised arte-
rial carbon dioxide tension and high respiratory 
drive. Hence in patients with severe lung disease 
in whom long inspiratory times are being used, it 
is often necessary to administer neuromuscular 
blocking agents to facilitate effective pressure 
control ventilation. This is rarely necessary when 
using BIPAP. Apart from this technical advantage, 
the settings and breath delivery are the same for 
both modes.

Ventilatory Strategies to Enhance 
Oxygenation

When oxygenation remains a problem despite 
instigation of mechanical ventilation measures 
should be taken to increase mean airway pressure. 
Since this must be done without exceeding safe 
peak pressures or tidal volumes, the options are to 
increase PEEP or Tinsp.

Inverse Ratio Ventilation

If the frequency is unchanged but Tinsp is increased, 
then the I/E ratio will alter from its usual 1:2 to 2:1 
(e.g. f 12, Tinsp 3.4 s, Texp 1.7 s). This is known as 
inverse ratio ventilation (IRV)6 (Figure 11.8a). The 
reduction of Texp and increase in functional resid-
ual capacity of the lung in relation to tidal volume 
leads towards hypercapnoea, which in turn results 
in increased respiratory drive. IRV may be less 
successful using volume control because if Texp is 
inadequate it may lead to ‘breath stacking’ (Figure 
11.8b). IRV is more usually applied with pressure 
control, which gives rise to the acronym PC-IRV.

Positive End-Expiratory Pressure (PEEP)

Application of PEEP can recruit lung tissue by 
increasing mean airway pressure, in the same way 
that CPAP does for patients breathing spontane-
ously.7 Like CPAP it does not contribute to ‘ventila-
tion’ but does help oxygenation. Much debate has 
been generated about how much PEEP is appro-
priate to apply. Increased PEEP may lead to a 
decrease in cardiac output, and ‘best PEEP’ was 
often considered to be that which gave the best 
oxygen delivery. However, we now recognise the 
importance of PEEP in preventing repeated alveo-
lar collapse at end expiration as part of a lung-
protective ventilatory strategy, and levels high 
enough to open the lung and keep it open should 
be used wherever possible.

Strategies for Severe Oxygenation Failure

Airway Pressure Release Ventilation (APRV)

Normally IRV is considered as a 2:1 or maximally 
3:1 ratio. With the development of BIPAP this can 
be extended such that the expiratory times are 
very small and the ratio can be of the order of 9:1. 
As the patient can breathe during the inspiratory 
part of the cycle there is often fast, low VT, spon-
taneous respiration during the inspiratory phase. 
In essence this is high level CPAP, with brief 
periods (0.5 s) of enhanced expiration, which 
helps to eliminate CO2 and is known as airway 
pressure release ventilation or APRV.8 This has 
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been shown to be a safe and effective mode of 
ventilation in severe ARDS.

High Frequency Oscillation

The theoretical end to this strategy is infi nite I/E 
ratio or lung infl ation but no ventilation. This 
strategy would fail because of the inability to 
eliminate CO2, which would lead to severe acido-
sis and falling alveolar oxygen concentration. 
CO2 would diffuse out of the lung along the bron-
chial tree down a concentration gradient as long 
as the airway is open but not fast enough to 
prevent hypoxia and severe acidosis. However, if 
oscillation is applied to the airway, this facilitates 
diffusion of CO2 out of the alveoli at a rate that 
permits adequate gas exchange. Oscillators essen-
tially are able to improve oxygenation by apply-
ing a relatively high mean airway pressure to the 
lung.9 CO2 clearance is achieved by a vibrating 
cone superimposing low-volume high-frequency 
(3–15 Hz) breaths around the mean airway 
pressure.

Extra-corporeal Membrane Oxygenation (ECMO)

In the event that adequate oxygenation cannot be 
achieved using the lungs, the blood can be oxy-
genated (and CO2 removed) using an extracor-
poreal circuit.10 ECMO circuits can be set up as 
veno-arterial circuits (VA-ECMO) when both 
cardiac and respiratory support is required or as 
veno-venous circuits (VV-ECMO) for respiratory 
support only. When ECMO is used some ventila-
tion may be applied to the lung but usually at low 
rate and low tidal volume. The idea of this strat-
egy is to reduce the ventilator-induced compo-
nent of the lung injury and allow time for the lung 
to heal.

Non-invasive Mechanical Respiratory 
Support

Non-invasive CPAP for pulmonary oedema was 
described in the 1930s and non-invasive ventila-
tory support (IPPB) as an aid to physiotherapy 
using a bird ventilator was well described in the 

1970s. Despite this, non-invasive techniques of 
respiratory support were not widely used until the 
late 1980s.

Theoretically any mode of mechanical support 
can be applied non-invasively, but some are more 
successful than others. The commonly used tech-
niques are non-invasive CPAP, or non-invasive 
forms of pressure support—now usually referred 
to as non-invasive positive pressure ventilation 
(NIPPV). The most widely used form of NIPPV is 
probably BiPAP™ or bilevel positive airway pres-
sure. This is a specifi c system patented by Respiron-
ics for their non-invasive ventilators, and is distinct 
from BIPAP as described above although there are 
common features (Box 11.3).

CPAP is useful in the treatment of pulmonary 
oedema, obstructive sleep apnoea and chronic 
obstructive pulmonary disease (COPD). NIPPV 
is most effectively used for patients with ventila-
tory failure due to neuromuscular disease or 
COPD.11

Non-invasive ventilators have different char-
acteristics to invasive ventilators, and must be 
able to provide a suffi cient fl ow of gas to com-
pensate for leaks. Their alarm settings are also 
modifi ed to detect signifi cant air leaks. Since 
they are designed primarily for patients with 
ventilatory rather than oxygenation failure, the 
mechanisms for controlling FiO2 are less well 
defi ned. The other major consideration is the 
interface between the ventilator and the patient. 
Devices include nasal masks, full face masks, 
nasal plugs and hoods, all of which have relative 
advantages and disadvantages in terms of claus-
trophobia, fi tting and leak.

Use of NIPPV has led to a reduction in the 
need for intubation and mortality for patients 
with COPD, and offers an alternative strategy 

BOX 11.3. What’s the difference between BIPAP and BiPAP™?

In both these systems two levels of CPAP are applied to the patient. 
Biphasic positive airway pressure (BIPAP) is a way of delivering pressure 
controlled ventilation. However, bilevel positive airway pressure 
(BiPAP™) is usually cycled from expiration to inspiration by patient 
effort—in other words a form of pressure support. Considerable work 
has gone into the algorithm for triggering using the BiPAPTM system. 
The exact details are unpublished, but involve identifying points on the 
flow volume loop that appear to signify the optimum times to cycle 
from expiration to inspiration and vice versa.
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when there are ethical dilemmas about intuba-
tion in patients with irreversible disease. It may 
also have a role in a subgroup of patients who 
have recently been weaned from invasive ventila-
tion and extubated. It is less useful for patients 
with more severe disease or for conditions other 
than COPD.

A Strategy for Mechanical Support

With all of these (and more) options available it 
can be diffi cult to identify the best strategy for an 
individual patient. To a large extent the approach 
taken will be determined by whether the patient 
has predominately oxygenation or ventilatory 
failure. The particular strategies favoured in my 
own unit are detailed in the following sections.

Patients with Oxygenation Failure

1. Treat the underlying cause
2. Chest physiotherapy to enhance lung recruitment
3. In cases of pulmonary oedema or COPD you 

may try non-invasive CPAP
4. When progressing to invasive ventilation start 

on a volume control mode—preferably as a 
dual mode (PRVC or Autofl ow™). Set VT to 
6 mL/kg (ideal body weight) and never change 
this setting12

5. For worsening oxygenation increase PEEP and 
Tinsp. Permit hypercapnoea within reasonable 
limits. Adjust PEEP and Tinsp in order to try and 
keep FiO2 0.6 or less

6. When I/E ratio is reversed it may be necessary to 
switch to pressure control (preferably BIPAP)

7. If oxygenation is still a problem despite PC-IRV 
and PEEP >15 cmH2O, you may need to employ 
an alternative strategy such as APRV, oscilla-
tion or consider ECMO

8. As the patient improves encourage spontane-
ous breathing using pressure support

9. Wean from the ventilator using reducing levels 
of pressure support or T-piece weaning

Patients with Ventilation Failure

1. Treat the underlying cause
2. In COPD if pH >7.25 try NIPPV such as BiPAPTM

3. When progressing to invasive ventilation start on 
a volume control mode—preferably as a dual 
mode (PRVC or Autofl ow™). Set VT to 6 mL/kg 
(ideal body weight) and never change this setting

4. Ensure there is adequate Texp to allow reasona-
bly full exhalation

5. If breath stacking occurs switch to pressure 
control

6. When the patient improves encourage sponta-
neous breathing using pressure support

7. Wean from ventilator using pressure support 
or T-piece weaning
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Abstract Arterial blood gas (ABG) measurements 
commonly guide therapy in Intensive Care and 
High Dependency Units and require a full under-
standing for accurate interpretation. Robust elec-
trodes provide precise values for pH, PaCO2 and 
PaO2 and calculated values of HCO3

−, base excess 
and anion gap are extremely useful. From these, 
it is possible to identify and describe any distur-
bance in acid–base status. Hypoxaemia due to lung 
pathology can be distinguished from pure hypoven-
tilation through calculation of the alveolar–arterial 
oxygen gradient. A clinical approach to the system-
atic assessment of arterial blood gas measurements 
is suggested and controversies relating to tempera-
ture correction, suitability of capillary samples and 
pulse oximetry are discussed.

Introduction

The measurement of arterial pH, PCO2 and PO2, 
more commonly referred to as arterial blood gases 
(ABGs), is ubiquitous in medical practice. They 
are often the most precise measurements which, 
with careful and methodical interpretation, can 
successfully guide therapy. A proper under-
standing of the pathophysiology behind the 
 measurements, their rapid interpretation and an 
appre ciation of their limitations is essential in the 
critical care environment. In this chapter, I offer a 
personal view, gleaned and honed during more 
than 40 years of practice and teaching.

Why are ABGs done? Although levels of oxygen-
ation can be approximated with pulse oximetry, 
ABGs are frequently taken to quantify oxygenation 

and guide oxygen therapy. Calculation of the alveo-
lar–arterial oxygen gradient may provide evidence 
for or against lung disease and suggest a pathophysi-
ological process. The adequacy of ventilation can be 
assessed from the level of PaCO2 (PaCO2 ∝ 1/ventila-
tion). ABGs may also identify acid–base abnormali-
ties, with calculation of the anion gap helping to 
determine the underlying pathophysiology.

Historical Notes

Progress in our understanding of blood gases has 
arguably been slow, with these landmarks in the 
nineteenth and twentieth centuries:

· 1837: Magnus, the fi rst person to show the pres-
ence of both oxygen (O2) and carbon dioxide 
(CO2) using quantitative techniques, found 
more O2 and less CO2 in arterial blood com-
pared with venous blood. He concluded that 
CO2 must be added during the circulation of 
blood and is therefore related to O2 consump-
tion and heat production.

· 1850: Paul Bert established that oxygen ‘pres-
sure’ and ‘content’ were related to each other.

· 1904: Bohr described the effect of PCO2 on the 
oxyhaemaglobin-dissociation curve (Bohr effect).

· 1930s: Linus Pauling outlined the chemistry of 
oxygen carriage.

· 1928: Acid–base balance and carbon dioxide 
chemistry remained an enigma until the work 
of Henderson at Harvard who realised that 
‘when acids are added to blood, the hydrogen 
ions (H+) react with bicarbonate (HCO3

−) 
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generating CO2 which is excreted by the lung 
almost eliminating it’.

· 1896: The fi rst electromagnetic measurement 
of hydrogen ion concentration ([H+]) by a plati-
num electrode.

· 1909: The unit of pH introduced (blame going 
to Sorrensen who was tired of writing seven 
zeros in a paper on enzyme activity).

· 1925: Practical platinum electrodes appeared.
· 1931: Thermostatically regulated electrodes 

introduced.

Clinical Blood Gas Analysis and Blood 
Gas Analysers

After initial volumetric measurements of released 
O2 and CO2, manometric methods were developed 
(Van Slyke technique 1924), followed by cumber-
some pH measurements by equilibration with 
different CO2 concentrations (Astrup 1956). A 
commercial system using small samples was then 
produced by Radiometer in time to aid the man-
agement of respiratory failure in polio victims.

A PCO2 electrode (a glass pH electrode bathed 
in water separated from the CO2 source by a rubber 
membrane permeable to CO2) was conceived of by 
Richard Stow (1957).

The PO2 electrode came from Clark by adapting 
polarography with platinum cathode and anode 
contained by cellophane to exclude protein, and 
measuring O2 tension by oxidation–reduction reac-
tions which produce measurable electric currents.

The three-electrode system is the current gold 
standard for respiratory monitoring in critical 
care, providing direct measurements of pH, PCO2 
and PO2 and calculated values of HCO3 and base 
excess. Direct measurements of carboxyhaemo-
globin saturation and electrolyte concentrations 
are also available.

Arterial Blood Gas Sampling/Arterial 
Puncture

Direct access to arterial blood is relatively easy 
given the variety of vessels available (radial, ulnar, 
femoral), and the devices used. Arterial cannula-
tion may be preferred to intermittent arterial 
puncture if regular blood pressure monitoring 

and/or frequent ABG analysis is needed. The radial 
artery is the preferred site for both, given that the 
larger arteries have no collaterals and damage to 
the vessel walls may result in signifi cant morbid-
ity. The Allen test for the patency of the corre-
sponding ulnar artery is often recommended but 
rarely carried out and Slogoff ’s 1983 paper, ‘On the 
safety of Radial Artery Cannulation in Anaesthe-
siology 59:42–47’, concludes: ‘The available 
evidence does not support routine use of Allen’s 
test prior to radial artery puncture’.

Syringes preloaded with dry heparin have made 
collection more consistent, with less potential for 
error through dilution of an inadequate sample 
volume (<3 mL) by residual liquid heparin in the 
barrel of the syringe (0.2 mL) (Figure 12.1). Pre-
heparinised capillary tubes are perhaps the most 
convenient method of collecting blood for 
 sampling and are widely used.

Physiology of Gas Exchange and 
Definitions

Respiration encompasses the:

· Delivery of O2/removal of CO2 via gas exchange 
in the lungs

· Circulation of gases
· Transfer of gas at a cellular level

Ventilation is the process of moving gas through 
the respiratory tract.

Gas partial pressures encountered are as follows:

FIGURE 12.1. Arterial blood gas sampling.



12. Blood Gas Measurement and Interpretation 115

· In dry air with a barometric pressure of 
760 mmHg:

O2 20.98%, i.e. 760 × 0.21 = 160 mmHg
CO2 0.04%
N2 78.06%
Other gases 0.92%
Note the effect of different barometric pres-

sures, for example, Salt Lake City 647 mmHg with 
PO2 136 mmHg and the Dead Sea 775 mmHg with 
PO2 163 mmHg

· In moist air (as in the respiratory tract) H2O 
47 mmHg makes the effective barometric pres-
sure 760–47 = 713 mmHg. In the alveolus CO2 
at 40 mmHg displaces proportionate amounts 
of O2 and N2

Gas exchange is passive and dependent on small 
natural gradients across the alveolar membrane. A 
larger ‘artifi cial’ gradient exists for O2 due to ‘shunts’ 
which allow deoxygenated, venous blood to bypass 
the lungs and dilute the oxygenated arterial blood. 
The bronchial and Thespian circulations are exam-
ples of anatomical shunts. The normal ‘shunt frac-
tion’ is between 2% and 5% of the cardiac output 
and the resulting A-aO2 gradient may be up to 
15 mmHg.

Respiratory failure is defi ned as type 1 when 
there is hypoxaemia without carbon dioxide reten-
tion and type II when there is hypercapnia. Calcu-
lation of the gradient between the alveolar and 
arterial oxygen tensions (the A-a gradient) in type 
II respiratory failure will help to determine 
whether the patient has associated lung disease or 
just reduced respiratory effort.

Alveolar–Arterial Oxygen Gradient

(A-a)PO2=PAO2-PaO2

PAO2=PiO2-PACO2/R

Where R = respiratory quotient = volume of CO2 
produced/volume of O2 consumed
R = 0.8 for a ‘normal’ diet and approaches 1.0 as 
proportion of carbohydrates consumed increases
PiO2 = (PB-PH2O) × FiO2

PiO2 = partial pressure of inspired oxygen
PH2O = water pressure
PB = barometric pressure
FiO2 =  fractional concentration of oxygen in 

inspired gas = 0.21 breathing air

Assuming PB = 101 kPa at sea level
PH2O = 6.2 kPa as inspired air is fully saturated 

by the time it reaches the carina
Assume PACO2 = PaCO2 because of the ease of 

exchange of carbon dioxide
Therefore:

PAO2=(PB-PH2O)×FiO2-PaCO2/R
  =(101-6.2)×FiO2-PaCO2/0.8 (at sea level)
  =94.8×FiO2-1.25×PaCO2

Breathing air, and with a PaCO2 of 5.4 kPa

PAO2=94.8×0.21-(1.25×5.48)=12.25kPa

A raised PaCO2 refl ects reduced alveolar ventila-
tion. Broadly speaking, this may be produced by a 
reduction in minute ventilation (central or periph-
eral pump failure), obstruction of airfl ow or a 
mismatch with perfusion giving a relative increase 
in dead space versus alveolar ventilation.

Disorders of the lung structure reduce the effi -
ciency of oxygen transfer and widen the A-a gradi-
ent. The A-a gradient increases a little with age, but 
should be less than 2.6 kPa, so central respiratory 
depression should give a PaO2 over 7.3 kPa in this 
situation. A PaO2 below this signifi es associated lung 
disease. Prolonged respiratory depression may lead 
to collapse of some areas of lung and an increase in 
the A-a gradient.

Oxygen Transport

Oxygen is largely transported bound to haemo-
globin (Hb), with each gram of Hb capable of car-
rying 1.34 mL of O2 (and hence 100 mL of blood 
with an average of 15 g of Hb, carries 20 mL of O2 
or 20 vol%). There are however subtle effects that 
bear on this capacity, including acid–base status 
whereby at a given PO2, O2 saturation is reduced 
by CO2 (or acid) so that less O2 is bound, and O2 
is usefully released, for example, in the capillaries 
where CO2 is higher. This is graphically repre-
sented by a shift in the dissociation curve of Hb 
to the right—the Bohr effect (Figure 12.2).

Another useful alteration in the binding prop-
erties of O2 and haemoglobin is the Haldane 
effect, where conformational changes in molecu-
lar subunits of Hb are induced by O2 binding, 
making the histidine residues less ready to accept 
H+. Deoxyhaemoglobin is thus a better H+ 
acceptor than oxyhaemoglobin, allowing 
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deoxyhaemoglobin to transport more CO2 (i.e. H+ 
and HCO3

−).

Carbon Dioxide Transport

Carbon dioxide is transported by conversion to 
carbonic acid (H2CO3) and dissociation to H+ and 
HCO3

−. H+ is buffered by Hb and HCO3
− is taken 

up in plasma. As much as 12,000 nmol of CO2 per 
day is thus transported to the lungs where H2O 
and CO2 are reconstituted and CO2 expelled. These 
reactions are facilitated by carbonic anhydrase in 
red blood cells.

Acid–Base Status

At a cellular level the body, like all homeostatic 
systems, generally operates with a neutral pH of 
6.8 and an alkaline blood pH of 7.4 at room tem-
perature. Acids may accumulate to perturbate this 
equilibrium and are:

· Respiratory acid — CO2. It is a volatile acid and 
can therefore be exhaled. Accumulation of CO2 
leads to a respiratory acidosis.

· Metabolic acids — all others. These may be neu-
tralised, metabolised and/or excreted. Excess 
leads to a metabolic acidosis (in effect any reduc-
tion in pH not explained by a change in CO2). A 
measure of this metabolic acid level, which is 
normally zero, is the lack of neutralising base or 

put another way, a negative base excess, e.g. −10 
(which is a metabolic acid excess of +10).

Additional defi nitions:
Normal [H+] — 36–44 nmol/L
Acidemia — [H+] above normal or pH < 7.4
Acidosis — A process that would cause acidemia 
if not compensated
Alkalemia — [H+] below normal or pH > 7.4
Alkalosis — A process that would cause alkalemia 
if not compensated

Normal Values

Traditionally, the measured values of pH and PCO2 
have been given a normal range based on tradi-
tional Gaussian statistics, i.e. 95% of the ‘normal’ 
population being covered by the mean ±2 stand-
ard deviations (SDs). It may be more reasonable 
however to consider the mean ±1SD (or 67% of 
the population) as being ‘more’ normal and is the 
one I have tended to use. In addition, if the pH and 
PCO2 have ‘normal’ values bearing to opposite 
ends of the ‘normal’ range then I would at least 
consider this suggestive of a clinical perturbation 
in the system (Table 12.1).

Acid–Base Disturbances

There are two types of disorders, which may be 
uncompensated, partially compensated or fully 
compensated. Changes in pH that relate to changes 

FIGURE 12.2. Oxyhaemoglobin dissociation curve.
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in PCO2 are naturally termed respiratory disor-
ders and conversely changes in pH brought about 
by changes in HCO3

− are metabolic disorders. 
They are not uncommonly overlapping, e.g. respi-
ratory acidosis as in COPD compensated through 
H+ excretion and HCO3

− reabsorption by the 
kidney, a metabolic alkalosis; or a metabolic aci-
dosis as in renal failure compensated through 
hyperventilation, a respiratory alkalosis.

· Respiratory acidosis may be caused (commonly) 
by sedation or coma, respiratory muscle weak-
ness/fatigue, airways obstruction or (rarely) 
lung restriction. Retention of CO2 leads to pro-
duction of HCO3

− and H+; however H+ is buff-
ered by proteins and Hb which limits the 
immediate fall in pH. In the acute phase HCO3

− 
levels rise 1 mmol for every 1.3 kPa (10 mmHg) 
rise in PCO2 with pH falling 0.05. Later H+ excre-
tion and further HCO3

− reabsorption raises 
HCO3

− by 4 for every increase in CO2 of 1.3 kPa 
leading to compensation.

· Respiratory alkalosis or hyperventilation may be 
caused by anxiety, brain lesions, salicylates, acute 
asthma, pulmonary embolism or liver failure. 
Reduction in CO2 drives the bicarbonate buffer 
system to produce carbonic acid through the 
release of H+ from haemoglobin. The pH rise is 
limited by a 2 mmol fall in HCO3

− for every reduc-
tion in PCO2 of 1.3 kPa with pH rising 0.1. After 
some hours the kidney reduces H+ excretion and 
HCO3

− resorption (excretion increased) limiting 
the increase in pH. The HCO3

− may be reduced 
by 5 mmol/1.3 kPa fall in CO2 after 1–2 days.

· Metabolic acidosis may be caused by retention 
of excess acids of metabolic origin (diabetic, 
renal, lactic) or loss of alkali as in renal tubular 
lesions, or pancreatic fi stula. Excess H+ is buff-
ered by Hb and by HCO3

− leading to CO2 pro-
duction and hyperventilation. Hyperventilation 
may persist after resolution of the disorder 
because of the slow equilibration of CSF H+.

· Metabolic alkalosis may be caused by loss of 
acid through vomiting, volume contraction 
associated with diuretic therapy or by ingestion 
of alkali (e.g. a high fruit diet). H+ is released 
from Hb stores and CO2 is retained by hypoven-
tilation, though rarely causing the PCO2 to rise 
to more than 7.3 kPa (55 mmHg) since oxygena-
tion must be maintained

Base Excess

From the description of acid–base disorders in the 
section on ‘Acid–Base Disturbances’, it is obvious 
that CO2 and HCO3

− levels are intertwined and 
mixed acid–base disorders can be extremely diffi -
cult to dissect out if only pH, PCO2 and (calculated) 
HCO3

− values are available. In this situation the 
concept of base excess may help. This is the amount 
of acid that would be required to return the pH to 
7.4 with the CO2 at 5.3 kPa (40 mmHg). Normograms 
have been developed based on the experimental 
work of Siggard–Anderson, with positive base 
excess values indicating a metabolic alkalosis, and 
negative values a metabolic acidosis. Alternatively 
the pH expected for a given change in CO2 above or 
below 5.3 kPa (40 mmHg) can be calculated (see 
Respiratory Acidosis and Respiratory Alkalosis), 
and simple compensation or another metabolic 
disturbance can therefore be recognised.

Anion Gap Concept

Organisms exist in a state of electrochemical neu-
trality with major and minor cations balanced by 
similar anions. The anion gap, ([Na+ + K+]−[HCO3

− 
+ Cl−]) is normally 10–20 mmol/L (or 8–16 mmol/L 
if K+ is excluded), of which 11 mmol/L is typically 
due to albumin. A decreased calculated anion gap 
is usually caused by hypoalbuminaemia or severe 
haemodilution. Less commonly, it occurs as a 
result of an increase in minor cation concentra-
tions such as in hypercalcaemia or hypermagne-
saemia. Increased anion gap acidosis is caused by 
dehydration and by any process that increases the 
concentrations of lactate, ketones, renal acids or 
minor anions. It may also occur in patients being 
treated with organic salts, such as penicillin or 
salicylates, and in methanol or ethylene glycol 
toxicity. Rarely an increased anion gap may result 

TABLE 12.1. Normal values of arterial pH and PaCO2

Mean 1 SD 2 SD Acceptable

pH 7.4 7.38–7.42 7.35–7.45 7.3–7.5
PaCO2 (kPa) 5.3 5.0–5.6 4.7–6.0 4–6.7
HCO3 mmols/L
(calculated)

24 23.5–24.5 23–25 22–26
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from decreased minor cation concentrations such 
as calcium and magnesium.

Minor Anions and Cations

Cations Anions

Potassium Phosphates
Calcium Sulphates
Magnesium Organic anions such as proteins

Metabolic acidosis without an increased anion 
gap is typically associated with an increase in 
plasma chloride concentration (hyperchloraemic 
acidosis), and is usually caused by gastrointestinal 
loss or renal wasting of bicarbonate.

Oxygenation Disturbances

The range of normal values for PO2 is less rigid 
than that for pH or PCO2, and increasing age is 
associated with a decrease in PaO2 values. A meta-
analysis of studies done before the 1970s con-
cluded that a reasonable prediction is provided by 
the equation PO2 = 100 mmHg−1/3 age (years) 
(with PO2 in mmHg = PO2 in kPa × 7.5). Adult 
values for PO2 and oxygen saturation (SaO2) are 
given in Table 12.2.
The signifi cance of these (arbitrary) values is 
evident on consideration of the sigmoid oxyhae-
moglobin dissociation curve (Figure 12.2). Key 
points on the curve are listed in Table 12.3.

When seeing a patient with a ‘low’ PO2 it is 
reasonable to consider the mechanisms that might 
have brought this about, specifi cally:

· Low FiO2 – will be evident (altitude)
· Hypoventilation and an increased PCO2 (can 

be calculated)
· Diffusion barrier (unusual)
· Shunt
· Ventilation-perfusion imbalance

The only question to answer therefore is: ‘Is this 
hypoventilation, i.e. is the PO2 low only because 
the PCO2 is high?’, or put a different way: ‘Is the 
A-a O2 gradient normal?’ (see Alveolar–Arterial 
Oxygen Gradient).

Clinical Approach to Blood Gas 
Interpretation

A structured approach to the interpretation of 
arterial blood gases helps ensure that nothing is 
missed. Two basic steps should be followed. Firstly, 
PaCO2 and pH should be assessed. In essence this 
is the ventilatory state (respiratory acid–base 
balance) and will automatically lead to an assess-
ment of the metabolic acid–base balance. Sec-
ondly, arterial oxygenation should be assessed. 
This includes evaluation of hypoxaemia as well as 
the arterial oxyhaemoglobin saturation along with 
the A-a gradient (Table 12.4).

TABLE 12.2. Adult values for PO2 and oxygen saturation

PaO2 (kPa) SaO2 (%)

Normal (range) 13 (≥10.7) 97 (95–100)
Hypoxaemia <10.7 <95
Mild hypoxaemia 8–10.5 90–94
Moderate hypoxaemia 5.3–7.9 75–89
Severe hypoxaemia <5.3 <75

TABLE 12.3. Key points on the oxyhaemoglobin dissociation 
curve

Saturation (%) PO2 (kPa)

Normal ≅ 100 >12
Lower ‘safe’ level 90 8
Venous blood 75 6
Laboratory measurement 
(PO2 at top of Everest)

50 4

TABLE 12.4. Systematic assessment of arterial blood gas 
measurements

Step 1a Determine whether the PaCO2 is low (<4.7 kPa) 
indicating alveolar hyperventilation, normal 
(4.7–6 kPa) or high (>6 kPa) as in ventilatory failure. 
Calculate the respiratory pH to determine if there is 
any metabolic compensation or additional disorder.

Step 1b In the presence of a metabolic acidosis, calculate 
the anion gap to determine whether it has 
increased. No increase occurs with diarrhoea or 
urinary loss of bicarbonate.

Step 2a Assess arterial oxygenation. Arterial hypoxaemia in 
adults is defined as PaO2 < 10.7 kPa breathing room 
air, although it is not usually treated as clinically 
important unless below 8 kPa, when oxygen 
saturation will be 90% or less.

Step 2b Calculate the A-a gradient to determine whether 
carbon dioxide retention is related to an 
intrapulmonary cause.
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Alveolar hypoventilation (raised PaCO2) with a 
normal pH probably represents a primary ventila-
tory change present long enough for renal mecha-
nisms to compensate—as in chronic ventilatory 
failure. A similar picture can result from carbon 
dioxide retention from reduced ventilation com-
pensating for a metabolic alkalosis, although such 
compensation is usually only partial. In acute respi-
ratory failure the change in pH will be accounted 
for by the high carbon dioxide concentration.

Alternatively if the pH is appropriately raised 
for the reduction in the PCO2 then acute alveolar 
hyperventilation is present. The renal system 
seldom compensates completely for an alkalosis, 
and the pH is often between 7.46 and 7.50 in 
chronic alveolar hyperventilation.

Alveolar hyperventilation (low PaCO2) with a 
pH of 7.35–7.40 indicates a primary metabolic aci-
dosis in which the respiratory system has norma-
lised the pH. Although not impossible, it is very 
unusual for either the renal or the respiratory 
system to overcompensate. Alveolar hyperventila-
tion in the presence of an arterial pH <7.35 sug-
gests a severe metabolic acidosis or some limitation 
in the ability of the respiratory system to 
compensate.

A normal PaCO2 accompanied by an arterial 
pH >7.45 represents a primary metabolic alkalosis 
to which the ventilatory system has not responded. 
In the presence of hypoxaemia, however, this 
might occur when patients with chronic carbon 
dioxide retention increase their usual level of ven-
tilation. This may be seen when pulmonary emboli 
occur in chronic lung disease such as chronic 
obstructive pulmonary disease.

Controversies

Temperature Correction

When blood is cooled, CO2 becomes more soluble 
reducing the PCO2 by about 5% for every degree 
centigrade fall. With this the pH rises to 0.015/°C. 
Consequently with hypothermia, pH increases, 
PCO2 falls and HCO3

− is unchanged. This is impor-
tant with regard to homeostasis, since the fractional 
dissociation of imidazole-histidine (α-imidazole) 
remains constant with changing pH if this is second-
ary to a change in temperature (α stat regulation). 

pH/PCO2 values are reported at 37°C and uncor-
rected for the patient’s temperature (the α stat 
concept). pH/PCO2 values can be corrected to the 
patient’s (core) temperature (the pH stat concept). 
With few exceptions (e.g. deep hypothermic circu-
latory arrest) the appropriate clinical interpretation 
of ABGs is uncorrected.

Capillary Blood Gases

Arterial sampling is not risk free and may be 
painful. Whilst capillary sampling avoids potential 
arterial damage, values are altered by the non-arte-
rial nature of the blood. This is related to normal 
arterio-venous differences: PO2 ∼ 8 kPa lower, 
(13→5), pH ∼ 0.02 lower, PCO2 ∼ 0.60 kPa higher. 
The differences in pH and PCO2 are acceptable for 
clinical use.

[H+] or pH?

pH is the negative log10 of H+ concentration in 
nmol/L ([H+] = 10−pH)

Although complex mathematically, these values 
can however be related by rule of thumb (Burden).

Conversion range pH 7.10–7.60, [H+] 
79–25 nmol/L

Treat the two decimal digits of pH as whole 
numbers, i.e. 7.10–7.60 = 10–60.

Subtract these from 83 to give [H+] or 83 − [H+] 
= pH 7.___

Pulse Oximetry—Artefacts? (Table 12.5)

The development of simple oximeters to measure 
oxygen saturation has been important in improv-
ing monitoring of oxygen therapy. The sigmoid 
saturation curve for haemogobin defi nes the rela-
tion between saturation and PaO2. Oximeters work 
on the principle that desaturated haemoglobin 
and oxygenated haemoglobin absorb light of 

TABLE 12.5. Problems with readings of pulse oximeters

Clinical situation Result

Carboxyhaemoglobin Falsely high saturation
Melanotic skin Variable, reduced signal
Poor peripheral perfusion Low signal, unreliable results
Severe pulmonary 
 hypertension

Very low value due to pulsed 
 venous signal
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different wavelengths. The current devices use two 
wavelengths and measure the absorption in the 
pulsatile element of the blood fl ow, thus produc-
ing a measure of the oxygen saturation of arterial 
blood separate from the non-pulsatile venous 
blood. The probe is applied to the fi nger or earlobe. 
The delay in registration of central changes in 
saturation depends on the circulation time from 
the lungs to the monitoring site, with a fi nger 
probe registering a change approximately 30 s 
later than an ear probe. Oximeters tend to be less 
accurate with saturations below 75%, but for most 
clinical situations changes above this range are 
more important. Some clinical situations can 
affect the accuracy of measurement.
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Abstract In this chapter the techniques used to 
monitor inspired/expired oxygen, carbon dioxide, 
nitric oxide and nitrogen dioxide in the critically 
ill are described. The importance of each parame-
ter in the clinical setting is outlined. Derivation of 
resting energy expenditure (REE) from measure-
ment of oxygen consumption and carbon dioxide 
production is also considered.

Introduction

Inspired oxygen concentration is routinely moni-
tored in all critically ill patients, and in conjunction 
with the measurement of arterial oxygen saturation 
(SaO2) and arterial oxygen tension (PaO2) allows 
oxygen therapy to be optimised in individual cases. 
Expired carbon dioxide (CO2) concentration, although 
not universally monitored, is being increasingly 
used to confi rm successful endotracheal or inad-
vertent oesophageal intubation and to detect acci-
dental disconnection from the ventilator. Metabolic 
rate can also be estimated from measurements of 
oxygen consumption and carbon dioxide produc-
tion. In patients receiving inhaled nitric oxide for 
pulmonary hypertension or hypoxia due to adult 
respiratory distress syndrome (ARDS), it is man-
datory to monitor both inhaled nitric oxide (NO) 
concentration and expired nitrogen dioxide (NO2). 
Fortunately, our ability to monitor these gases has 
been greatly improved by advances in gas analyser 
technology, and these devices are now more precise, 
reliable and generally require less-frequent calibra-
tion than in the past.

Inspired Oxygen Gas Analysers

Although a number of different techniques may be 
used to monitor inspired oxygen concentration, the 
two most commonly used devices are the ambient 
temperature electrochemical sensor and the para-
magnetic sensor. Users are encouraged to evaluate 
the merits of a particular sensor in relation to the 
context in which it is to be used.

Ambient Temperature 
Electrochemical Sensor

The sensor used most widely is the ambient tem-
perature electrochemical sensor, which is often 
found in mechanical ventilators and portable 
oxygen analysers. Its main advantages are low cost 
and reliability. The sensor is typically a small, 
cylindrical, partially sealed device that contains 
two dissimilar electrodes immersed in an electro-
lyte solution, usually potassium hydroxide. As 
oxygen molecules diffuse through the semiper-
meable membrane installed on one side of the 
sensor, they are reduced at the cathode to form 
negatively charged hydroxyl ions. These then 
migrate to the anode where an oxidation reaction 
takes place. This process generates an electrical 
current proportional to the oxygen concentration 
of the gas sample. The current generated is both 
measured and conditioned with external electron-
ics, and displayed on the screen of the oxygen 
analyser as percent oxygen or parts per million 
(ppm) concentration (Figure 13.1).

13
Inspired and Expired Gas Monitoring
Terry Fox
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Paramagnetic Oxygen Sensor

The paramagnetic oxygen sensor is more com-
monly used in the industrial setting, since it has 
the ability to measure very low concentrations 
of oxygen. Although the device is expensive it is 
incorporated into some medical equipment, 
such as metabolic calorimeters, where sensitive 
and accurate oxygen analysis is required. As a 
highly paramagnetic gas, oxygen is readily 
attracted into magnetic fi elds. Indeed the degree 
to which oxygen becomes magnetised is several 
hundred times greater than most other gases 
such as nitrogen, helium and argon. In the sensor, 
a small glass dumb-bell is housed within a cylin-
drical casing. The dumb-bell contains an inert 
gas, such as nitrogen, and is suspended within a 
non-uniform magnetic fi eld by a taught plati-
num wire. When a gas sample containing oxygen 
is passed through the sensor, oxygen molecules 
are attracted to the stronger of the two magnetic 
fi elds, causing the dumb-bell to rotate. An optical 
light source, photodiode and an amplifi er are 
used to measure the degree of rotation, and an 
opposing current is applied to restore the glass 
dumb-bell to its normal position. The magni-
tude of the current required to keep the glass 
dumb-bell in its normal position is directly 

proportional to the partial pressure of oxygen in 
the gas sample. The partial pressure of oxygen 
can then be represented on an electronic screen 
as percent oxygen (Figure 13.2).

Datex Ohmeda Deltatrac™ Metabolic 
Calorimeter

The energy content of food can be determined by 
measuring the heat released during its combus-
tion. This process of direct calorimetry utilises 
oxygen whilst producing carbon dioxide. Indirect 
calorimetry, a technique fi rst reported by Benedict 
and Atwater in the early twentieth century, is the 
accepted method of measuring energy expendi-
ture and substrate utilisation in humans, and 
requires the accurate measurement of oxygen 
consumption (VO2) and carbon dioxide produc-
tion (VCO2). This information can be obtained 
using a metabolic calorimeter, such as the Datex 
Ohmeda Deltatrac™. The majority of indirect calo-
rimeters feature mixing chambers and measure-
ments can be performed in mechanically ventilated 
patients or in spontaneously breathing patients 
using a canopy, mouthpiece or mask. Expired gas 
from the patient is directed into the mixing 
chamber where baffl es interrupt fl ow and prevent 

FIGURE 13.1. Schematic representation of an electrochemical oxygen sensor.
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streaming of gases and uneven gas concentration. 
At the end of the mixing chamber a vacuum pump 
withdraws a small sample of the mixed expired 
gas for measurement of oxygen and carbon dioxide 
concentrations (FEO2 and FECO2). Oxygen con-
centration is measured by a paramagnetic oxygen 
sensor and carbon dioxide using infrared absorp-
tion. The Deltatrac™ then applies the Weir equa-
tion to determine energy expenditure and displays 
this on a visual display unit (VDU) along with 
percent oxygen, VCO2 (mL/min/m2) and VO2 (mL/
min/m2) (Figures 13.3 and 13.4).

Expired Carbon Dioxide Gas Analysers

Capnometry is the measurement and display of 
exhaled CO2 concentration, usually as a percentage 
or partial pressure, whilst the graphical represen-
tation of this over time is known as capnography. 
A variety of techniques can be used to measure 
CO2 in respiratory gases including mass spectros-
copy, where expired gases are separated according 
to molecular weight, Raman spectroscopy, infrared 
spectroscopy and colorimetric devices. The latter 

technique is the simplest, and uses pH sensitive 
indicators which change colour in response to dif-
ferent concentrations of CO2. The colorimetric 
detector is placed between the endotracheal tube 
and ventilator. It remains purple in room air and 
turns yellow in the presence of CO2. This reaction 
is reversible and therefore colour changes occur 
with each inspiration and expiration.

End tidal CO2 (ETCO2), the level of CO2 at the 
very end of expiration, is the most commonly 
monitored measurement of expired CO2. It is also 
the maximum concentration of expired CO2 and is 
usually obtained using infrared spectroscopy. 
ETCO2 can be monitored continuously in venti-
lated or non-ventilated patients using main-stream 
or side-stream devices, some of which are hand-
held and particularly useful when transporting 
ventilated patients between hospital departments.

Infrared ETCO2 Monitoring

Gases, such as CO2, that contain molecules with at 
least two dissimilar atoms absorb infrared radia-
tion. The wavelength maximally absorbed by CO2 
is 4.3 mm. An end-tidal CO2 monitor consists of a 

FIGURE 13.2. Schematic representation of a paramagnetic oxygen sensor.
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light source emitting radiation at this wavelength 
and a photodetector to determine how much of 
the radiation is absorbed by the sample gas. 
According to the Beer–Lambert law, the amount 
of radiation absorbed is proportional to the 
number of CO2 molecules present in the gas 
sample. This allows the concentration of CO2 to be 
measured. A capnograph is obtained by measur-
ing CO2 concentration continuously throughout 
the respiratory cycle (Figure 13.5).

Mainstream ETCO2

Mainstream ETCO2 analysers use a sample 
chamber (glass cuvette) positioned between the 

patient’s endotracheal tube and breathing circuit 
which allows inhaled/exhaled respiratory gases to 
pass through it. An infrared CO2 sensor is then 
placed over the glass cuvette which allows for con-
tinuous monitoring of CO2. There is no need for 
gas sampling as the glass cuvette is in line. The 
glass cuvette is heated above body temperature to 
ensure that no condensation forms which could 
interfere with the CO2 analysis. CO2 is displayed as 
a waveform with a numerical value on a visual 
display unit. Before use the ETCO2 monitor must 
be calibrated with two known reference concen-
trations of CO2.

FIGURE 13.3. Schematic representation of the mixing chamber technique to measure inspired and expired gases.
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FIGURE 13.4. The Weir equation used to calculated resting energy 
expenditure (REE).

THE WIER EQUATION

REE = [3.9(VO2) + 1.1(VCO2)] 1.44

REE = Resting energy expenditure
VO2 = Oxygen uptake (ml/min/m2)
VCO2= Carbon dioxide output (ml/min/m2)

3.9, 1.1 and 1.44 = constants FIGURE 13.5. A typical waveform for expired CO2. A to B: baseline 
CO2. B to C: combination of dead space and alveolar gases. C to D: 
mostly alveolar gas. D: end of expiration and maximum expired or 
end-tidal CO2 (ETCO2). D to E: inspiration begins and CO2 concentra-
tion rapidly falls to baseline.
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FIGURE 13.6. Photograph of the 
INOvent nitric oxide delivery system 
connected to a mechanical 
ventilator.

Sidestream ETCO2

When using the side-stream technique, respira-
tory gases are drawn by a pump through a Tefl on 
manometer line which runs from the endotra-
cheal tube (or face mask if the patient is not 
mechanically ventilated) into a sampling module. 
Once inside the sampling chamber CO2 concentra-
tion is analysed in the standard fashion using 
infrared spectroscopy. With this method respira-
tory gases must be sampled frequently in order to 
obtain a capnograph.

Inhaled Nitric Oxide

Nitric oxide (NO) is a colourless gas which is both 
diffusible and toxic. It is formed naturally within 
vascular endothelial cells from L-arginine and 
molecular oxygen in a reaction catalysed by NO 
synthase. NO then activates chemicals which lead 
to the relaxation of vascular smooth muscle. 
Inhaled NO selectively dilates pulmonary vessels 
in ventilated regions of the lung, thereby reducing 
V/Q mismatching and improving oxygenation. It 
also reduces pulmonary artery pressure and vas-
cular resistance. Due to these properties it can be 
used to treat lung disorders, such as acute respira-

tory distress syndrome (ARDS) that are character-
ised by hypoxaemia and pulmonary hypertension. 
Inhaled NO is rapidly deactivated after diffusing 
into the blood stream by reacting with haemo-
globin to form methaemoglobin and therefore has 
no effect on the systemic circulation.

Technological advances in the measurement of 
inhaled nitric oxide (NO) and expired nitrogen 
dioxide (NO2) have rendered chemiluminescence 
obsolete, and both gases are now routinely mea-
sured using electrochemical cells. NO is inhaled 
via a ventilator circuit or face mask during the 
inspiratory phase of the respiratory cycle. When 
administered through a ventilator a continuous or 
intermittent fl ow of the gas is fed into the inspira-
tory limb of the ventilator circuit, and the fl ow rate 
is controlled so that the desired inspired concen-
tration of NO is achieved. NO concentration levels 
are measured using a sampling line, placed close 
to the patient in the inspiratory limb of the circuit, 
and connected to a NO monitor which analyses 
NO and NO2 in parts per million (ppm). Typically, 
NO concentrations of 5–40 ppm are used.

Although a number of different delivery systems 
are available the system manufactured by Inovent™, 
which encompasses NO, NO2 and O2 analysers, is 
the most common NO delivery system in use 
today (Figure 13.6).
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Abstract Intubation and mechanical ventila-
tion may impair secretion clearance, adversely 
affect respiratory mechanics and gas exchange, 
and lead to signifi cant pulmonary complications. 
This chapter reviews the monitoring and impact 
of airway secretions in the intubated patient, and 
describes a number of techniques used to optimise 
secretion clearance including humidification, 
suction, physiotherapy, mucolytics and the use of 
airway adjuncts.

Airway Secretions and the Intubated 
Patient

Intubation and mechanical ventilation impair 
secretion clearance and can lead to lung collapse, 
consolidation and ventilator-associated pneumo-
nia.1,2 Normally, airway patency is maintained 
through mucociliary clearance and cough; 
however, during intubation and mechanical venti-
lation enhanced expiratory fl ow through two-
phase gas–liquid transport becomes an essential 
means of airway clearance.3,4 In addition to the 
existence of higher expiratory than inspiratory 
fl ows, dynamic airway compression also facilitates 
secretion clearance.4

Poor or absent cough as a result of sedation, 
paralysis and/or disease can impact on the ability 
to maintain adequate ventilation and gas exchange. 
For example, repositioning a heavily sedated 
patient with excessive airway secretions from 
supine to side-lying while ventilated in a pressure-
controlled mode may result in signifi cant reductions 
in tidal volume, arterial desaturation and hyper-
carbia. The effect of airway secretions on tidal 
volume, gas exchange and patient work of breath-
ing may depend on the volume and location of the 
secretions in the patients’ airway, extent of ventila-
tion/perfusion (V/Q) mismatch caused by the 
secretions, pre-existing pulmonary disease (uni-
lateral or bilateral lung pathology), the mode of 
mechanical ventilation (volume or pressure-
controlled, including level of positive end-expiratory 
pressure [PEEP]), the patients’ respiratory muscle 
strength and the position of the patient (e.g. head 
up, head down, side-lying). There is however no 
established link between airway secretions and 
patient morbidity/mortality.5

Monitoring of Airway Secretions

Even though monitoring of airway secretions with 
auscultation is unreliable, it can be useful to local-

14
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ise secretions and assist with therapy selection.6 
Clinical experience, patient habitus (e.g. morbid 
obesity), the auscultation tool, lung sound(s), point 
of auscultation, method of ventilation (spontane-
ously breathing vs. mechanically ventilated) and 
inspiratory/expiratory fl ow rates are all important 
factors affecting the accuracy of auscultation. 
Vibration response imaging (VRI) is a commer-
cially developed acoustic lung imaging system that 
displays breath sound distribution, and may prove 
to be a useful clinical tool in identifying secretion 
retention.7

Airway secretions can also be detected by 
changes in respiratory mechanics at the bedside 
(i.e. increased airway resistance and reduced lung/
thorax compliance). However, measurements of 
airway pressure and fl ow are often taken at the 
proximal end of the endotracheal tube (ETT), and 
are therefore affected by the mechanical proper-
ties of the ETT.8 While the ability to locate secre-
tions (e.g. ETT, major or peripheral airways) may 
be helpful in determining the intervention 
required (e.g. airway suction, physiotherapy, bron-
choscopy or change of ETT), this has yet to be 
formally investigated. The presence of a sawtooth 
pattern in the expiratory fl ow waveform and 
coarse respiratory sounds over the trachea on 
expiration are good indicators of retained major 
airway secretions9 (Table 14.1, Figure 14.1). ETT 
obstruction has a characteristic increase in early 
expiratory time constants.8 Acoustic refl ectometry is 
another means of detecting ETT obstruction, but 
is not easily applied in the clinical setting.10,11

Management of Airway Secretions

A recent paper by Branson provides a detailed review 
of the issues relevant to secretion management in the 
mechanically ventilated patient.12 This chapter 
focuses on fi ve key areas: humidifi cation, suction, 
physiotherapy, mucolytics and airway adjuncts.

Humidification

Mechanical ventilation through an ETT bypasses 
the normal airway humidifi cation systems, and 

FIGURE 14.1. Flow/time curve with ‘sawtooth pattern’ and without airway secretions.
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TABLE 14.1. Methods to detect airway secretions in intubated 
and ventilated patients

Detection of airway secretions
• Tracheal/chest wall auscultation (transmitted coarse sounds)
• Sawtooth expiratory waveform (real-time waveform analysis via 
ventilator)
• Chest palpation. If on low levels of respiratory support or poor 
inspiratory/expiratory flow rates, manually assist expiration with 
chest wall shaking/vibrations to increase expiratory flow rate. 
This will enhance detection of secretions visually via the 
waveform and on palpation of the chest wall
• ↑ Patient WOB, tachypnoea, diaphoresis, accessory muscle use, 
paradoxical respiration
• ↑ PaCO2 (episodic or trends in data)
• Changes in ventilator parameters = ↓ TV, ↓ MV, ↓ Crs, ↑ PIP, ↑ 
Rrs (episodic or trends in data)
• Arterial desaturation (episodic or trends in data)

Abbreviations: WOB, work of breathing; PaCO2, partial pressure of 
carbon dioxide; TV, tidal volume; MV, minute volume; Crs, dynamic 
lung/thorax compliance; PIP, peak inspiratory pressure; Rrs, total 
airway resistance.
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may cause structural and functional damage of 
the mucociliary escalator. Accumulation of inspis-
sated secretions may also reduce ETT patency and 
cause obstruction.13 The two most common forms 
of humidifi cation used in the intubated patient are 
the heat and moisture exchanger (HME) and the 
heated humidifi er.

HMEs are often advocated to reduce costs and 
the potential risk of ventilator-associated pneu-
monia.14 However, the extended use of HMEs 
beyond 5 days of mechanical ventilation results in 
a 10% reduction in ETT patency and 30% increase 
in ETT airway resistance when compared with 
heated humidifi cation.13 HME devices also impair 
the mucus transport by cough.15 In addition, 
unless adequate inspiratory assistance is provided, 
there can be an increase in the work of breathing 
in spontaneously breathing intubated patients.16

Airway Suction

Suction of an endotracheal or tracheostomy tube 
is recommended for secretion clearance and to 
maintain airway patency. The literature focuses on 
the safety of airway suction and minimising det-
rimental physiological effects.17,18 Closed suction 
is often advocated as a means of minimising the 
detrimental effects of open suction (volume loss, 
hypoxaemia), but it may reduce the effectiveness 
of secretion removal.17,19 Positive pressure ventila-
tion (PEEP and/or pressure support) during closed 
suction may push secretions away from the suction 
catheter tip, and it may be necessary to revert to 
open suction or remove the PEEP/pressure support 
in order to improve secretion clearance.17 Increased 
tenacity of secretions requires higher suction 
pressures and larger suction catheters, especially 
if closed suction is used.17,20 Conventional volume-
controlled ventilation may limit inspiratory gas 
fl ow during closed suction and improve secretion 
clearance; however, this may also result in greater 
lung de-recruitment.21 Both the physical removal 
of secretions (suction pressure) and the ‘pipe 
cleaner’ effect of the suction catheter (hence larger 
catheters may be more useful) may be required to 
ensure patency of the ETT.20

Shortened suction catheters, designed to prevent 
contact with the carina, can minimise adverse 
physiological effects. One study, looking at a range 
of outcome measures, including duration of 

intubation, length of ICU-stay, ICU mortality and 
the incidence of pulmonary infections, found their 
performance to be equivalent to standard length 
catheters provided that the open method of 
suction is used.22 However, it should be noted that 
in this study there were frequent protocol viola-
tions, with nurses opting to use standard length 
suction catheters when signs of secretion reten-
tion or arterial desaturation occurred.

Drugs that reduce consciousness and impair 
cough refl ex/strength (sedation, narcotics, para-
lysing agents) may reduce the expiratory fl ow rate 
generated during normal airway care, and hence 
impair secretion clearance. Assessment of peak 
expiratory fl ow generated during secretion clear-
ance procedures may assist clinicians to optimise 
therapy. The frequency of airway suctioning 
should be based on clinical need.12

Physiotherapy

A task force, with representatives from the Euro-
pean Intensive Care Medicine and European Res-
piratory Societies, recently reviewed the available 
literature on physiotherapy in the critically ill 
patient.23 For secretion retention, the task force 
recommended use of head-down patient position-
ing, manual lung hyperinfl ation (MHI) or ventila-
tor hyperinfl ation (VHI) and airway suctioning. 
A number of authors have also advocated the use 
of MHI/VHI, with and without chest wall vibra-
tions, to improve secretion clearance, lung/thorax 
compliance and airway resistance.12,23–28 Improved 
expiratory fl ow rate during lung hyperinfl ation 
and chest wall vibration probably explains the 
increased secretion clearance.29,30 In relation to 
this, it is important to note that certain MHI cir-
cuits (e.g. Laerdal) when combined with PEEP 
above 10 cmH2O may retard expiratory fl ow to 
levels below that required for two-phase gas–liquid 
fl ow.31 MHI is effective for secretion clearance up 
to the tenth generation of airways,4 and head-down 
tilt may further enhance secretion clearance.32–34

The increased expiratory fl ow generated by dis-
connecting the patient from the ventilator for 
MHI or open suction (through elastic recoil) may 
also have benefi cial effects on secretion clearance. 
Characterisation of the forces and fl ows generated 
during chest physiotherapy will help to optimise 
secretion clearance strategies29 (Table 14.2).
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Mobilisation of airway secretions, during chest 
wall vibrations in a paralysed animal model ven-
tilated in a pressure-controlled mode, can cause 
deterioration in compliance and gas exchange.34 
Clinicians should be prepared for the potential 
adverse changes in ventilation, gas exchange and 
patient work of breathing during physiotherapy 
for secretion clearance and manage the scenario 
appropriately (e.g. prompt use of MHI may prevent 
airway occlusion).

Mucolytics

Mucus hypersecretion and plugging in the artifi cial 
or anatomical airways is common in the intubated 
patient.2 Although mucolytics are frequently used 
clinically, there is scant evidence to support this 
practice,35 and administration of some mucolytics 
may even worsen respiratory function. In particu-
lar, intra-tracheal instillation of Mesna (sodium salt 
of 2-mercaptoethane) can reduce arterial oxygen 
saturation and increase airway resistance and arte-
rial carbon dioxide tension compared to saline 
lavage alone.36 Other drugs, such as sublingually 
administered potassium dichromate, have been 
used to reduce secretion volume and may permit 
earlier extubation and shorten ICU length of stay 
in patients with a history of COPD and delayed 
weaning due to excessive airway secretions.37

Hendrik et al. retrospectively evaluated the 
effect of DNase, both instilled and nebulised, on 
the resolution of persistent atelectasis in a mixture 

of intubated and non-intubated paediatric patients 
and demonstrated signifi cant improvement in 
60% of patients.38

Endotracheal instillation of saline has been the-
orised to enhance secretion clearance through 
cough stimulation and some nebulous interactions 
between saline and mucus. Instillation of small 
volumes of saline (3 mL) can be used without com-
promising oxygenation or pulmonary mechanics.36 
However, larger volumes (5 mL) may cause short-
term arterial desaturation.39 Double-lumen suction 
devices (Irri-cath) that allow simultaneous saline 
infusion and aspiration have been shown to be 
more effective than conventional suctioning in 
clearing airway secretions without compromising 
oxygenation.40 However, combining chest physio-
therapy (MHI) with saline instillation may be a 
more effective means to clear secretions and main-
tain stable arterial saturation.41

There is very limited information on the use of 
N-acetylcysteine (NAC) as a mucolytic agent. It can 
be administered via a nebuliser or instilled directly 
into the airway, but may be associated with bron-
chospasm and worsening in gas exchange. Nebu-
lised bronchodilators prior to NAC administration 
may ameliorate the bronchospasm.42

Physiotherapy Adjuncts

Peak cough expiratory fl ow (PCEF) is important 
for secretion clearance and falls with increasing 
age.43 It is also impaired in patients with neu-

TABLE 14.2. Secretion management strategies in intubated/ventilated patients based on peak expiratory flow and/or cough response/
abdominal contraction to airway suction (progressive increase in intervention based on patient response)

Abdominal contraction present on suction Abdominal contraction absent/poor on suction

(Cough response should generate an expiratory flow bias) (Cough response does not generate an expiratory flow bias)
1.  Encourage voluntary deep breathing and cough to increase peak 

expiratory flow
2.  If unable to cough voluntarily, use airway suction to stimulate a 

cough as required clinically (see Airway Suction)
3.  Undertake passive/active limb and/or bed exercises, e.g. arm 

and/or leg exercises, with the aim of increasing minute 
ventilation and/or expiratory flow rates

4.  Sit the patient over the edge of the bed to increase FRC and 
ability to cough voluntarily (ensure stable ETT/tracheostomy)

1. Use chest wall vibrations/shaking followed by airway suctioning
2.  Use two clinicians, one to deliver chest wall vibrations/shaking and 

the other to suction the airway during chest wall vibrations
3. Minimise the use of sedative/paralysing agents
4.  Treat in a supine, head-down position. Combine with suctioning 

before turning into side-lying to prevent aspiration of secretions 
into the dependent lung

5.  Combine MHI + head-down positioning/vibrations. Second person 
to assist cough/suction (may need open suction)

6. MI-E ± assisted cough/suction
7.  Recommend PR-VC ventilation if episodic desaturation or tidal 

volume loss with patient repositioning due to secretion retention

Abbreviations: FRC, functional residual capacity; MI-E, mechanical in/exsufflation; PR-VC, pressure-regulated volume control.



14. Managing Secretions in the Ventilated Patient 131

romuscular disease.44 A PCEF of at least 160 L/min 
is required for effective clearance of airway secre-
tions,45 and values lower than this are associated 
with a greater risk of failed extubation in patients 
with neuromuscular disease.46 Airway suction will 
trigger a cough and generate adequate expiratory 
fl ow under most circumstances, but may be less 
effective when respiratory muscle strength is 
impaired.

Mechanical in-exsuffl ation (MI-E) devices apply 
rapidly alternating positive and negative pressure 
to the airway via a mask, ETT or tracheostomy. The 
range of the pressure fl uctuation is from –40 to 
+40 cmH2O. This rapid shift in pressure generates 
a high expiratory fl ow rate simulating a cough. 
MI-E is often a more effective and less traumatic 
means of mobilising airway secretions in patients 
who cannot generate adequate peak cough expira-
tory fl ow (neuromuscular disease, sedated, paraly-
sed). Most of the research relating to MI-E has 
been performed in non-intubated patients with 
severe neuromuscular diseases.45,47 In a small study 
of six patients with amyotrophic lateral sclerosis, 
Sancho et al. reported improved arterial oxygen 
saturations following MI-E compared to conven-
tional airway suction.48

Airway Adjuncts

Extubated patients who have diffi culty clearing 
secretions may be helped by the insertion of a 
nasopharyngeal airway to facilitate airway suction-
ing. However, it should be noted that the benefi ts of 
this manoeuvre have not been investigated in a con-
trolled fashion.49 Portex® nasopharyngeal tubes are 
commonly used, with the average female needing a 
size 6 and male a size 7. Placement of the airway 
may be associated with increased cardiovascular 
stress, arrhythmias and local bleeding, and lubrica-
tion/warming of the tube may make insertion 
easier. In a minority of cases application of a topical 
vasoconstrictor and/or anaesthetic agent may be 
considered. The risk of intracranial placement in 
patients with a base of skull fracture is very low.49

Another technique, that may provide more effec-
tive airway access than a nasopharyngeal airway, is 
a mini-tracheostomy. This involves inserting a 
small-bore, cuffl ess tube through the crico-thyroid 
membrane into the trachea. It allows tracheal stim-
ulation of cough and suction with small bore size 

10 catheters, while preserving glottic function and 
avoiding conventional tracheostomy.50 It cannot, 
however, prevent aspiration. Mini-tracheostomy 
may be usefully combined with non-invasive ven-
tilation in patients with neuromuscular disease to 
reduce the need for formal intubation.51
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Abstract This chapter describes a number of 
pharmacological agents used to treat respiratory 
disease in the critically ill. It includes respira-
tory stimulants, bronchodilators, corticosteroids, 
magnesium, pulmonary vasodilators and muco-
lytic agents. Where possible, evidence to support 
practice is included, although in some cases (e.g. 
mucolytic therapy) little evidence is available. 
Clinical applications are also described where 
relevant.

Respiratory Stimulants

Respiratory stimulants have limited use in the 
treatment of ventilatory failure, and Doxapram is 
the only example that remains in clinical use due 
to the increased incidence of seizures associated 
with earlier compounds.

Doxapram

Evidence

A Cochrane review published in 2002 concluded 
that doxapram had a marginal benefi t over placebo 
in preventing blood gas deterioration, but that 
evidence comparing doxapram with non-invasive 
ventilation was confl icting.1 An early trial sug-
gested that it might be superior to non-invasive 
ventilation,2 whilst a later, larger trial observed 
equal effi cacy in terms of blood gas changes, treat-
ment failures and mortality.3

Mode of Action

Doxapram increases minute volume by increas-
ing respiratory rate and tidal volume, thereby 
decreasing PaCO2 and increasing PaO2. Although 
its precise mechanism of action is unknown, it 
is thought to act mainly through stimulation of 
peripheral chemoreceptors especially in the 
carotid body.4

Dosage Range

The recommended dosage range is 1.0–1.5 mg/kg 
administered as a slow bolus, repeated at hourly 
intervals if required.5

It may also be given as a continuous infusion at 
1–4 mg/min, adjusted according to clinical response 
and blood gas measurements, although this route 
is unlicensed.6

Adverse Drug Reactions

Stimulation of the central, peripheral and auto-
nomic nervous systems can occur even within the 
normal therapeutic range leading to muscle fascicu-
lation, spasm, generalised seizures, hypertension 
and dysrhythmias.4,5

Pharmaceutical Problems

A combination of increased arousal and respira-
tory drive may enhance patient awareness of 
the bronchospasm and result in increased 
coughing.

15
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Bronchodilators

Bronchodilator therapy is the mainstay of treat-
ment in obstructive lung disease. The three classes 
of bronchodilators are β2-adrenoreceptor agonists, 
anticholinergic agents and methylxanthines.

b2-Adrenoreceptor Agonists

Evidence

Current national guidelines for asthma7 and 
chronic obstructive pulmonary disease (COPD)8 
recommend the use of β2-agonists as fi rst-line 
agents for the treatment of acute exacerbations. In 
the treatment of acute severe asthma nebulised 
β2-agonists are as effi cacious, and in most cases 
preferable, to the intravenous route.9 Continuous 
nebulisation should be reserved for cases of severe 
airfl ow obstruction or failure to respond to initial 
therapy.10 Parenteral β2-agonists in addition to a 
nebulised drug may have a role in the treatment 
of ventilated patients or those who have failed to 
respond to nebulised therapy alone. In the treat-
ment of acute exacerbations of COPD, nebulised 
β2-agonists may be used alone for moderate exac-
erbations, but in more severe cases should be com-
bined with an anticholinergic bronchodilator.11

Mode of Action

The main effect of β2-agonists is achieved through 
a direct action on the β2-adrenoreceptors located 
in bronchial smooth muscle causing bronchodila-
tion. A secondary action is inhibition of mediator 
release from mast cells, and they may also inhibit 
vagal tone and increase mucus clearance via an 
action on cilia.4

Dosage Range

The dosage ranges for β2-adrenoreceptor agonists 
vary greatly and the reader is advised to consult 
the individual product literature for the most 
accurate information.

Adverse Drug Reactions

Adverse drug reactions do occur, usually in asso-
ciation with nebulised, oral or parenteral therapy, 
and are particularly frequent in critically ill 
patients. Tachycardia and palpitations, due to their 

action on the β receptors located in cardiac tissue, 
are the main dose-limiting side effects. At the 
higher end of the dosage range, β2-agonists may 
also cause hypokalaemia and worsening of angina. 
Other adverse effects associated with their use 
include fi ne tremor and peripheral vasodilation.4

Anticholinergics

Evidence

The National Institute for Clinical Excellence 
(NICE) recommends the use of anticholinergics in 
conjunction with β2-agonists in patients with 
severe exacerbations of COPD, and in those who 
have responded poorly to β2-agonists alone.8

In acute severe asthma the combination of an 
anticholinergic agent and β2-agonist has been 
shown to produce greater bronchodilation than a 
β2-agonist alone, leading to faster recovery and 
shorter length of stay.11 For milder exacerbations, 
or for those patients who have already been stabi-
lised, anticholinergic treatment is not necessary.

Mode of Action

Although their precise mechanism of action is 
unknown, it is most probably through competitive 
inhibition of cholinergic receptors located in 
bronchial smooth muscle. This antagonises the 
effects of acetylcholine, thereby blocking the 
bronchoconstricting action of vagal impulses, 
producing dilation of both large and small airways. 
Long-term use of anticholinergics has been asso-
ciated with decreased sputum volume; however, 
anticholinergics have little or no effect on cilia 
motility, sputum viscosity or the rate of mucocili-
ary clearance.4

Dose Range

Nebulised ipratropium 500 mg every 4–6 h

Adverse Drug Reactions

Adverse reactions to ipratropium are rarely seen 
in practice, as it is poorly absorbed from the lungs 
into the systemic circulation and does not cross 
the blood/brain barrier. The most common 
unwanted effects are dry mouth, sore throat and 
altered taste after nebulisation. Ocular side effects 



15. Drugs Acting on the Respiratory System 137

may occur if ipratropium is administered via a 
facemask instead of a mouthpiece allowing leakage 
of ipratropium into the eyes.4

Methylxanthines

Evidence

In the treatment of acute exacerbations of COPD, 
NICE recommends the addition of intravenous 
aminophylline for all patients who have failed to 
respond to bronchodilator therapy, although it 
acknowledges that there is little evidence for its 
use or effectiveness in these situations.8

For acute severe asthma little improvement is 
gained by adding aminophylline to optimised 
bronchodilator and steroid therapy. However, a 
small number of patients with life-threatening 
asthma who have failed to respond to other thera-
pies may benefi t from its addition. These patients 
are extremely rare, and were diffi cult to identify in 
a meta-analysis of 739 patients.12

Mode of Action

The mode of action of methylxanthines is uncer-
tain, but is thought to include:

· An anti-infl ammatory effect, probably achieved 
through one or more molecular mechanisms but 
not involving phosphodiesterase inhibition

· Immunomodulatory effects including suppres-
sion of neutrophils, eosinophils, eosinophil cati-
onic protein and cytokine production. However, 
these effects are usually longer term, and are 
unlikely to play a major role in the acute phase

· Respiratory stimulation resulting in decreased 
resting end-tidal CO2 and greater ventilatory 
and inspiratory effort in response to CO2

· Bronchodilation through a wide variety of 
mechanisms4

Dosage Range

Aminophylline is a combination product of the-
ophylline (85%) and ethylenediamine (15%). Ami-
nophylline is the only intravenous formulation of 
theophylline. A loading dose of 5 mg/kg is given 
IV over 20 min, unless the patient is already receiv-
ing oral maintenance theophylline. This is fol-
lowed by an infusion of 500–700 μg/kg/h.4

Adverse Drug Reactions

Adverse events occur more frequently and are 
more severe when therapeutic levels are exceeded. 
Common adverse events are anorexia, tremor, 
tachycardia and in more severe cases arrhythmia, 
hyperkalaemia and seizures.13

Pharmaceutical Problems

Aminophylline has a narrow therapeutic range, 
and regular monitoring of levels is recommended. 
The usual target plasma range is 10–20 mg/L, 
although in patients with hypoalbuminaemia 
 salivary free theophylline level (range 5–10 mg/L) 
is more accurate. All patients receiving amino-
phylline infusions should have a level taken daily. 
Caution must be used in patients with heart failure 
or cirrhosis as the half-life of theophylline is 
increased. The half-life is reduced in smokers.

Corticosteroids

Evidence

Although corticosteroids are routinely used in the 
management of acute severe asthma, the evidence 
supporting high or low doses has been confl icting. 
A Cochrane review has helped to clarify this issue, by 
examining the use of low-, medium- and high-dose 
regimens. It concluded that there were similar out-
comes in all treatment groups, and therefore the 
lowest dose regimens should be prescribed. However, 
the trials included in the review excluded patients 
requiring ventilatory support, and therefore the con-
clusions may not be applicable in the critically ill.14

In the treatment of COPD corticosteroids have 
favourable effects on FEV1,15 and lead to signifi -
cant improvements in arterial PaO2.16 Patients 
receiving corticosteroids also have a shorter length 
of hospital stay,17 although no effect on mortality 
has been observed.15

Mode of Action

The pharmacology of corticosteroids is complex. 
After entering a cell, they bind to specifi c receptors 
in the cell nucleus, causing activation and exposure 
of DNA-binding domains. The steroid–receptor 
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complex then binds to the target DNA and either 
induces or inhibits transcription of the target gene. 
There are believed to be between 10 and 100 steroid 
responsive genes in each cell, and this explains the 
wide range of effects seen with steroid use. Gluco-
corticoids are attributed with three main effects:

· General metabolic and systemic effects including 
increased protein metabolism and gluconeogen-
esis together with decreased protein synthesis 
and utilisation of glucose

· Negative feedback on the anterior pituitary and 
hypothalamus decreasing endogenous corticos-
teroid production

· Anti-infl ammatory and immunosuppressive 
effects including both the early and late mani-
festations of infl ammation18

Dosage Range

For the treatment of exacerbations of COPD national 
guidelines recommend the use of 30 mg prednisolone 
daily for 7–14 days. No benefi t is obtained from 
continuing treatment beyond 14 days.8 For acute 
exacerbations of asthma 40–50 mg prednisolone 
daily or 100 mg parenteral hydrocortisone every 6 h 
is recommended for 5 days or until recovery,7 and 
it is not uncommon to use up to 200 mg hydrocor-
tisone IV every 6 h in the ventilated patient.

Adverse Drug Reactions

Corticosteroids have an extensive range of side 
effects. The most relevant in the critical care 
setting are adrenal suppression after long-term 
administration (this is important when consider-
ing the patient’s response to stress such as major 
surgery), gastrointestinal bleeding, diabetes, salt 
and water retention and proximal myopathy. Other 
common side effects include osteoporosis after 
long-term administration, disturbances in mental 
state and increased susceptibility to infections.19

Magnesium

Evidence

A Cochrane review, looking at the use of systemic 
magnesium in the emergency room for treatment 
of acute asthma, failed to show a signifi cant benefi t 

in terms of admission rates or pulmonary function 
for pooled results. Analysis of those patients with 
severe asthma did demonstrate benefi t, although 
the clinical signifi cance of this was diffi cult to 
determine.20

Current national guidelines recommend the use 
of a single dose of magnesium for all patients with 
acute severe asthma who have responded poorly 
to initial bronchodilator therapy or have life-
threatening asthma.7

Several studies have also examined the use of 
inhaled magnesium in the treatment of acute 
asthma. A Cochrane review of the trials concluded 
that the use of nebulised magnesium in addition 
to nebulised β2-agonists did appear to show benefi t 
in patients with severe asthma, but more robust 
research is needed to provide a defi nitive 
answer.21

Mechanism of Action

The exact mechanism of action of magnesium in 
the treatment of asthma is unknown. It is thought 
to decrease the uptake of calcium by bronchial 
smooth muscle, leading to bronchodilation, and is 
also known to inhibit mast cell degranulation.22

Dosage Range

A single dose of 1.2–2 g of magnesium should be 
infused over a period of 20 min.7

Pulmonary Vasodilators

Indications for Use

The two main indications for pulmonary vasodila-
tors in the critically ill are acute respiratory distress 
syndrome (ARDS) and pulmonary arterial hyper-
tension. This section describes the use of inhaled 
nitric oxide (iNO), in ARDS specifi cally, and a 
number of other inhaled and systemic pulmonary 
vasodilators in pulmonary hypertension.

Inhaled Nitric Oxide (Medical Gas)

Inhaled nitric oxide (iNO) is used as a pulmonary 
vasodilator in critically ill patients with severe 
ARDS and/or pulmonary hypertension.
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Mode of Action

NO is a potent endogenous, endothelium-derived 
vasodilator that directly relaxes vascular smooth 
muscle through stimulation of soluble guanylate 
cyclase and increased production of intracellular 
cyclic guanosine monophosphate (cGMP). In 
ARDS, iNO selectively dilates blood vessels sup-
plying ventilated regions of the lung, thus reduc-
ing ventilation/perfusion (V/Q) mismatch and 
improving oxygenation.

Delivery of Nitric Oxide

The following should be in place to ensure safe 
delivery of iNO:

1. A continuous or synchronised inspiratory injec-
tion device

2. A calibrated fl ow metre
3. iNO/N2 delivered into the ventilator circuit as 

close to the patient as possible

Dosing of iNO

The dose required to produce a reduction in pul-
monary artery pressure is higher than that needed 
to improve PaO2 in ARDS. In ARDS the dose used 
is usually between 5 and 20 parts per million 
(ppm), whilst 20–40 ppm may be required to treat 
pulmonary hypertension.

When iNO is started for refractory hypoxia in 
ARDS, a dose response test should be performed, 
to identify the minimum dose required to achieve 
a 20% improvement in PaO2. An example of this 
can be seen in Table 15.1. About a third of patients 
will not gain any signifi cant benefi t from iNO, and 
it should be discontinued without undue delay in 
these cases.

Nitric Oxide Withdrawal

There are reports of severe rebound hypoxemia 
and pulmonary hypertension following with-
drawal of therapy. Slow withdrawal of treatment 
in a decremental fashion is advisable, e.g. dose is 
halved for 12 h then stopped. Use of systemic ther-
apies (bosentan or sildenafi l) may be helpful in 
severe cases.23

Severe ARDS

iNO improves oxygenation and reduces pulmo-
nary artery pressure in the majority of patients 
with ARDS.24 Evidence that iNO improves outcome 
in terms of mortality is scant, despite a number of 
major randomised placebo-controlled studies.25,26 
In our institution iNO is reserved for those ARDS 
patients with a P/F ratio (PaO2: FiO2) of <12 KPa 
in whom a number of other strategies may already 
have been tried:

· Recruitment manoeuvre
· Prone positioning
· High frequency oscillation

Pulmonary Artery Hypertension

iNO has been used in pulmonary artery hyperten-
sion to decrease pulmonary vascular resistance 
and therefore right heart afterload. Although there 
have been favourable case reports, there have been 
no prospective controlled studies to date.27–29

Monitoring During iNO Therapy

Methaemoglobin levels should be monitored at 0, 
1 and 6 h and then daily. NO and NO2 must be 
continuously monitored at the ventilator Y-piece, 
using electrochemical monitors with appropriate 
calibration.

Contraindications to Therapy

Absolute: methaemoglobinaemia
Relative: bleeding diatheses, intracranial haem-
orrhage

Prostaglandins

Prostaglandins are potent pulmonary vasodilators 
and inhibitors of platelet aggregation. They are also 
known to have cytoprotective and anti-proliferative 

TABLE 15.1. Example of a dose response test for the use of 
inhaled nitric oxide (iNO) in acute respiratory distress syndrome 
(ARDS)

Time (min) Dose (ppm) Response

60
60
60

5
10
20

Use the minimum dose required 
to produce a 20% improvement 
in PaO2

The response to NO at each dose should be considered cumulative. The 
desired response is an overall increase of 20% from lowest to highest 
dose.



140 G. Whelan and C. McKenzie

properties. The two agents currently available for 
clinical use in the United Kingdom are Prostacyclin 
(PGI2) and iloprost. In the following sections their 
role in managing pulmonary hypertension in the 
critically ill is described.

Intravenous Prostacyclin (PGI2 )

PGI2 is synthesised from arachidonic acid in the 
vascular endothelium, and induces vascular 
smooth muscle relaxation through stimulation of 
cyclic AMP production.

Intravenous PGI2 can be used to treat pulmo-
nary hypertension in doses ranging from 2 to 
10 ng/kg/min, depending upon patient response 
and tolerance. Problems with increased right to left 
lung shunting (due to reduced hypoxic vasocon-
striction), and systemic vasodilation may limit its 
usefulness in the critically ill. For chronic admin-
istration a long-term tunnelled catheter is required.

Inhaled PGI2

There is evidence that inhaled PGI2 is of benefi t in 
the treatment of pulmonary hypertension, in 
terms of reducing mean pulmonary arterial pres-
sure and improving oxygenation.30 The inhaled 
route has several advantages, most importantly 
the vast reduction in systemic adverse effects and 
immediate delivery to its site of action. However, 
PGI2 has a very short half-life of approximately 
1–2 min, which means that it must be adminis-
tered by continuous nebulisation. A constant rate 
of 8 mL/h of a 20,000 ng/mL solution has been 
quoted.30 Continuous nebulisation can be very dif-
fi cult to achieve in the unstable patient. Further-
more, its alkaline pH can result in local irritation 
and discomfort for the patient. The more stable 
analogue iloprost is now preferred in clinical 
practice

Inhaled Iloprost

Iloprost is a stable prostacyclin analogue with a t1/2 
of 20–30 min, which has been shown to be benefi -
cial when inhaled in patients with pulmonary 
hypertension.31,32 Its major advantage in critical 
illness is its longer half-life, hence intermittent 
nebulisation can be delivered via the ventilator. 
Furthermore, it has a lower pH than PGI2 making 
it signifi cantly less irritant by inhalation. Published 
studies have used doses of 2.5–10 mcg every 2–4 h.4 

In clinical practice at Guy’s and St. Thomas’ NHS 
Foundation Trust, we have used doses as high as 
50 mcg every 2–4 h, with good clinical effect in 
terms of improved oxygenation and reduction in 
pulmonary artery pressure.

Enteral Therapies

Not surprisingly, there is little evidence for enteral 
therapies in the critically ill. There are however a 
number of studies demonstrating a benefi t from 
enteral therapies, such as bosentan and/or silde-
nafi l, in ambulant patients with pulmonary 
hypertension.33,34

Bosentan

Bosentan is a dual endothelin receptor antagonist. 
It blocks both Endothelium A and Endothelium B 
receptors. It is thus anti-proliferative and may be 
most useful in primary pulmonary hypertension. 
The starting dose is usually 62.5 mg twice daily, 
and is titrated up to 125 mg twice daily.

Sildenafil

Sildenafi l is a phosphodiesterase 5 (PDE5) inhibi-
tor that decreases guanyl mono-phosphate (cGMP) 
breakdown, thus enhancing the effect of endog-
enous nitric oxide. The starting dose is normally 
50 mg/day, and is titrated up to 150 mg/day.

Mucolytic Agents

Mucolytic agents are used commonly in the criti-
cally ill patient, typically for mucous plugging in 
patients with very viscous secretions. There is a 
paucity of evidence for any of the agents currently 
used in clinical practice.

N-Acetylcysteine (NAC)

Mucus consists of mucoproteins held together by 
disulphide bonds. NAC breaks these double bonds 
and reduces its viscosity. Use of 10% solution neb-
ulised 6 hourly may be helpful in asthmatics, but 
there are no controlled studies demonstrating 
benefi t in this patient group.35,36 NAC is a reducing 
agent and is destroyed by high oxygen concentra-
tions, it is therefore ineffective in higher levels of 
inspired oxygen (>50%, FiO2 0.5).37
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The following solution is prepared for N-acetyl-
cysteine nebulisation at Guy’s and St. Thomas’ 
NHS Foundation Trust:

· N-acetylcysteine 20% (2,000 mg in 10 mL injection) 
4 mL

· Salbutamol 5 mg nebule 1 mL
· Sodium chloride 0.9% 3 mL

Nebulise 4 mL of this solution and discard the 
remainder.

Sodium Chloride

A number of strengths have been used in the criti-
cally ill from isotonic 0.9% sodium chloride to con-
centrations as high as 5%. There is little evidence for 
the use of any strength in the ventilated patient.
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Abstract Fibre-optic bronchoscopy (FOB) is a 
relatively safe and potentially lifesaving procedure 
in intubated patients and should be available at 
all times in the intensive care unit (ICU). In this 
chapter, the diagnostic and therapeutic indica-
tions, relative contraindications, practical aspects 
of performing bronchoscopy in the ICU, post-
bronchoscopy care and training requirements are 
discussed.

Introduction

Bronchoscopy is the endoscopic examination of 
the upper airway and tracheo-bronchial tree, and 
may be performed using either a rigid or fl exible 
fi bre-optic instrument. Rigid bronchoscopy is now 
rarely performed in ICU, but it may still be neces-
sary for major haemoptysis, biopsy of a poten-
tially vascular tumour, foreign body removal and 
the placement of airway stents. Fibre-optic bron-
choscopy (FOB), however, is indicated for a wide 
range of diagnostic and therapeutic purposes and 
can be lifesaving: all ICUs should have rapid access 
to an instrument and a suitably trained operator 
should be available on site.1 Most critically ill 
patients in whom bronchoscopy is indicated will 
either be endotracheally intubated or have a tra-
cheostomy in situ. If not, the inspired oxygen con-
centration that the patient requires, the potential 
detrimental impact of sedation and having an 
unprotected airway will usually make it prudent 
to intubate the patient, at least for the procedure. 
The remainder of this chapter focuses on FOB and 
assumes that the patient has a protected airway.

Indications

Although fi bre-optic bronchoscopy (FOB) is rela-
tively safe when performed by an experienced 
operator, patients in ICU are at higher risk of com-
plications1 and the following question should 
always be asked: ‘Is it indicated, what will it achieve, 
and what could the complications be?’

Table 16.1 shows the main diagnostic and thera-
peutic indications.

Diagnostic

Most patients with pneumonia or diffuse alveolar 
shadowing will initially be managed by obtaining 
a non-bronchoscopic lavage (NBL) specimen for 
culture. Bronchoscopy is only indicated to obtain 
a broncho-alveolar lavage (BAL) or a protected 
specimen brush (PSB) specimen when there is no 
persuasive microbiology from the NBL, in the 
immuno-compromised or HIV-positive patient, 
when a true alveolar specimen for a cell count is 
required, to assess the presence of endobronchial 
Kaposi’s sarcoma or if a transbronchial biopsy is 
indicated. To perform a BAL the bronchoscope 
should be wedged in the relevant lung segment, 
60–80 mL of sterile saline is instilled with the 
suction switched off and, after waiting for two 
inspirations, low suction is reintroduced to obtain 
a ‘drizzle’ aspirate, the fi rst part of which is dis-
carded. Properly performed BAL has been shown 
to have a sensitivity of 53–93% and a specifi city of 
60–95% in diagnosing ventilator-associated pneu-
monia. BAL can also signifi cantly improve the 
diagnosis in cases of sputum smear-negative 
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tuberculosis, invasive aspergillosis, coccidiodomy-
cosis, cryptococcosis and viral pneumonia.2 The 
value of protected specimen brush (PSB) and 
quantitative bacterial cultures in distinguishing 
between colonisation and infection remains con-
tentious but may reduce mortality from ventila-
tor-associated pneumonia.3 Transbronchial biopsy 
may be indicated for histological diagnosis in the 
context of diffuse alveolar infi ltrates, particularly 
when an active fi brotic process is suspected and 
steroid therapy is being considered, but there is 
the risk of pneumothorax (∼10%) and haemor-
rhage (∼5%) and the yield is less than 50%.4,5 If 
available, open lung biopsy is preferred as it too 
can be performed on the unit, has a higher yield 
and carries less risk.

When performed for haemoptysis, the intention 
should be to diagnose and localise the source of 
bleeding, which includes suction catheter trauma, 
endotracheal tube granulation tissue, tumour, bron-
chiectasis, TB cavity and pneumonia.

Following thermal or chemical injury to the 
lungs, which can occur despite the absence of any 
externally apparent damage, bronchoscopy enables 
early diagnosis of the anatomical extent and sever-
ity of the mucosal erythema, oedema, necrosis and 
sloughing and allows toilet of obstructing debris.

Bronchoscopy is indicated to assess endobron-
chial damage after blunt chest trauma, such as 
steering wheel injuries, particularly in the pres-
ence of haemoptysis, surgical emphysema, a fl ail 
segment or chest x-ray (CXR) appearances of 
mediastinal emphysema, segmental collapse or 

pneumo/haemothorax. The damage that may be 
identifi ed ranges from bronchial contusion or 
rupture, particularly affecting the RUL, to com-
plete tracheal transection. Bronchial disruption 
requires urgent surgical intervention and there-
fore early diagnosis is necessary.

Upper airway trauma, related to the procedure 
of endotracheal intubation itself, may occur early 
or present later as laryngeal/glottic oedema or for-
mation of granulation tissue. This latter problem 
is often due to recurrent trauma from the distal tip 
of the tube, and may be identifi ed by withdrawing 
the tube over the bronchoscope up to the level of 
the cords. While the bronchoscope can prevent 
soiling from limited pharyngeal secretions during 
this procedure it cannot deal with massive aspira-
tion and so the patient must be nil by mouth for at 
least 4 h for this elective procedure.

Inspection of the bronchial stump following lung 
transplant or resection allows identifi cation of an 
anastomotic air leak, leak from the bronchial suture 
line, bleeding from suture granuloma or persistent 
cough caused by an endobronchial suture.6

Therapeutic

With the endotracheal tube slipped over a fi bre-
optic bronchoscope it can be used to guide endotra-
cheal intubation in patients with epiglottitis, 
laryngeal oedema, tetanus with trismus, trauma to 
the upper airway and cervical spine injury or 
deformity such as ankylosing spondylitis. At the 
same time correct positioning of the endotracheal 
tube can be confi rmed and abnormalities that may 
be causing gas exchange problems identifi ed. In 
these situations it is advisable to attempt the bron-
choscopic intubation in an operating theatre with 
an ENT surgeon available to perform an emergency 
tracheostomy if necessary.

Patients with excessive secretions, not cleared 
by routine suctioning and physiotherapy, who 
develop hypoxaemia and/or CXR changes may 
benefi t from bronchoscopy when thick, tenacious 
secretions occluding a major lobar orifi ce may be 
removed by suctioning or following direct instil-
lation of acetylcysteine.

Lobar collapse that has not responded to physio-
therapy, and which may be due to retained thick 
secretions, can be effectively treated by bronchos-
copy with locally directed suction and saline or 

TABLE 16.1. Indications for bronchoscopy

Diagnostic
• Alveolar infiltrates/ atypical pneumonia
• Transbronchial biopsy
• Haemoptysis
• Thermal or chemical injury
• Blunt chest trauma
• Intubation damage
• Persistent cough
• Post lung transplantation or lung resection

Therapeutic
• Endobronchial intubation
• Excessive thick secretions
• Persistent lobar collapse
• Haemoptysis—localisation and control
•  Massive aspiration and removal of foreign body
• Percutaneous tracheostomy
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acetylcysteine lavage.7 Acetylcysteine can cause 
bronchospasm and the patient should receive a 
nebulised inhaled bronchodilator prophylactically. 
Retained secretions should also be considered 

when there is failure of re-expansion of a pneu-
mothorax with persisting air leak despite appropri-
ate positioning of a chest drain. Persisting right 
upper lobe collapse will occasionally prove to be 
due to a malpositioned endotracheal tube, with the 
distal end lying beyond the RUL orifi ce. This should 
of course be easily identifi ed on the CXR.

It may be possible to deal with minor haemop-
tysis caused by suction catheter or endotracheal 
tube trauma with the use of cold saline or topical 
vasoconstrictors (epinephrine 1:10,000 solution), 
and to perform toilet to remove blood from the 
bronchial tree (Figure 16.1). However, if there has 
been a major haemoptysis and active bleeding has 
ceased and a fresh clot is seen in a major bronchus, 
the temptation to apply suction to it should be 
resisted since further major uncontrollable hae-
moptysis may ensue (Figure 16.2). Major haemop-
tysis (>300 mL over 24 h) may be controlled by 
endobronchial balloon tamponade, using a Fogarty 
catheter passed down beside the bronchoscope 
and advanced into the relevant bronchial orifi ce. 
The catheter is then infl ated and left in situ after 
withdrawal of the bronchoscope. If the bleeding 
cannot be controlled to allow localisation of the 
source, rigid bronchoscopy is indicated. Fibrin 
glue has also been used to seal the culprit bron-
chus and if successful this has the advantage that 

FIGURE 16.1. Anterior view of the major segments of the bron-
chial tree. 1, 2, 3—Apical, posterior and anterior segments of the 
upper lobes. 4, 5—Lateral and medial segments of middle lobe on 
right and superior and inferior segments of lingula on left. 6, 7, 8, 
9, 10—Apical, medial basal (right side only), anterior basal, lateral 
basal and posterior basal segments of lower lobes.

FIGURE 16.2. Blood clot obstructing distal tracheostomy tube, lower trachea and both major bronchi removed with a bronchoscope 
The bronchoscope, with a new tracheostomy tube mounted on it, was then passed through the tracheal stoma into the trachea thereby 
allowing re-intubation of the patient and further bronchial toilet.
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it dissolves after about 8 days, preventing perma-
nent blockage and the development of bron-
chiectasis.8 With the site identifi ed the patient 
should be nursed with this side dependent, so that 
further bleeding can only soil one lung, while 
arrangements are made for therapeutic interven-
tion by embolisation or possibly, and if available, 
lung resection (Figure 16.3).

Following massive aspiration early bronchos-
copy is indicated to remove food debris but it has 
little role in gastric acid aspiration where it will 
merely confi rm erythema of the proximal bron-
chial tree but will have little to offer therapeuti-
cally. Where foreign body aspiration is suspected 
(tooth, pea, etc.), FOB using either grasping or 
basket forceps may be successful in retrieving the 
item but if not rigid bronchoscopy is indicated.

For the relatively inexperienced operator or 
whenever diffi culty is encountered when perform-
ing a percutaneous tracheostomy, a bronchoscope 
should be used to ensure midline puncture of the 
trachea and to deal with airway problems related 
to bleeding or tracheal damage.

Contraindications

These are listed in Table 16.2. Since bronchoscopy 
can be lifesaving these are only relative contrain-
dications based on a balance of potential risk and 
benefi t. For example, severe hypoxemia to exclude 

mucus plugging is quite a common indication for 
bronchoscopy, therefore high levels of FiO2 and 
positive end-expiratory pressure (PEEP) are only 
relative contraindications but warrant a speedy 
examination with interruptions as necessary 
during which the bronchoscope is withdrawn to 
allow ‘bagging’ with 100% oxygen. Platelets should 
be >50 × 109 or in the presence of active bleeding 
>100 × 109/mL and coagulation corrected to an 
INR and APTTR <1.4. Patients with renal failure 
in whom urgent bronchoscopy is indicated should 
be given the vasopressin analogue DDAVP.9 Asth-
matic patients should be pretreated with a neb-
ulised bronchodilator and saline warmed to body 
temperature should be used for any lavage proce-
dures. Glycopyrrolate should be drawn up ready 
for administration in patients in whom there is a 
history of vagal sensitivity such as marked brady-
cardia on suctioning.

Preparation

This is summarised in Table 16.3
The FiO2 should be increased to 1.0 and the 

ventilator set to a mandatory mode to ensure that 
ventilation remains adequate despite sedation and 
the increased resistance due to the obstruction of 

FIGURE 16.3. Cobblestone appearance of endobronchial aspergil-
losis in the right upper lobe of a patient with systemic lupus 
erythematosis

TABLE 16.2. Relative contraindications to bronchoscopy in the 
ICU patient

• Patients requiring high levels of FIO2 and/or PEEP
• Coagulopathy
• Platelets <50,000 × 109/mL
• Severe asthma
• Creatinine >300 μmol/L
• Acute coronary syndrome
• Life-threatening arrhythmia
• SVC obstruction

TABLE 16.3. Preparation for bronchoscopy

• Check INR, APTTR, platelets
• Review CXR
• Consider patient co-morbidities
• Monitor ECG and SpO2

• Set ventilator to back-up mandatory mode
• Increase FIO2 to 1.0
•  Give nebulised bronchodilator if asthma history or planning to 

give acetylcysteine
• Insert mouth guard to prevent damage to bronchoscope
• Sedate and if necessary paralyse the patient
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the airway by the bronchoscope. If an infusion of 
a sedative agent such as propofol and an opiate 
infusion such as fentanyl are already being admin-
istered, the rate can be increased but otherwise a 
bolus of fentanyl and either propofol or a benzo-
diazepine such as midazolam can be given. Topical 
anaesthesia up to a maximum of 15 mL 1% lido-
caine can be administered and will help to sup-
press cough. If despite these measures, the patient 
continues to cough or bite on the tube, a short-
acting muscle relaxant is indicated.

Head-injured patients require profound anaes-
thesia with neuromuscular blockade to prevent 
marked rises in intracranial pressure.

Performance

The closed suction unit should be replaced with a 
catheter mount featuring a swivel adaptor and 
fl exible diaphragm that will admit the broncho-
scope, but provide an airtight seal. A broncho-
scope with a wide suction channel, up to 3.2 mm 
diameter, will usually be selected to allow aspira-
tion of thick tenacious secretions. This will have 
an external diameter of 5.9 mm and occupy 44%, 
55% and over 70% of the lumen of tubes sized 
9, 8 and 7, respectively, and explains why a tube of 
at least 8 mm internal diameter is preferred to 
prevent inadequate ventilation of the patient and 
damage to the bronchoscope. Generous lubrica-
tion of the bronchoscope also helps to prevent 
damage and aids manoeuvrability of the scope. If 
the patient has a smaller tube and it is considered 
unsafe to change it, a paediatric scope can be used, 
but this essentially limits the investigation to the 
diagnostic options.

An assistant, usually the bedside nurse, should 
support the tube during the procedure, insert the 
traps to collect specimens and observe the oxygen 
saturation, tidal volume and other vital signs. They 
should alert the operator to the problems that may 
require temporary interruption of the procedure. 
During the procedure the use and level of suction 
must not be excessive to prevent mucosal damage 
and the loss of PEEP causing de-recruitment and 
hypoxaemia. The procedure should be thorough, 
with inspection of all 20 bronchial segments, col-
lection of the necessary specimens and perfor-
mance of appropriate toilet. However, inappropriate 

delays should be avoided as they increase the risks 
of the procedure for the patient.

Complications

When performed by a suitably trained operator 
bronchoscopy in the intubated patient is a safe 
procedure. Many of the complications are predict-
able and the decision should be made either not 
to perform the procedure or to take the necessary 
precautions to deal with cardiac arrest and dys-
rhythmias in the patient with a cardiac history or 
bronchospasm in known asthmatics. Some degree 
of oxygen desaturation and carbon dioxide reten-
tion are almost inevitable, particularly in patients 
with acute lung injury on high levels of PEEP. After 
a CXR has been performed to exclude a pneumot-
horax, a recruitment manoeuvre will usually 
improve oxygenation.

A fever is quite common (∼15%) after bronchos-
copy and an episode of ventilator-associated pneu-
monia may occur but is less likely if the procedure 
is brief and excessive lavage of the bronchial seg-
ments is avoided.10

Post-bronchoscopy Care

Following bronchoscopy, the ventilator settings 
should be returned towards the previously set 
levels after ensuring that the patient has recovered 
from the sedation and paralysis. The FiO2 should 
be reduced according to the arterial oxygen satura-
tion and blood gases. A CXR should be performed 
if a biopsy has been taken, if there were complica-
tions during the procedure or if the patient 
becomes unstable following the procedure.

Complete details of the procedure should be 
recorded, preferably on a standardised sheet or on 
a computer to allow audit to be easily performed. 
The patient name and bronchoscope number 
should be identifi ed in the report so that any 
infection control issues can be investigated.

The scope should be cleaned post procedure by 
the operator to ensure that secretions, which may 
permanently damage the scope, are removed from 
the suction channel by thorough fl ushing with 
saline. The bronchoscope should then be returned 
to the infection control unit for disinfection.
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Training

Before being considered competent to perform a 
bronchoscopy in ICU, the trainee should be able 
to describe the procedure to the patient/relative 
and obtain consent/assent, give appropriate seda-
tion/paralysis to the patient, maintain the airway 
and adequate oxygenation, identify all the main 
segmental bronchi, perform bronchial brushing 
and lavage and manage the complications of tena-
cious secretions, haemorrhage, hypoxaemia and 
pneumothorax.11 Most bronchoscope systems now 
have the image displayed on a video screen, which 
makes the demonstration of the bronchial seg-
ments and the various manoeuvres much easier. 
Most trainees are competent to perform an unsu-
pervised bronchoscopy, albeit with assistance 
available, after being directed for ten procedures.
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Abstract Percutaneous dilational tracheosto-
my (PDT) is currently accepted as the standard 
technique for longer-term airway management 
in the critically ill patient in many intensive care 
units (ICUs). This chapter gives an overview of 
applied anatomy and techniques, answering the 
questions of timing, indications, complications, 
choice of tracheostomy tube and post-tracheos-
tomy care.

Introduction

Open surgical tracheostomy is one of the oldest 
surgical procedures. It was fi rst formalised in 1909 
by Chevalier Jackson.1 In 1985, Ciaglia and 
colleagues introduced the percutaneous dilata-
tional tracheostomy (PDT) technique: a bedside 
procedure involving the insertion of a tracheos-
tomy tube with minimal dissection through the 
smallest incision possible.2 It has since become a 
popular procedure in ICUs worldwide and is 
increasingly replacing the surgical technique in 
critically ill patients.

Indications for Tracheostomy 
in the ICU

Tracheostomy formation may be indicated in the 
following circumstances:

· To aid weaning from assisted ventilation and 
sedation

· Provide tracheal access to remove pulmonary 
secretions

· Permit long-term airway management
· Bypass upper airway obstruction
 (e.g. patients with trauma, infection, malignancy, 

laryngeal or subcricoid stenosis, bilateral recur-
rent laryngeal nerve palsy)

· Prevent pulmonary aspiration
 (e.g. patients with laryngeal incompetence: CVA, 

Parkinson’s disease)
· Neuromuscular disorders 
 (e.g. motor neurone disease, critical illness 

neuromyopathy)
· Bulbar dysfunction
· Severe brain injury

Benefits of Tracheostomy

· Better mouth care
· Allows oral nutrition and earlier mobilisation 

of patients3

· Reduces the need for sedative or analgesic 
drugs → more effective cough and better coop-
eration with physiotherapy

· Reduces frequency of accidental extubation 
and endobronchial intubation

· Reduces complications of long-term translaryn-
geal intubation (e.g. laryngeal damage, subglot-
tic stenosis)

· Lower airway resistance, smaller deadspace, 
reduced work of breathing → improved 
weaning from assisted ventilation

· Fenestrated tracheostomy tube or cuff defl ation 
allows phonation and better communication

· Earlier discharge from the ICU to a high 
dependency unit (HDU) or suitable ward
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Relative Contraindications to PDT

· Children <12 years old
· Uncorrectable coagulopathy
· Active infection over the anterior neck
· Local malignancy in the trachea
· Unstable cervical spine fracture
· Morbid obesity (BMI > 35)5–7

· Gross anatomical distortion of the neck
· Previous neck surgery or tracheostomy6,7

· Previous radiotherapy to the neck
· Extensive burns to the neck
· Requirement of high PEEP (>15 cmH2O) or 

FiO2 (>0.6)
· Haemodynamic instability
· Patients unlikely to survive >48 h

BMI Body mass index
PEEP Positive end-expiratory pressure
FiO2 Fraction of inspired oxygen

The list of relative contraindications for PDT 
may reduce with increasing experience of the 
operator, use of endoscopy and ultrasound or 
other imaging of the neck.

Timing

The timing of tracheostomy in critical care is contro-
versial,10 and data from randomised-controlled trials 
are scarce.11–13 The popularity of PDT has resulted in 
earlier tracheostomies. It has been suggested that 
early tracheostomy may shorten the length of ICU 
stay and decrease the incidence of nosocomial pneu-
monias. A randomised UK-controlled multi-centre 
trial, ‘Tracheostomy management in critical care’ 
(Tracman, www.tracman.org.uk) is currently investi-
gating the potential benefi ts of early tracheostomy 
(days 1–4 post-ICU admission) versus late (day 10 or 
later post-ICU admission).

General Considerations

Two trained operators are required: one with 
competence in tracheostomy and management of 
complications and the other in providing general 
anaesthesia and airway maintenance. The procedure 
should ideally be performed during normal working 
hours to ensure the supervision and support from 
senior staff members and other specialists.

Ultrasound scanning of the neck prior to per-
cutaneous tracheostomy allows visualisation of 
the anatomy of the anterior neck structures, par-
ticularly the assessment of blood vessels and 
depth and angulation of the trachea. Useful infor-
mation about adjacent structures helps with the 
risk–benefi t analysis of an open versus percutane-
ous tracheostomy. Imaging can guide needles and 
dilators away from at-risk structures.7

Endoscopy, using a fi bre-optic scope passed 
through the tracheal tube, may be used to guide 
correct placement of needle, guidewire and tube. 
Direct visualisation reduces posterior tracheal 
wall damage and tube misplacement. However, the 
presence of a fl exible fi bre-optic scope may hinder 
ventilation, increasing the risk of hypoxia and 
hypercarbia with associated increase in intracra-
nial pressure in susceptible patients. An alterna-
tive approach includes the use of metal-cased 
semi-rigid, small-diameter scopes, such as a 
Bonfi ls laryngoscope or optical stylet, which inter-
feres less with ventilation and avoids expensive 
damage to a fl exible scope by needle puncture.

Techniques

The majority of modern percutaneous tracheos-
tomy kits are based on a Seldinger technique using 
fl exible guidewires, plastic introducers and fl exible 
tracheostomy tubes (Figure 17.1).

In 1985, Ciaglia and colleagues introduced the 
fi rst widely used technique of PDT using a series 
of dilators of increasing diameter to create a tracheal 
stoma.2

The inward force produced during dilatation of 
the tracheal wall has been associated with poste-
rior tracheal wall tears and fracture of the tracheal 
rings. In an attempt to streamline the technique of 
PDT, the single-step dilator was recently intro-
duced (Blue Rhino kit by Cook and a similar kit 
by others) with the following advantages:

· The single dilator has a hydrophilic coating, 
which, when wet, reduces friction and thus 
allows smooth dilatation of the tracheal stoma. 
This is quicker and less traumatic.

· Faster technique reduces time during which 
dilators and bronchoscope obstruct the airway, 
reducing the risk of hypercarbia and hypoxia.

· The single-step dilator is fl exible, tapering to a 
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soft malleable tip, which will bend at the 
required angle to follow the direction of the 
guidewire down the trachea.

· It avoids the aerolisation of blood in between 
dilatator changes. The continuous tamponade 
effect reduces bleeding.

Other techniques currently under evaluation 
include dilatation with angioplasty-type balloon 
catheters or other plastic dilators.

The most popular one-step dilatational tech-
nique is described here:

1. Full monitoring is ensured (BP, ECG, pulse oxi-
meter and capnography). Anaesthesia includes 
an intravenous opioid, hypnotic and short-
acting muscle relaxant. The ventilator is set to 
an FiO2 of 1.0 and volumes are adjusted to com-
pensate for the presence of the bronchoscope 
and any air leak.

2. The patient is positioned with the head 
extended by pushing the pillow under the 
shoulders. This brings as much of the trachea 
as possible into the neck. From the cricoid car-
tilage, moving caudally, the tracheal rings are 
identifi ed (Figure 17.2). The skin is prepared 
with antiseptic solution and the neck draped to 
maintain a sterile fi eld. The area of incision is 
infi ltrated with 10–20 mL of local anaesthetic 
(e.g. lidocaine 1% with epinephrine 1:200,000). 

FIGURE 17.1. A modern 
percutaneous tracheostomy kit.

FIGURE 17.2. Identification of the anatomical landmarks
A—Thyroid cartilage
B—Cricoid cartilage
C—First to third tracheal rings
D—Clavicle
E—Sternal notch
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A 14 G introducer needle with cannula is 
inserted into the trachea midline between the 
second and third tracheal rings under direct 
endoscopic visualisation. Care is taken to avoid 
the posterior tracheal wall. Correct needle 
position may also be confi rmed by aspiration 
of air from the trachea, aspiration of respira-
tory secretions or capnography.

3. The needle is then removed and a J-tipped 
guidewire threaded through the cannula into 
the trachea to the level of the carina. The sheath 
is removed and replaced by a 14F short dilator 
which is advanced over the guidewire to dilate 
the initial access site. Some compression to the 
anterior tracheal wall is expected. The dilator 
is removed and replaced by an 8F guiding cath-
eter that is advanced over the guidewire. The 
guiding catheter and wire are inserted as a unit 
into the trachea until the safety ridge on the 
guiding catheter is at skin level. Correct posi-
tioning can be confi rmed by aligning the proxi-
mal end of the catheter with the proximal mark 
on the guidewire. This will prevent displace-
ment of the J-wire and possible trauma to the 
posterior tracheal wall during subsequent 
manipulations. A skin-deep small incision on 
either side of this assembly is made just big 
enough to allow passage of the larger dilator.

4. Lubrication is accomplished by dipping the 
dilator tip into sterile water or saline. This acti-
vates its hydrophilic coating. The dilator is held 
like a pencil and advanced in a curved arching 
motion until the 39Fr mark reaches the skin. 
Repeated advancement and retraction of the 
dilating assembly effectively dilates the tracheal 
access site. Finally, after verifying its integrity, 
the well-lubricated tracheostomy tube, 
preloaded onto a dilator of the appropriate size, 
is advanced over the guidewire and guiding 
catheter into the tracheal lumen. The latter two 
are removed, leaving the tracheostomy tube in 
place. The cuff is infl ated with air until no air 
leak is heard. The cuff pressure should not 
exceed 25 cmH2O (18 mmHg). It is important 
that this is checked regularly to prevent compli-
cations of tracheal mucosal damage, stenosis 
and tracheo-oesophageal fi stula. Ventilation is 
confi rmed by capnography, bilateral chest 
movement and auscultation.

5. The tube may need suctioning to clear any 
residual blood clots and secretions formed 

during the procedure. The tube should be tied 
in securely. A fi bre-optic scope can be used to 
inspect the trachea for trauma and bleeding 
and to measure the distance from the tube tip 
to the carina. It can also be passed from above 
through the glottis to assess the adequacy of 
the position and length of the tracheostomy 
tube. Some tubes will be seen to be too short 
with the cuff being pulled up against the ante-
rior tracheal wall. In this case the tube should 
be exchanged for a longer adjustable fl ange 
tube. A portable chest radiograph will rule out 
other complications, such as pneumothorax or 
subcutaneous emphysema, but is not essential 
in the routine case.

Complications

Perioperative

· Bleeding
· Puncture of the endotracheal (ET) tube cuff
· Needle damage to the fi bre-optic bronchoscope
· Dislodgement of the ET tube
· Anaesthetic awareness
· Hypoxia
· Hypercapnia
· Increased intracranial pressure
· Damage to the trachea
· Damage to the oesophagus
· False passage of tracheostomy tube
· Pneumothorax/pneumomediastinum
· Airway obstruction due to blood clot

Postoperative
Early

· Collapsed lung
· Surgical emphysema
· Dislodgement of the tracheostomy tube
· Airway obstruction due to blood clot
· Tension pneumothorax

Late

· Bleeding (e.g. erosion into innominate artery/
vein)

· Local stomal infection
· Subglottic/tracheal stenosis
· Tracheo-oesophageal fi stula
· Persistent trachea to skin fi stula
· Scarring and tethering of the trachea
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Complications of PDT, including bleeding, infec-
tion and hypoxia, are infrequent. Most are minor 
with no serious sequelae. Minor bleeding and 
puncture of the endotracheal (ET) tube cuff are 
the most common complications. However, when 
complications do occur, they can be devastating. 
There is a risk of damage to the trachea, including 
rupture and displacement of the tracheal rings, 
tear of the posterior tracheal wall and tracheo-
oesophageal fi stula. All of these may be associated 
with bleeding, and the formation of false passages 
as well as major air leaks.

There are now a number of publications 
showing that PDT is associated with a lower inci-
dence of perioperative and early postoperative 
complications compared with open surgical tra-
cheostomy. Friedman and colleagues randomised 
26 patients to receive PDT and 27 patients to 
receive an open tracheostomy performed in the 
operating theatre.8 There was no difference in 
perioperative complications (transient hyperten-
sion, hypoxia, subcutaneous emphysema, small 
bleed and loss of airway). The number of post-
procedural complications was signifi cantly higher 
in the surgical tracheostomy group (41%) than in 
the PDT group (12%), predominantly as a result 
of wound or stomal infection and accidental 
decannulation. Freeman and co-workers com-
piled data from fi ve prospective controlled studies 
(236 patients) and found no difference between 
PDT and surgical tracheostomy in overall opera-
tive complications and mortality.9 The overall 
postoperative complication rate of PDT was lower 
particularly regarding the incidence of bleeding 
and infection.

Choice of Tracheostomy Tube

There is a wide range of tubes commercially 
available:

· Rigid versus fl exible
· Plain versus cuffed (profi le versus non-profi le 

cuff)
· Non-crease cuffs
· Fixed length versus adjustable fl ange
· Inner liner for ease of cleaning
· Fenestrations for communication
· PVC/silver/silastic materials

· Flexible, metallic-reinforced tubes for distorted 
airway anatomy

· Additional suction channels to remove 
secretions

Soft and fl exible tubes provide maximum patient 
comfort, minimising any trauma to the trachea and 
associated structures (Figures 17.3 and 17.4). Rigid 
tubes are used more commonly in the longer term 
as they are thought to keep the stoma open better 
and are easier to change. Cuffed tubes provide airway 
protection and facilitate intermittent positive pres-
sure ventilation. Disadvantages include the risk of 
excessive cuff pressure and diffi culty in swallowing 
and communication. High-volume low-pressure 
cuffs reduce the incidence of cuff-related mucosal 
damage by providing a wider surface area of the 
trachea for the pressure to be dissipated. Newer 
cuffs, which have no folds or creases and are claimed 
to avoid microaspiration are also available.

Adjustable fl ange tubes are designed for patients 
whose trachea is deeper than usual below the skin 
and soft tissues in the neck, e.g. obese patients.

FIGURE 17.3. An example of a soft and flexible tracheostomy.

FIGURE 17.4. A soft, flexible tracheostomy tube featuring an 
adjustable flange.
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Tracheostomy tubes with an inner tube may 
remain in place up to 30 days or more as the inner 
cannula can be cleaned and changed regularly 
(Figure 17.5). A disadvantage is that the diameter 
of the inner lumen will be reduced by 1–2 mm, 
increasing work of breathing.

A fenestrated tube allows airfl ow through the 
vocal cords when the tube is occluded or a speak-
ing valve is attached (Figure 17.6). It is unsuitable 
for patients fully dependent on positive pressure 
ventilation unless a non-fenestrated inner cannula 
is used and increases the potential for aspiration 
of gastric contents.

Role of Minitracheostomy

A small-diameter (4 mm ID), uncuffed tube can be 
inserted percutaneously via the cricothyroid mem-
brane following infi ltration with local anaesthetic. 

This facilitates treatment of sputum retention by 
providing access for regular suction of respiratory 
secretions. This technique has also been used in 
the emergency management of upper airway 
obstruction.

Limitations of the mintracheostomy kit include 
small-bore suction and inability to provide con-
tinuous positive airway pressure (CPAP) or posi-
tive pressure ventilation. There is no cuff for 
airway protection.

Aftercare

Adequate humidifi cation, tracheal suctioning and 
physiotherapy are essential to avoid obstruction 
of tracheostomy tubes. For those with inner tubes, 
regular removal for cleaning is important to main-
tain tube patency. Tubes without inner cannulae 
should be exchanged every 10–14 days.

A tracheostomy tube blocked with tenacious 
secretions renders the patient at risk of progres-
sive hypoxia and possibly cardiorespiratory 
arrest.

Resuscitation attempts will be unsuccessful 
unless the airway obstruction is recognised and 
treated promptly. Removal of the tracheostomy 
tube may be required if suctioning fails to clear 
the obstruction. In the short term, spontaneously 
breathing patients will usually manage to breathe 
through their own airway. If the tracheostomy is 
more than 1 week old, the stoma is generally well 
established to allow early tube replacement if 
required.

For patients dependent on assisted ventilation, 
re-intubation by the oral route may be needed in 
the interim if diffi culties occur in replacing the 
tracheostomy tube.

When caring for a tracheostomy patient, the 
following equipment should always remain with 
the patient:

· Tracheostomy tubes (same size as in situ plus 
one size smaller)

· Tracheal dilators
· Suction unit, catheters and gloves
· Self-infl ating bag-valve mask device and 

tubing
· A 10 mL syringe for cuff de/infl ation
· Translaryngeal intubation equipment

FIGURE 17.5. A rigid tracheostomy tube with inner cannula in situ 
and obturator.

FIGURE 17.6. A rigid, fenestrated tracheostomy tube with inner 
fenestrated and non-fenestrated cannulae plus obturator.



17. Tracheostomy and Mini-Tracheostomy 155

Decannulation

Decannulation should be considered when patients 
demonstrate a satisfactory respiratory drive, a 
good cough and the ability to protect their own 
airway. Patients who show no signs of tiring on 
continuous positive airway pressure (CPAP) or a 
T-piece with low fl ow oxygen therapy are candi-
dates for decannulation. Coughing secretions up 
into the tracheostomy tube is a good sign whereas 
generalised weakness and inability to hold the 
head up are negative predictors of successful 
decannulation. An impaired conscious level also 
reduces the chance of success.

Tracheostomy tubes should be removed as soon 
as feasible to regain the normal physiological func-
tions of active coughing, upper airway warming, 
humidifi cation and fi ltering of air.

Following decannulation, most tracheostomy 
stomas are allowed to granulate without suturing. 
They achieve a functional seal within 2–3 days. These 
partially healed wounds can be quickly reopened 
with an artery forceps in the fi rst few weeks after 
closure if necessary.7 Occasional patients will require 
ENT referral for tracheal stenosis, tethered scars or 
a persistent sinus from skin to trachea.
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Abstract Weaning from mechanical ventilation 
can be a complex and diffi cult task and has gener-
ated increased attention over the past few years, 
particularly in relation to the defi nitions of wean-
ing delay and failure. In addition, our understanding 
of the pathophysiology of weaning has been 
enhanced through the development of the respi-
ratory muscle load-capacity-drive model of wean-
ing failure. A number of randomised, controlled 
trials have directed clinical practice in terms of the 
optimal mode of ventilation, as well as assessing 
the readiness of a patient to wean by incorporating 
weaning protocols. Although the weaning process 
has also been improved in patients with chronic 
respiratory disease, by using non-invasive ventila-
tion at the point of extubation, this practice should 
not be extended to all patients since there is evidence 
that it can negatively impact on outcome. Despite 
a distinct lack of clinical trials, weaning centres 
appear to have a role in weaning patients with 
weaning delay and failure. Looking to the future, 
it is possible that computer-driven automated 
weaning machines may fi nd a place in our practice; 
however, evidence is emerging that addressing 
psycho logical issues in the patient is also an impor-
tant factor in shortening the weaning process.

Introduction

Weaning from mechanical ventilation can be one 
of the most challenging tasks for critical care spe-
cialists. It must be considered as two separate 
processes: the fi rst is liberation from mechanical 

ventilation, followed by the second phase, extuba-
tion or decannulation.

Is Weaning from Mechanical 
Ventilation a Real Problem?

Around 75% of patients who require invasive ven-
tilatory support can be liberated in less than 10 
days from initiation of weaning.1–3 However, in the 
remaining 25% weaning is a diffi cult, expensive4 
and time-consuming task, with 5–10% of patients 
still requiring ventilatory support at 30 days.5

Definition of Weaning Delay and 
Failure

A Department of Health report ‘Weaning and Long-
Term Ventilation’6 has provided workable defi ni-
tions for both weaning delay and failure. Weaning 
delay is the need for ventilatory support for more 
than 14 days in the absence of any non-respiratory 
factor preventing weaning, whereas weaning failure 
is defi ned as ventilator dependence for more than 
21 days. Although arbitrary, these defi nitions 
provide a framework for critical care specialists 
and it is useful to classify patients as simple (less 
than 14 days), diffi cult (14–21 days) and very dif-
fi cult (more than 21 days) to wean. Within these 
defi nitions, the NHS Modernisation agency identi-
fi ed the point prevalence of weaning delay and 
failure in the UK as 8% and 7%, respectively.6

18
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Pathophysiology of Weaning Failure

Adequate alveolar ventilation is essential to maintain 
carbon dioxide homeostasis and is determined by 
the difference between minute and dead space ven-
tilation. By focussing on factors that infl uence fre-
quency (f) and tidal volume (VT), the reasons for 
weaning failure can be better understood. Central 
drive, neuromuscular transmission, respiratory 
muscle action and respiratory system impedance are 
all important and impairment at one or more levels 
can result in weaning problems (Figure 18.1).

It is important not to consider respiratory muscle 
drive, load and capacity in isolation, since weaning 
failure is recognised as an imbalance between all 
three components (Figure 18.2). A structured 
approach should be applied in diffi cult-to-wean 

patients, identifying the clinical conditions impli-
cated in failure of drive and neurotransmission, 
reduced respiratory muscle performance and 
increased impedance (Figure 18.3).

Using this approach it is simple to highlight the 
pathophysiological processes in chronic obstructive 
airways disease (COPD) (Figure 18.4).

Although this framework for weaning failure is 
well established in physiological terms, advances 
in technology have enabled recent studies to 
examine the infl uence of pulmonary mechanics, 
respiratory muscle strength and fatigue on 
weaning outcome. Whilst studies have shown 
that COPD patients successfully weaning from 
mechanical ventilation have lower airways resis-
tance, intrinsic positive end-expiratory pressure 
(PEEPi) and elastic load at the end of a sponta-
neous breathing trial compared with those who 
fail, the elastic, resistive and threshold loads at the 
start of the trial are similar in both groups.7 Fur-
thermore, diaphragm strength is similar in 
patients who successfully wean compared with 
those who fail and there is, in fact, no evidence of 
diaphragm fatigue in the failure group at the end 
of a weaning trial.8 All these data suggest that 
deterioration in pulmonary mechanics during a 
trial of spontaneous ventilation is one of the most 
important determinants of weaning outcome.

Initiation of Weaning

Weaning should be considered as three distinct 
phases:

· Assessment of the readiness to wean
· Evaluation of the response to a reduction in ven-

tilatory support
· Extubation or decannulation

Furthermore, weaning should be considered to 
start at the point when a patient is changed from 
a controlled to a spontaneous mode of ventilation. 
Prolonged invasive mechanical ventilation is det-
rimental to outcome. There is not only an increased 
risk of nosocomial pneumonia, but also an 
increased incidence of persistent weaning failure 
and mortality, especially in patients with COPD.9–11 
Although the goal is to start weaning early, it is 
essential that attention is focused on diffi cult-to-wean 

FIGURE 18.1. Factors influencing alveolar ventilation.
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patients, such as those with COPD, chronic heart 
failure (CHF) and neuromuscular disease (NMD).12,13 
In these three groups 40–70% of the time spent on 

mechanical ventilation is during the weaning 
phase.13 However, this should not result in a nihil-
istic approach to COPD patients requiring invasive 

FIGURE 18.3. Causes of weaning failure: drive failure, transmission failure, action failure and high impedance Abbreviations: AEDs = anti-epileptic drugs; 
COPD = chronic obstructive airways disease; ET = endotracheal tube; OSA = obstructive sleep apnoea; ALI/ARDS = acute lung injury/acute respiratory 
distress syndrome; MND = motor neurone disease; GBS = Guillain–Barré syndrome; CINMA = critical illness neuromuscular abnormality; NMB = neu-
romuscular blocking agents.
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ventilatory support. Esteban et al.13 showed that 
the weaning time in COPD patients was similar to 
that of CHF patients and, furthermore, the duration 
of invasive mechanical ventilation is less than that 
of NMD patients.

Although the aim is to identify diffi cult-to-wean 
patients and start weaning early, premature weaning 
attempts can subject patients to a tenfold increase 
in work of breathing,7 which must be viewed as an 
adverse physiological event in the weaning process. 
Whilst a failed, planned extubation carries a sixfold 
increase in mortality,14,15 only 30% of unplanned 
extubations during weaning require re-intubation,15 
which could be interpreted as our overcautious 
approach to weaning and extubation.

Prediction of Successful Weaning

Table 18.1 shows the standard criteria for initiation 
of weaning. In the last 20 years, there have been 
over 20 published studies using the frequency/
tidal volume (f/VT) ratio as a predictor of weaning 
outcome in adult patients. In combination, these 
studies have recruited in excess of 1,700 patients. 
However, the results of these studies are confl ict-
ing. One of the original studies by Yang and Tobin16 
used a threshold f/VT ratio of ≤100 breaths/min/L 
(b/min/L). In this study, the negative predictive 
value was 0.95 with a positive predictive value of 
0.78, that is, the test predicted failure better than 
success. Review of all the studies reveals a variety 

of results with a range of f/VT ratio values. If only 
the studies that have used f/VT ratios between 
100–105 b/min/L are included, the ranges of nega-
tive and positive predictive values are from 0.19 to 
1.0 and from 0.60 to 0.94, respectively.

The reason for this wide variability is the failure 
to acknowledge the effect of pre-test probability; 
the interpretation of a test result depends on the 
pre-test probability of a disease.17 In essence, to 
have the most gain from a diagnostic test the pre-
test probability should be close to 50%, that is, 50% 
weaning success and 50% weaning failure. However, 
over half of the studies had weaning success rates 
of greater than 75%. For a weaning predictor to 
infl uence decision making it should be measured 
early in the course of weaning, when there is 50% 
pre-test probability, possibly at the point of change 
from a mandatory to spontaneous mode of ventila-
tion. This explains, in part, the fi ndings of the 
Weaning Task Force,18 who identifi ed 462 weaning 
predictors in 65 observational studies and evalu-
ated the ability of each variable to predict the 
outcome of a spontaneous breathing trial (SBT). 
The pooled likelihood ratios of the predictors were 
all found to have a low predictive power. The task 
force concluded that weaning predictors should be 
disregarded and the weaning process initiated with 
a trial of spontaneous breathing.

The Effect of Ventilatory Mode on 
Weaning

Following the landmark studies of Brochard et al.1 
and Esteban et al.,2 synchronised intermittent 
mandatory ventilation (SIMV) should be disre-
garded as a mode for effective weaning. The more 
diffi cult question to address is whether pressure 
support ventilation (PSV) or T-piece SBTs is the 
most favourable mode to successfully wean 
patients. The study of Brochard and colleagues1 
showed that PSV was better than T-piece SBTs, 
which was more effective that SIMV. However, 
Esteban et al.2 demonstrated that T-piece SBTs was 
superior to PSV, which showed equivalence with 
SIMV. The clinical implication from these trials is 
that it is possible to successfully wean patients 
using either PSV or T-piece SBTs, but it will depend 
on the local expertise of the unit as to the mode 

TABLE 18.1. General criteria for successful weaning

Neurological Patient awake and compliant
Minimal sedative agents required

Respiratory PaO/FiO2 ≥200 mmHg (FiO2 0.4)
f/VT ≤105 breath/min/L
PEEP ≤5 cmH2O
Adequate cough and minimal 
secretions

Cardiovascular Haemodynamically stable
Off vasopressors and ionotropes

Metabolic Apyrexial
Hb >8 g/dL (10 g/dL in IHD)
All electrolytes within normal range

Abbreviations: PaO2 = arterial partial pressure of oxygen; FiO2 = frac-
tion of inspired oxygen; f/VT = frequency to tidal volume ratio; PEEP 
= positive end-expiratory pressure; IHD = ischaemic heart disease and 
Hb = haemoglobin.
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of ventilation employed. Another interesting 
issue surrounds the duration of a SBT. Recent data 
have shown that 30-min SBTs are as effective as 
120-min trials in predicting outcome. However, 
this study involved all patients being considered 
for weaning and not just those for whom there 
were diffi culties with weaning.19 These data should 
therefore be interpreted with caution.

Weaning Protocols

This is another controversial issue. The study by 
Ely et al.,5 in common with most of the other 
weaning studies, compared daily screening and 
a weaning protocol with physician-led care. The 
outcome was that the mechanical ventilation 
time was reduced from 6 to 4 days in the inter-
vention group, but interestingly there was no dif-
ference in ICU or hospital stay. Furthermore, 
although it was emphasised that the cost for the 
ICU stay was less, there was no difference in the 
overall cost of treatment between the two groups. 
There was also a suggestion that more patients 
in the physician-led group received >21 days of 
mechanical ventilation, even though patients in 
this group passed a successful screening test 24 h 
earlier than the intervention group. This is dif-
fi cult to explain, but may be a consequence of the 
weaning mode used in the control group as 76% 
of these patients were weaned using SIMV, the 
least preferred mode of weaning from mechani-
cal ventilation.1,2 Therefore, the main results of 
this study were that a stepwise approach to 
weaning with a systematic evaluation of weaning 
predictors, followed by the assessment of the 
response to a single T-tube SBT is superior to 
physician-led care. In fact, close inspection of all 
of the six published studies assessing the effect 
of protocol-driven weaning shows that the studies 
are either fl awed in their methodology or that 
protocols do not improve weaning outcome.3,5,20–24 
Thus, whilst guidelines and protocols have many 
uses in the ICU, evidence for their role in weaning 
is limited. This is important for all critical care 
specialists as weaning should be regarded as a 
dynamic process that requires an in-depth under-
standing and application of physiological principles 
and not a process that can be dictated by an 
infl exible protocol.

The Role of Non-invasive Ventilation 
(NIV) Following Weaning and 
Extubation

There is no controversy surrounding this issue. It 
has been shown in three randomised controlled 
trials that NIV is an effective tool to facilitate extu-
bation in patients with chronic respiratory disease 
and persistent weaning failure.25–27 In particular, 
in diffi cult-to-wean patients with COPD, NIV has 
been shown to reduce the time of invasive ventila-
tion, shorten ICU and hospital stay, decrease the 
incidence of nosocomial pneumonia, reduce the 
need for tracheostomy and improve survival.25–27 
However, the results of these studies should be 
interpreted with caution as NIV is not applicable 
to unselected groups of weaning patients. This is 
highlighted by the recent study of Esteban et al.,28 
which demonstrated that NIV actually increased 
mortality in patients with post-extubation respi-
ratory distress. But, only 10% of patients in this 
study had COPD and most of the proven benefi t 
of NIV is in patients with COPD rather than 
hypoxaemic respiratory failure. Furthermore, in 
this study there was a delay in re-intubation time 
in the NIV group, which would have been expected 
to adversely affect outcome.

Cost and Clinical Effectiveness of 
Weaning Centres

Although in the UK there are few weaning centres, 
in North America weaning centres are increasing 
at an almost alarming rate, raising concern about 
staff training and quality of care. A signifi cant 
driver for this increase in weaning centres in the 
US is fi nancial. It has been estimated that there are 
over 11,000 ventilator-dependent patients in acute 
care facilities costing over $9 million a day.4 In the 
UK, a point prevalence survey has shown that the 
incidence of weaning delay and failure in the UK 
is 8% and 7%, respectively, and it has been esti-
mated that there could be a 50% cost-saving per 
patient day in managing a tracheostomised venti-
lator-dependent patient in a level 2 rather than a 
level 3 facility.6 In a 1-year study in the North of 
England by Robson et al29, these patients were 
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shown to occupy 1,000 bed days in level 3 facilities. 
If these patients occupied level 2 rather than level 
3 beds, a saving of £400,000 could be made.29 
Extrapolation of these data to the whole of England 
suggests a cost-saving in excess of £5 million per 
year.6 However, this calculation can be criticised 
as a conservative approximation as the estimated 
cost of level 2 occupancy was £400 per day and 
that of level 3 was £800 per day, which grossly 
underestimates the current cost of care. Although 
at fi rst glance this appears to be fi nancially attrac-
tive, in the UK, the majority of level 3 beds operate 
at an occupancy of more than 90% and a bed 
released in a level 3 facility by transferring a 
patient to level 2 will be refi lled promptly. There-
fore, for this system to be credible more critical 
care resources need to be made available to fund 
and staff both level 2 and level 3 facilities.

There are no randomised controlled trials com-
paring the outcome of ICUs and weaning centres. 
However, results from European and US case series 
suggest that patients whose primary problem is 
ventilator dependence can be managed in less 
intensive step-down units facilitating a focus on 
ventilatory care and rehabilitation with one 
weaning bed required for every 20 ICU beds.30 The 
most recent data are from a regional weaning 
centre in the UK.31 This study followed up all the 
neuromuscular and chest wall disease, post-surgi-
cal and COPD patients admitted over a 4-year 
period. The important message from this study 
was that of the 153 patients referred with weaning 
delay and failure, around a third were decannu-
lated and weaned completely from ventilatory 
support, a third required home ventilation and a 
third died before leaving hospital. Unfortunately, 
there were no data available for the total numbers 
referred. Survival was best in the neuromuscular 
patients, who were also the patients most likely to 
require home ventilation. Survival was worst in 
the post-surgical group, especially in patients with 
prolonged ICU stay prior to transfer.

Future Developments in Weaning

Automated weaning machines, using closed loop 
knowledge-based algorithms, aim to maintain a 
patient in the ‘comfort zone’ during the weaning 

process. This is achieved by the ventilator regu-
larly monitoring respiratory rate, tidal volume and 
end-tidal carbon dioxide and gradually reducing 
the pressure support to a minimum at which stage 
the machine will automatically perform a SBT and 
deliver a message to inform the bedside nurse 
when the SBT has been successfully passed. Such 
ventilators are now available in mainstream clini-
cal practice (Evita 4, Dräger, Lubeck, Germany), 
and data from preliminary studies show a benefi t.32 
In the study by Lellouche et al., the computer-
driven weaning arm, compared to the weaning 
guideline arm, had a reduction in weaning dura-
tion of 2 days and a decrease in total duration of 
mechanical ventilation of 4.5 days. However, the 
results of this study cannot be generalised to all 
patients as only 14% of eligible patients were ran-
domised and thus more research is required. Nev-
ertheless, since compliance with weaning protocols 
is frequently low,3,24,33 computer-driven weaning 
could be a useful adjunct, especially in the early 
phases of weaning. In contrast to these advances 
in technology, we must also focus on the less tech-
nical aspects of caring for patients weaning from 
ventilation and, in particular, to those patients 
with weaning delay and weaning failure. There is 
now an increasing literature about the psychologi-
cal factors and their infl uence on the weaning 
process. In a recent study by Wade et al.,34 self-
effi cacy (coping ability) and positive emotion was 
a predictor of a patient’s ability to wean, regardless 
of physiological parameters. It is therefore reason-
able to hypothesise that enhancing the ability of 
the nurses and medical staff to communicate and 
provide psychological support to patients weaning 
from mechanical ventilation could impact on 
patients with weaning delay and weaning failure.

In conclusion, weaning is a complex challeng-
ing task. Critical care specialists must continually 
assess the readiness of patients to wean from 
mechanical ventilation and carefully evaluate the 
response to a reduction in ventilatory support. 
All units should adopt a fl exible weaning practice 
with diffi cult-to-wean patients being identifi ed 
early to optimise all physiological parameters. If 
problems are anticipated with weaning in patients 
with chronic lung, chest wall or neuromuscular 
disease, then an early referral to a weaning unit 
is advised.
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131, 135, 157, 161

Nutrition, 2, 12, 35, 37, 56, 61, 69, 
93, 94, 149

support, 12, 69, 70

O
Oedema, 2, 3, 9, 11, 23, 31, 34, 37, 

42, 46, 73, 79, 81, 82, 91, 92, 
96, 100, 109, 110, 144

Oesophagectomy, 89, 93
Open lung biopsy, 12, 144
Opportunistic infection, 43, 44, 59
Oxygen consumption (VO2), 82, 

95–97, 121–124
Oxygen therapy, 21, 34–37, 113, 119, 

121, 155
Oxygen transport, 115
Oxygenation, 4–10, 12, 25, 54, 77, 

83, 84, 86, 97, 99, 100, 103, 
105–110, 113, 117, 118, 125, 
130, 139, 140, 147, 148

Oxyhaemoglobin, 114–116
dissociation curve, 116, 118

P
Paramagnetic oxygen sensor, 

121–123
Paravertebral block, 89, 91
Patient controlled analgesia (PCA), 

91
Pause time, 102, 103
Peak cough expiratory fl ow, 130, 

131
Peak expiratory fl ow rate (PEFR), 

19–23

Percutaneous dilational 
tracheostomy (PDT), 
149, 150, 153

Persisting air leak, 76, 77, 145
pH, 37–39, 54, 63, 81, 82, 96, 97, 110, 

113, 114, 116–119, 123, 140
Physiotherapy, 24, 37, 54, 56, 57, 92, 

97, 109, 110, 127–131, 144, 
149, 154

Pleural biopsy, 66
Pleural effusion, 56, 61–70, 94
Pleurodesis, 61, 66, 68, 69, 73, 75, 77
Pneumonia, 3, 21, 39, 42–44, 46, 47, 

51–59, 61–65, 67, 73, 76, 94, 
96, 97, 127, 129, 143, 144, 
147, 158, 161

Pneumothorax, 8, 12, 21, 22, 37, 38, 
45, 63, 65, 66, 68, 73, 77, 86, 
90, 94, 96, 97, 144, 145, 147, 
148, 152

Positive end-expiratory pressure 
(PEEP), 2, 4–7, 10, 12, 21, 24, 
30–33, 39, 54, 77, 90, 96, 101, 
104, 105, 107, 108, 110, 127, 
129, 146, 147, 150, 160

Positive pressure ventilation, 8, 20, 
24, 73, 76, 77, 95, 97, 99–101, 
129, 153, 154

Post operative complications, 
89, 92, 152, 153

Predicting success, 38, 160
Pressure control, 7, 101, 103–10, 130
Pressure-controlled inverse ratio 

ventilation (PC-IRV), 
7, 108, 110

Pressure regulated volume control 
(PRVC), 105, 106, 110, 130

Pressure support, 39, 95, 101, 
104–107, 109, 110, 129, 
160, 162

Prone position, 5, 6, 10
Prostacyclin, 10, 140
Protein, 9, 11, 13, 42, 53, 61–63, 96, 

114, 117, 118, 137, 138
Pulmonary angiography, 43, 65
Pulmonary embolus, 41, 63, 119
Pulmonary hypertension (PHT), 

2, 11, 34, 37, 119, 121, 125, 
138–140

Pulmonary rehabilitation, 35
Pulse oximetry, 20, 21, 113, 119, 151

R
Radiography, 34, 42, 51, 61, 65, 77
Ramp, 103, 104

Recruitment manoeuvre, 2, 6, 7, 
139, 147

Respiratory acidosis, 20, 37, 95, 
116, 117

Respiratory alkalosis, 20, 117
Respiratory frequency, 77, 102
Respiratory muscle action, 158
Respiratory stimulants, 36, 38, 

135, 137
Respiratory system impedance, 158
Resting energy expenditure (REE), 

121, 124
Right heart failure, 34
Risk factors, 20, 21, 24, 30, 31, 34, 

52–58, 73, 93, 94
Risk stratifi cation, 20, 93

S
Salbutamol, 10, 21–23, 36, 141
Seldinger drain, 68, 76, 150
Severity assessment, 53
Sildenafi l, 139, 140
Smoking, 2, 29–31, 34, 35, 53, 56, 

73, 92, 93
Spontaneous breathing trial (SBT), 

12, 104, 158, 160–162
Static hyperinfl ation, 30
Steroids, 2, 8, 9, 22, 23, 25, 32, 33, 

36, 38, 52, 54, 59, 81, 137, 
138, 144

Stridor, 80
Suction, 68–76, 90, 127–131, 

143–145, 147, 153, 154
Surfactant, 2, 9, 10
Surgery, 35, 37, 38, 47, 63, 69, 76, 77, 

86, 89–93, 95, 97, 138, 150
Surgical emphysema, 66, 77, 

144, 152
Surgical tracheostomy, 82, 149, 153
Synchronised intermittent 

mandatory ventilation 
(SIMV), 95, 106, 107, 160, 161

T
Temperature correction, 113, 119
Tension pneumothorax, 73, 74, 76, 

77, 152
Thoracic epidural, 89, 91
Thoracocentesis, 56, 61, 65–68, 74
Thoracoscopy, 45, 66, 69, 73, 75
Thymectomy, 89, 94
Tidal volume, 2, 4–8, 21, 31, 39, 46, 

73, 77, 91, 92, 195, 101, 
103–109, 127, 128, 130, 135, 
147, 158, 160, 162
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Tracheal intubation, 19, 24, 86
Tracheostomy, 13, 74, 81–83, 86, 92, 

95, 130, 131, 143, 144, 146, 
149–155, 161

Tracheostomy care, 149
Tracheostomy tube, 55, 86, 129, 145, 

149–155
Transbronchial biopsy, 41, 44, 55, 

74, 143, 144
Transudate, 61–63
Trauma, 2, 55, 63, 67, 73, 74, 76, 77, 

79, 80, 91, 92, 95, 97, 144, 
145, 149, 152, 153

Triggering, 104–106, 109

U
Ultrasound (US), 61, 65, 68, 

74–76, 150
Underlying lung disease, 73, 76, 77
Universal choking sign, 79

V
Ventilation /perfusion (V/Q) 

mismatch, 31, 34, 127, 139
Ventilator associated pneumonia 

(VAP), 3, 7, 8, 12, 51, 54–58, 
97, 127, 129, 143, 144, 147

Ventilator hyperinfl ation (VHI), 
3–8, 12, 99

Ventilator induced lung injury 
(VILI), 3, 97, 99

Vocal cords, 80, 82, 84, 154
Volume control, 101, 104–108, 

110, 130

W
Weaning, 12, 38, 39, 67, 68, 96, 106, 

107, 110, 130, 149, 157–163
centres, 157, 161, 162
delay, 157, 161, 162
failure, 157–162
protocols, 157, 161, 162

Wier equation, 124
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