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Foreword

The story behind this unique book started when one of the authors took up
a post in intensive care medicine in order to learn how to deal with sick
patients. It soon became apparent that almost everything learned in that post
was immediately applicable to the general wards, both medical and surgical,
and the Emergency Department. Sick patients are everywhere and it is a sad
fact that even though doctors in the acute specialities deal with sick patients
all the time, they often do not do it as well as they should. Awareness of acute
care is thankfully increasing and one of the reasons for this change is because
many people (the authors included) campaigned for acute care to be a core
component of training for all doctors.

This book has been written out of a passion to explain in simple terms
‘everything you really need to know but no one told you’ about the recogni-
tion and management of a sick adult. Unlike most medical books, this one
does not give you a list of things to do, nor does it bore you with small print.
This book helps you understand what you need to do and why. The second
edition has been extensively re-written and updated, with algorithms and
references in a clear, simple format. The authors are medical educators as well
as busy clinicians who envisage that this book will be used by teachers as well
as learners. I recommend it highly.

Alastair McGowan OBE FRCP (Ed) FRCP (Lond) FRCS (Ed) FRCA FCEM
Consultant, Emergency Medicine
Immediate Past President, Faculty of Accident and Emergency Medicine, UK



Introduction

‘... 1n the beginning of the malady it is easy to cure but difficult to detect, but in the
course of time, not having been either detected or treated ... it becomes easy to detect but
difficult to cure.” Niccolo Machiavelli, The Prince

This book is aimed at Foundation Programme trainees and for trainees in
medicine, surgery, anaesthesia and emergency medicine — people who deal
with acutely ill adults. Foundation Programme trainers, final year medical
students and nursing staff working in critical care areas will also find this
book extremely useful.

There are many books on the management of patients who are acutely ill,
but all have a traditional ‘recipe’ format. One looks up a diagnosis, and the
management is summarised. Few of us are trained how to deal with the generic
altered physiology that accompanies acute illness. The result is that many doc-
tors are unable to deal logically with patients in physiological decline and this
often leads to suboptimal care.

In surveys of junior doctors of all specialities, few can explain how different
oxygen masks work, the different reasons why PaCO, rises, what a fluid chal-
lenge is and how to treat organ failure effectively.

This book contains information you really need to know that is not found in
standard textbooks. Throughout the text there are ‘mini-tutorials’ that explain
the latest thinking or controversies. Case histories, key references and further
reading are included at the end of each chapter. The second edition has been
extensively re-written and updated. It is our aim that this book should provide
a foundation in learning how to care effectively for acutely ill adults.

Nicola Cooper, Kirsty Forrest and Paul Cramp
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Units used in this book

Standard international (SI) units are used throughout this book, with metric
units in brackets wherever these differ. Below are some reference ranges for
common blood results. Reference ranges vary from laboratory to laboratory.

Metric units X conversion factor = SI units.

Test Metric units Conversion Sl units
factor
Sodium 135-145meq/I 1 135-145 mmol/l
Potassium 3.5-5.0meq/I 1 3.5-5.0 mmol/l
Urea (blood urea nitrogen) 8-20 mg/d| 0.36 2.9-7.1mmol/l
Creatinine 0.6-1.2 mg/dl| 833 50-100 p.mol/I
Glucose 60-115mg/dl 0.06 3.3-6.3mmol/l
Partial pressure O, 83-108 mmHg 0.13 11-14.36 kPa
Partial pressure CO, 32-48 mmHg 0.13 4.26-6.38 kPa
Bicarbonate 22-28 meq/I 1 22-28 mmol/I
Calcium 8.5-10.5mg/dl 0.25 2.1-2.6 mmol/l
Chloride 98-107 megqy/! 1 98-107 mmol/I
Lactate 0.5-2.0 meq/I 1 0.5-2.0 mmol/I




CHAPTER 1
Patients at risk

By the end of this chapter you will be able to:

¢ Define resuscitation

¢ Understand the importance of the generic altered physiology that accompanies
acute illness

¢ Know about national and international developments in this area

¢ Know how to assess and manage an acutely ill patient using the ABCDE system

¢ Understand the benefits and limitations of intensive care

¢ Know how to communicate effectively with colleagues about acutely ill patients

¢ Have a context for the chapters that follow

What is resuscitation?

When we talk about ‘resuscitation” we often think of cardiopulmonary resus-
citation (CPR), which is a significant part of healthcare training. International
organisations govern resuscitation protocols. Yet survival to discharge after
in-hospital CPR is poor, around 6% if the rhythm is non-shockable (the
majority of cases). Public perception of CPR is informed by television which
has far better outcomes than in reality [1].

A great deal of attention is focused on saving life after cardiac arrest. But
the vast majority of in-hospital cardiac arrests are predictable. Until recently,
hardly any attention was focused on detecting commonplace reversible physio-
logical deterioration and in preventing cardiac arrest in the first place.
However, there have been an increasing number of articles published on this
subject. As a Lancet series on acute care observed, ‘the greatest opportunity to
improve outcomes for patients over the next quarter century will probably
not come from discovering new treatments but from learning how to deliver
existing effective therapies’ [2].

In one study, 84% of patients had documented observations of clinical deteri-
oration or new complaints within 8 h of cardiopulmonary arrest [3]; 70% had
either deterioration in respiratory or mental function observed during this
time. While there did not appear to be any single reproducible warning sign,
the average respiratory rate of the patients prior to arrest was 30/min. The
investigators observed that the predominantly respiratory and metabolic
derangements which preceded cardiac arrest (hypoxaemia, hypotension and
acidosis) were not rapidly fatal and that efforts to predict and prevent arrest
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would therefore be beneficial. Only 8% of patients survived to discharge after
CPR. A subsequent similar study observed that documented physiological
deterioration occurred within 6 h in 66% of patients with cardiac arrest, but
effective action was often not taken [4].

Researchers have commented that there appears to be a failure of systems to
recognise and effectively intervene when patients in hospital deteriorate. A
frequently quoted study is that by McQuillan et al., which looked at 100 con-
secutive emergency intensive care unit (ICU) admissions [5]. Two external
assessors found that only 20 cases were well managed beforehand. The
majority (54) received suboptimal care prior to admission to ICU and there
was disagreement over the remaining 26 cases. The patients were of a similar
case-mix and APACHE 2 scores (Acute Physiological and Chronic Health
Evaluation). In the suboptimal group, ICU admission was considered late in
69% cases and avoidable in up to 41%. The main causes of suboptimal care
were considered to be failure of organisation, lack of knowledge, failure to
appreciate the clinical urgency, lack of supervision and failure to seek advice.
Suboptimal care (failure to adequately manage the airway, oxygen therapy,
breathing and circulation) was equally likely on a surgical or medical ward,
and contributed to the subsequent mortality of one-third of patients. Hospital
mortality was significantly increased in the patients who had received subop-
timal care (56% vs 35%). The authors wrote: ‘this ... suggests a fundamental
problem of failure to appreciate that airway, breathing and circulation are the
prerequisites of life and that their dysfunction are the common denominators
of death’. Similar findings have been reported in other studies [6].

Following this, a number of other publications have showed that simple
physiological observations identify high-risk hospital in-patients [7,8] and
that implementing a system, whereby experienced staff are called when there
are seriously abnormal vital signs, improves outcome and utilisation of inten-
sive care resources [9-14].

Resuscitation is therefore not about CPR, but about recognising and etfect-
ively treating patients in physiological decline. This is an area of medicine that
has been neglected in terms of training, organisation and resources. Some
have begun to question the logic of a cardiac arrest team (when it is usually
too late) and have begun to look at ways of better managing acutely ill patients
in hospital.

Medical emergency teams

Medical emergency teams (METs) were developed in Australia and consist of
doctors and nurses trained in advanced resuscitation skills. The idea is that
seriously abnormal vital signs trigger an emergency call, rather than waiting
for cardiopulmonary arrest. Box 1.1 shows the original MET calling criteria.
In the UK, early warning scores have been developed to trigger emergency
calls (see Fig. 1.1), usually to the patient’s own team or the ICU outreach
team, which is often nurse led. Up to 30% patients admitted to ICUs in the
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Box 1.1 MET calling criteria
Airway
If threatened
Breathing
All respiratory arrests
Respiratory rate <5/min or >36/min
Circulation
All cardiac arrests
Pulse rate <40/min or >140/min
Systolic blood pressure <90 mmHg
Neurology
Sudden fall in level of consciousness
Repeated or extended seizures
Other
Any patient you are seriously worried about that does not fit the above
criteria
Reproduced with permission by Prof. Ken Hillman, University of New South Wales,
Division of Critical Care, Liverpool Hospital, Sydney, Australia.
Score 3 2 1 0 1 2 3
Heart rate <40 41-50 51-100 | 101-110 | 111-130 | >130
Systolic BP <70 71-80 81-100 101-179 | 180-199 | 200-220 | >220
Respiratory rate <8 8—11 12-20 21-25 26-30 [>30
Conscious level New A \ P U
confusion
Urine (ml/4 h) <80 80-120 120-200 >800
O, saturations | <85% | 86-89% | 90-94% | >95%
O, therapy NIVor | >101RB | Any O,
CPAP | or >60% | therapy

Figure 1.1 An example of a modified early warning score (MEWS). Each observation

has a score: If the total score is 4 or more (the cut-off varies between institutions),

a doctor is called to assess the patient. If the score is 6 or more, or the patient fails
to improve after previous review, a senior doctor is called to assess the patient.

BP: blood pressure; NIV: non-invasive ventilation; CPAP: non-invasive continuous

positive airway pressure; RB: reservoir bag; A: alert; V: responds to verbal
commands; P: responds to painful stimuli and U: unresponsive.
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GCS temp creat MAP pH WBC resp oxygen pulse
Figure 1.2 Percentage of patients with abnormal physiology in the 24 h preceding
ICU admission. GCS: Glasgow Coma Score; temp: temperature; creat: creatinine;
MAP: mean arterial blood pressure; WBC: white blood cells; resp: respiratory rate;
oxygen: oxygen saturations and pulse: pulse rate. Reproduced with permission from
Theta Press LTD. Goldhill D. Medical Emergency Teams. Care of the Critically Il 2000;
16(6): 209-212.

UK have had a cardiac or respiratory arrest in the preceding 24 h. Most of
these are already hospital in-patients. Halt die immediately and mortality
for the rest on ICU is at least 70%. The purpose of an MET instead of a
cardiac arrest team is simple — early action saves lives. As one of the pioneers
of resuscitation commented, ‘the most sophisticated intensive care often
becomes unnecessarily expensive terminal care when the pre-ICU system
fails” [15].

Early experience in the UK suggests that an MET instead of a cardiac arrest
team reduces ICU mortality and the number of cardiac arrests, partly through
an increase in ‘do not attempt CPR’ orders [9]. Most patients admitted to ICU
have obvious physiological derangements that have been observed by ward
staff (see Fig. 1.2), but they may not know who to call, or the doctors they call
may be inexperienced in dealing with critical illness.

In 1999, the publication in the UK of the Audit Commission’s Critical to
Success — The Place of Efficient and Effective Critical Care Services Within the Acute
Hospital [16] re-emphasised the concept of the patient at risk — patients at risk
of their condition deteriorating into a need for critical care. The report advo-
cated better training of medical and nursing staff, early warning scoring sys-
tems and ‘outreach’ critical care. The Commission commented that intensive
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Level O Patients whose needs can be met through normal ward care in an acute
hospital

Level 1 Patients at risk of their condition deteriorating, or those recently relocated
from higher levels of care, whose needs can be met on an acute ward with
additional advice and support from the critical care team

Level 2 Patients requiring more detailed observation or intervention including
support for a single failing organ system or post-operative care and those
‘stepping down’ from higher levels of care

Level 3 Patients requiring advanced respiratory support alone or basic respiratory
support together with support of at least two organ systems. This level
includes all complex patients requiring support for multi-organ failure

Figure 1.3 UK severity of illness classification. Level 2 is equivalent to HDU care and
level 3 is equivalent to ICU care. Comprehensive Critical Care, Department of Health,
UK, May 2000. Reproduced with permission from the Department of Health.

care is something that tends to happen within four walls, but that patients
should not be defined by what bed they occupy, but by their severity of illness
(see Fig. 1.3).

Following this, Comprehensive Critical Care — A Review of Adult Critical Care
Services [17] was published by the Department of Health. This report re-iterated
the idea that patients should be classified according to their severity of illness
and the necessary resources mobilised. With this report came funding for crit-
ical care outreach teams and an expansion in critical care beds. In the USA
and parts of Europe, there is considerable provision of high-dependency units
(HDUs). In most UK hospitals, it is recognised that there are not enough HDU-
type facilities. A needs assessment survey in Wales, using objective criteria for
HDU and ICU admission, found that 56% of these patients were being cared
for on general wards rather than in critical care areas [18]. A 1-month needs
assessment in Newcastle, UK found that 26% of the unselected emergency
patients admitted to a medical admissions unit required a higher level of care;
17% needed level 1 care, 9% needed level 2 care and 0.5% needed level 3 care
[19]. This would indicate the need for far more level 1-2 facilities in the UK
than at present.

Although there are many different variations of early warning scores in use, it
is probably the recognition of abnormal physiology, however measured, and a
protocol that requires inexperienced staff to call for help that makes a difference,
rather than the score itself. Patients at particular risk are recent emergency
admissions, after major surgery and following discharge from intensive care.

The MERIT study

Although small studies in the UK, usually using historical controls, have
shown improvements in outcome following the introduction of early warn-
ing scores and protocols, only one large-scale randomised controlled trial has
been completed to date [20]. The Medical Early Response Intervention and
Therapy (MERIT) study randomised 23 hospitals in Australia to either continue
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functioning as usual or to introduce a MET system, which included staff edu-

cation, the introduction of MET calling criteria, raising awareness of the dangers

of abnormal vital signs and the immediate availability of a MET. Introducing

a MET system increased the number of emergency calls but did not appear to

affect outcome. However, there may be a number of reasons why this negative

result was reported:

e Cardiac arrest teams operated as a MET to some extent in the control hos-
pitals, with half the calls to cardiac arrest teams in the control hospitals made
without a cardiac arrest (compared with 80% in the MET system hospitals).
This is in contrast to most UK hospitals where cardiac arrest teams are only
called for suspected cardiac arrests.

¢ The rate of MET calls preceding unplanned ICU admission and unexpected
deaths was low even when MET calling criteria were present, suggesting that
the system was not fully implemented.

e Direct calls to ICU for assistance were not recorded.

¢ A reduction in cardiac arrests and unexpected deaths was seen in both the
groups, possibly because the MET system was publicised in the Australian
media during the study.

The investigators point out that similar complex interventions such as the intro-

duction of trauma teams have taken up to 10 years before any effect on mor-

tality has been detected, and we cannot ignore all the previous studies which
have shown that a MET-type system reduces the incidence of unplanned ICU
admissions, cardiopulmonary arrests and hospital mortality, albeit using his-

torical controls. Given that there is overwhelming evidence that seriously ill

patients receive inadequate care worldwide, and given that simple measures

can reverse physiological decline if administered early, it would be difficult to
ignore what is intuitively a ‘good idea’.

NCEPOD report: an acute problem?

In 2005, the National Confidential Enquiry into Patient Outcome and Death
(NCEPOD) published a report looking at the care of severely ill medical patients
across UK hospitals [21]. The foreword to this report commented on the
changes to working hours and postgraduate medical education that have taken
place, leading to less experienced and overstretched junior doctors managing
an increasingly complex in-patient load. This enquiry looked at medical
patients referred to general ICUs across 226 hospitals (1677 patients). The
median age of these patients was 60 years, but the mode was 70-80 years; 43 %
of patients were referred directly from accident and emergency departments
and 34% from general wards. The most common indication was a respiratory
problem, followed by cardiovascular, then neurological. The patients had a
wide range of early warning scores, from 0 to 12 (mode 5). In 10% of cases
the pre-ICU history and examination was deemed by external assessors to be
unacceptable or incomplete. Only 58% of patients received both prompt and
appropriate care. Inappropriately low oxygen concentrations and delayed fluid
administration were common examples of suboptimal care. Record-keeping
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was poor, there was a lack of clear instructions given to nursing staff and vital
signs were often inadequately recorded; 66% of patients had ‘gross’ physiological
instability for at least 12 h before referral to ICU. Consultant physicians had no
knowledge or input into 57% of referrals. CPR status was documented in only
10% of critically ill patients. The report re-iterates the themes of failure to seek
advice, lack of supervision, failure to document vital signs and failure to appre-
ciate the clinical urgency of seriously abnormal physiology.

ABCDE: an overview

History, examination, differential diagnosis and treatment will not immedi-
ately help someone who is critically ill. Diagnosis is irrelevant when the things
that kill first are literally A (airway compromise), B (breathing problems) and
C (circulation problems) —in that order. What the patient needs is resuscitation
not deliberation. Patients can be alert and ‘look” well from the end of the bed,
but the clue is often in objective vital signs. Box 1.2 summarises the physio-
logical and biochemical markers of severe illness. A common theme in studies
is the inability of hospital staff to recognise when a patient is at risk of deteri-
oration, even when these abnormalities are documented.

The most common abnormalities before cardiac arrest are hypoxaemia with
an increased respiratory rate and hypotension leading to hypoperfusion with
an accompanying metabolic acidosis and tissue hypoxia. If this is left untreated,
a downward physiological spiral ensues. With time, these abnormalities may
become resistant to treatment with fluids and drugs. Therefore early action is
vital. The following chapters teach the theory behind ABCD in detail. Practical
courses also exist which use scenario-based teaching on how to manage
patients at risk (see Further resources). These are recommended because the
ABC approach described below requires practical skills (e.g. assessment and
management of the airway) which cannot be learned adequately from a book.

Box 1.2 Markers of severe illness

Physiological

Signs of massive sympathetic activation (e.g. tachycardia, hypertension,
pale, shutdown)

Signs of systemic inflammation (see Chapter 6)

Signs of organ hypoperfusion (see Chapter 5)

Biochemical

Metabolic (lactic) acidosis
High or low white cell count
Low platelets

High creatinine

High C-reactive protein (CRP)
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ABCDE is the initial approach to any patient who is acutely ill:

: assess airway and treat if needed.

: assess breathing and treat if needed.

: assess circulation and treat if needed.

: assess disability and treat if needed.

: expose and examine patient fully once A, B, C and D are stable. Further
information gathering and tests can be done at this stage.

e Do not move on without treating an abnormality. For example, there is no
point in doing arterial blood gases on a patient with an airway obstruction.

A more detailed version of the ABCDE system is shown in Box 1.3.

Patients with serious abnormal vital signs are an emergency. The management
of such patients requires pro-activity, a sense of urgency and the continuous pres-
ence of the attending doctor. For example, if a patient is hypotensive and hypox-
aemic from pneumonia, it is not acceptable for oxygen, fluids and antibiotics
simply to be prescribed. The oxygen concentration may need to be changed sev-
eral times before the PaO, is acceptable. More than one fluid challenge may be
required to get an acceptable blood pressure — and even then, vasopressors may
be needed if the patient remains hypotensive due to severe sepsis. Intravenous
antibiotics need to be given immediately. ICU and CPR decisions need to be made
at this time — not later. The emphasis is on both rapid and effective intervention.

Integral to the management of the acutely ill patient is the administration
of effective analgesia. This is extremely important to the patient but also has a
range of physiological benefits and is discussed further in Chapter 10.

°

Special considerations in the elderly

The proportion of older people is growing, especially the very old (over

85 years); 80% of people over 80 years function well and relatively inde-

pendently. Only 1 in 20 elderly people live in institutions [22]. Since many

acutely ill patients in hospital are elderly, it is important that healthcare staff
understand that there are important differences in the physiology of elderly
people. This in turn means that the interpretation of vital signs and the man-
agement of acute illness may be different.

The following are important physiological differences in the elderly:

¢ Reduced homeostatic reserve. Ageing is associated with a decline in organ
function with a reduced ability to compensate. The following are reduced:
normal PaO,, cerebral blood flow, maximum heart rate and cardiac reserve,
maximum oxygen consumption, renal blood flow, maximum urinary con-
centration, sodium and water homeostasis.

e Impaired immunity. Elderly patients commonly do not have a fever or raised
white cell count in sepsis. Hypothermia may occur instead. A rigid abdomen
is uncommon in the elderly with an ‘acute abdomen’ - they are likely to
have a soft, but generally tender abdomen despite perforation, ischaemia or
peritonitis.

¢ Different pharmacokinetics and pharmacodynamics. Iatrogenic disease is
more common in the elderly.
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Box 1.3 The ABCDE system

Airway

Examine for signs of upper airway obstruction

If necessary, do a head tilt-chin lift manoeuvre

Suction (only what you can see)

Simple airway adjuncts may be needed

Give high-concentration oxygen (see Chapter 2 for more details)

Breathing

Look at the chest

Assess rate, depth and symmetry of movement

Measure SpO,

Quickly listen with a stethoscope (for air entry, wheeze and crackles)

You may need to use a bag and mask if the patient has inadequate
ventilation

Treat wheeze, pneumothorax, fluid, collapse, infection, etc. (Is a

physiotherapist needed?)

Circulation

Assess limb temperature, capillary refill time, blood pressure, pulse and
urine output

Insert a large bore cannula and send blood for tests

Give a fluid challenge if needed (see Chapter 5 for more details)

Disability

Make a note of the AVPU scale (alert, responds to voice, responds to
pain, unresponsive)

Check pupil size and reactivity

Measure capillary glucose

Examination and planning

Are ABCD stable? If not, go back to the top and call for help

Complete any relevant examination (e.g. heart sounds, abdomen, full
neurological exam)

Treat pain

Gather information from notes, charts and eyewitnesses

Do tests (e.g. arterial blood gases, X-rays, ECG, etc.)

Do not move an unstable patient without the right monitoring
equipment and staff

Make ICU and CPR decisions

You should have called a senior colleague by now, if you have not done
so already
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e Common acute illnesses present atypically (e.g. with confusion or falls).

¢ Quiescent diseases are exacerbated by acute illness (e.g. heart failure may occur
in pneumonia, old neurological signs may become pronounced in sepsis).

¢ Some clinical findings are not necessarily pathological in the elderly, (e.g. neck
stiffness, a positive urine dipstick (in women), a few bilateral basal crackles
in the lungs and reduced skin turgor).

Despite physiological differences, dysfunction in the elderly is always associ-

ated with disease, not ageing. But their impaired homeostatic reserve means

that intervention is required earlier if it is to be successful. This is an import-

ant difference compared with young adults. Clinical decision-making should

be made on an individual basis and never on the grounds of age alone. However,

one has to balance the right to high-quality care without age discrimination with

the wisdom to avoid aggressive but ultimately futile interventions. Involving

a geriatrician in difficult decision-making is often helpful.

The benefits and limitations of intensive care

Physiological derangement and the need for admission to ICU are not the
same. It would not be in the best interests of all patients to be admitted to an
ICU. Instead optimising ward care or even palliative care may be required. This
decision is based on evidence about prognosis, clinical experience (e.g. recog-
nising when someone is dying) and takes in to account any expressed wishes
of the patient. Intensive (level 3) care supports failing organ systems when
there is potentially reversible disease. It is appropriate for patients requiring
advanced respiratory support alone or support of at least two failing organ sys-
tems. High-dependency (level 2) care is appropriate for patients requiring
detailed observation or intervention for a single failing organ system.

For the majority of healthcare workers who have never worked in an ICU, the
benetfits and limitations of what is available may be poorly understood. Patients
with acute reversible disease benefit most from intensive care if they are admit-
ted sooner rather than later. Waiting for someone to become even more seri-
ously ill before contacting the ICU team does not make physiological sense and
is not evidence-based. On the other hand, admission to ICU does not guarantee
a successful outcome. Some patients may be so ill that they are unlikely to
recover at all, even with intensive organ support. The overall mortality of
patients admitted to ICU is around 25%. All potential admissions should there-
fore be assessed by an experienced doctor. Patients who are not admitted to
intensive care should have a clear plan and their ward care optimised.

Communication and the critically ill

Healthcare is a high-risk industry. It has been estimated that the risk of dying
due to an adverse event is nearly 1 in 100 for hospital in-patients [23]. In
recent years ‘patient safety’ has become high profile, as medicine has started
to learn from other industries such as nuclear power and aviation. Since
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healthcare is complex, there are many facets to patient safety. One important
facet is known as ‘human factors” — how people interact with each other and
technology. Attitudes, good communication, teamwork and situation aware-
ness are as important in managing an acutely ill patient as a good medical
management plan, and unfortunately this is something that most of us have
not been trained in. This is discussed in more detail in our companion book
Essential Guide to Generic Skills [24].

A new doctor once asked his senior how to treat a patient who had had too
much beta blocker. The senior was half listening, writing in some notes.
Another senior was nearby and asked, ‘What do you mean? — What is the
pulse and blood pressure?” The new doctor replied, ‘Pulse 30, blood pressure
unrecordable’. Both seniors dashed to the patient’s bedside. Good communi-
cation is important. Below is a simple system to follow when communicating
about a seriously ill patient with colleagues, particularly over the phone.

Use the following structure:

1 State where you are and your request (e.g. ‘Can you come to ...").
2 Give a brief history (e.g. ‘New admission with asthma’).
3 Describe the vital signs (conscious level, pulse, blood pressure, respiratory
rate, oxygen therapy and saturations, and urine output if relevant).
Further details can follow if needed. Summarising the vital signs is the only
way to give the listener a sense of how urgent the situation is. Your colleague
may have heard all he needs to know and be on his way. Or he may want to
go through some more details and test results first. Either way, it is important
to communicate clearly what help is required, particularly if you want your
colleague to come and see the patient. The senior resident doctor (usually the
Specialist Registrar in the UK) should always be informed about any seriously
ill patient, whether or not his expertise is required.

The following chapters describe the theory behind the assessment and man-
agement of acutely ill adults. They are intended as a foundation on which
experience and practical training can be built. Understanding and practising

Key points: patients at risk

® Resuscitation is about recognising and effectively intervening when patients
have seriously abnormal vital signs.

® There is a wealth of research to show that our current systems fail when
hospital in-patients deteriorate.

® Early effective intervention can improve outcome and utilisation of intensive
care resources.

® Physiological derangement and the need for admission to ICU is not the same
thing. All patients should be assessed by an experienced senior doctor.

® In order to communicate clearly to colleagues about acutely ill patients, use a
simple system: what you want, brief history and a summary of the vital signs.

e Always inform the senior resident doctor about a seriously ill patient.
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the basics well is the essence of good acute care, which can even be summed
up as ‘the right oxygen, the right fluid and the right help at the right time’. We
hope that by the end of this book, you will have a better idea of what this
means and have a better understanding of the significance of common clinical
findings. These simple things can make a big difference to your patients.
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Further resources

ALERT (Acute Life-threatening Events Recognition and Treatment) is a generic, multi-
professional acute care course developed by the School of Postgraduate Medicine,
University of Portsmouth, UK. http://web.port.ac.uk/alert/intro.htm

IMPACT courses (Ill Medical Patients Acute Care and Treatment) are run by the Royal
College of Physicians and Surgeons of Glasgow. www.rcpsglasg.ac.uk/education/
pallevents.asp

CCrISP courses (Care of the Critically Ill Surgical Patient) are run by the Royal
College of Surgeons of England and Edinburgh. www.rcseng.ac.uk/courses (under
basic surgical training)

ALS (Advanced Life Support) and ILS (Intermediate Life Support) courses are run
by the Resuscitation Council, UK. These centre on the management of cardiac arrest
and peri-arrest scenarios. www.resus.org.uk

ATLS courses (Advanced Trauma and Life Support) are run by the Royal College of
Surgeons of England and Edinburgh and focus on trauma care. www.rcseng.ac.uk/
courses (under basic surgical training)

The National Patient Safety Agency (UK) — www.npsa.nhs.uk

Contact your local Trust or Deanery (department for postgraduate medical education)
for courses on teamwork and communication skills.
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Oxygen therapy

By the end of this chapter you will be able to:

¢ Prescribe oxygen therapy

¢ Understand the different devices used to deliver oxygen
¢ Understand the reasons why PaCO, rises

¢ Know the limitations of pulse oximetry

¢ Understand the principle of oxygen delivery

e Apply this to your clinical practice

Myths about oxygen

Oxygen was described by Joseph Priestley in 1777 and has become one of the
most commonly used drugs in medical practice. Yet oxygen therapy is often
described inaccurately, prescribed variably and understood little. In 2000 we
carried out two surveys of oxygen therapy. The first looked at oxygen pre-
scriptions for post-operative patients in a large district general hospital in the
UK. It found that there were several dozen ways used to prescribe oxygen and
that the prescriptions were rarely followed. The second asked 50 qualified
medical and nursing staff working in acute areas about oxygen masks and the
concentration of oxygen delivered by each [1]. They were also asked which
mask was most appropriate for a range of clinical situations. The answers
revealed that many staff could not name the different types of oxygen mask,
the difference between oxygen flow and concentration was poorly under-
stood, one third chose a 28% Venturi mask for an unwell asthmatic and very
few staff understood that PaCO, rises most commonly due to reasons that
have nothing to do with oxygen therapy.

Misunderstanding of oxygen therapy is widespread and the result is that
many patients are treated suboptimally. Yet oxygen is a drug with a correct
concentration and side effects.

Hypoxaemia and hypoxia

Hypoxaemia is defined as the reduction below normal levels of oxygen in
arterial blood — a PaO, of less than 8.0 kPa (60 mmHg) or oxygen saturations
less than 93%. The normal range for arterial blood oxygen is 11-14 kPa
(85-105 mmHg) which reduces in old age. Hypoxia is the reduction below
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normal levels of oxygen in the tissues and leads to organ damage. Cyanosis is
an unreliable indicator of hypoxaemia, since its presence also depends on the
haemoglobin concentration.
The main causes of hypoxaemia are as follows:
e Hypoventilation
¢ Ventilation—perfusion (V/Q) mismatch
e Intrapulmonary shunt.
These are discussed further in Chapter 4. Tissue hypoxia can also be caused by
circulation abnormalities and impaired oxygen utilisation, for example in
severe sepsis (discussed further in Chapter 6).
Symptoms and signs of hypoxaemia include:
e Cyanosis
¢ Restlessness
¢ Palpitations
e Sweating
e Confusion
e Headache
e Hypertension then hypotension
e Reduced conscious level.
The goal of oxygen therapy is to correct alveolar and tissue hypoxia, aiming for
a PaO, of at least 8.0kPa (60 mmHg) or oxygen saturations of at least 93%.
Aiming for oxygen saturations of 100% is usually unnecessary and wasteful.

Oxygen therapy

There are very few published guidelines on oxygen therapy for acutely ill
patients. The American Association for Respiratory Care has published the
following indications for oxygen therapy [2]:
e Hypoxaemia (PaO, less than 8.0 kPa/60 mmHg, or saturations less than 93 %)
¢ An acute situation where hypoxaemia is suspected
e Severe trauma
¢ Acute myocardial infarction
e During surgery.
However, oxygen therapy is also indicated in the peri-operative period, for
respiratory distress, shock, severe sepsis, carbon monoxide (CO) poisoning,
severe anaemia and when drugs are used which reduce ventilation (e.g. opi-
oids). Post-operative oxygen therapy reduces cardiac ischaemic events, and
high-concentration oxygen therapy has been shown to reduce post-operative
nausea and vomiting in certain patients and wound infections after colorectal
surgery.

Oxygen masks are divided into two groups, depending on whether they
deliver a proportion of, or the entire ventilatory requirement (Fig. 2.1):
1 Low flow masks: Nasal cannulae, Hudson (or MC) masks and reservoir bag

masks.
2 High flow masks: Venturi masks.
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Figure 2.1 Different oxygen masks. (a) Nasal cannulae, (b) Hudson or MC mask,
(c) Mask with a reservoir bag and (d) Venturi mask. Reproduced with permission
from Intersurgical Complete Respiratory Systems, Wokingham, Berkshire.

Any oxygen delivery system can also be humidified. In common use in the
UK is a humidified oxygen circuit which uses an adjustable Venturi valve.

Nasal cannulae

Nasal cannulae are commonly used because they are convenient and comfort-
able. Nasal catheters (a single tube inserted into a nostril with a sponge) are
also sometimes used. The oxygen flow rate does not usually exceed 41/min
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Oxygen flow | Inspired oxygen
rate (I/min) concentration (%)
1 24
2 28
3 32
4 36 Figure 2.2 Theoretical oxygen
concentrations for nasal cannulae.

because this tends to be poorly tolerated by patients. If you look closely at the
packaging of nasal cannulae, you will read that 21/min of oxygen via nasal
cannulae delivers 28% oxygen. This statement makes many assumptions
about the patient’s pulmonary physiology. In fact, the concentration of oxygen
delivered by nasal cannulae is variable both between patients and in the same
patient at different times. The concentration is atfected by factors such as the
size of the anatomical reservoir and the peak inspiratory flow rate.

If you take a deep breath in, you will inhale approximately 11 of air in a
second. This is equivalent to an inspiratory flow rate of 60 1/min. The inspira-
tory flow rate varies throughout the respiratory cycle, hence there is also a
peak inspiratory flow rate. Normal peak inspiratory flow rate is 40—-60 l/min.
But imagine for a moment that the inspiratory flow rate is constant. If a per-
son has an inspiratory flow rate of 301/min and is given 21/min oxygen via
nasal cannulae, he will inhale 21/min of pure oxygen and 281/min of air. If
that same person changes his pattern of breathing so that the inspiratory flow
rate rises to 601/min, the person will now inhale 21/min of pure oxygen and
58 1/min of air. In other words, a person with a higher inspiratory flow rate
inhales proportionately less oxygen, and a person with a lower inspiratory
flow rate inhales proportionately more oxygen. All low flow masks have this
characteristic and therefore deliver a variable concentration of oxygen.

The theoretical oxygen concentrations for nasal cannulae at various flow
rates are given in Fig. 2.2. These concentrations are a rough guide and apply to
an average, healthy person. But because nasal cannulae in fact deliver a vari-
able concentration of oxygen, there are several case reports on the ‘dangers of
low flow oxygen’ during exacerbations of chronic obstructive pulmonary
disease (COPD) [3] where low inspiratory flow rates can occur (and therefore
higher oxygen concentrations).

Hudson or MC masks

Hudson or MC (named after Mary Catterall but also referred to as ‘medium
concentration’) masks are also sometimes called ‘simple face masks’. They are
said to deliver around 50% oxygen when set to 10-151/min. The mask
provides an additional 100-200 ml oxygen reservoir and that is why a higher
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concentration of oxygen is delivered compared with nasal cannulae. However,
just like nasal cannulae, the concentration of oxygen delivered varies depend-
ing on the peak inspiratory flow rate as well as the fit of the mask. Importantly
(and usually not known), significant rebreathing of CO, can occur if the
oxygen flow rate is set to less than 51/min because exhaled air may not be
adequately flushed from the mask. Nasal cannulae should be used if less than
5 1/min of low flow oxygen is required.

Reservoir bag masks

Reservoir bag masks are similar in design to Hudson masks, with the addition
of a 600-1000-ml reservoir bag which increases the oxygen concentration
still further. Reservoir bag masks are said to deliver around 80% oxygen at
10-15 I/min, but again this varies depending on the peak inspiratory flow rate
as well as the fit of the mask. There are two types of reservoir bag mask: partial
rebreathe masks and non-rebreathe masks. Partial rebreathe masks conserve oxy-
gen supplies — useful if travelling with a cylinder. The first one-third of the
patient’s exhaled gas fills the reservoir bag, but as this is primarily from the
anatomical deadspace, it contains little CO,. The patient then inspires a mix-
ture of exhaled gas and fresh gas (mainly oxygen). Non-rebreathe masks are
so called because exhaled air exits the side of the mask through one-way
valves and is prevented from entering the reservoir bag by another one-way
valve. The patient therefore only inspires fresh gas (mainly oxygen). With both
types of reservoir bag masks, the reservoir should be filled with oxygen before
the mask is placed on the patient and the bag should not deflate by more than
two-thirds with each breath in order to be effective. If the oxygen flow rate
and oxygen reservoir are insufficient to meet the inspiratory demands of a
patient with a particularly high inspiratory flow rate, the bag may collapse and
the patient’s oxygenation could be compromised. To prevent this, reservoir bag
masks must be used with a minimum of 101/min of oxygen, and some are fit-
ted with a spring-loaded tension valve which will open and allow entrainment
of room air if necessary.

It is impossible for a patient to receive 100% oxygen via any mask for the
simple reason that there is no airtight seal between mask and patient. Entrained
air is always inspired as well.

Nasal cannulae, Hudson or MC masks, and reservoir bag masks all deliver a
variable concentration of oxygen. They are all called low flow masks because
the highest gas flow from the mask is 15 1/min, whereas a patient’s inspiratory
flow rate can be much higher. It is important to realise that low flow does not
necessarily mean low concentration.

Venturi masks

Venturi masks, on the other hand, are high flow masks. The Venturi valve
utilises the Bernoulli principle and has the effect of increasing the gas flow to
above the patient’s peak inspiratory flow rate (which is why these masks
make more noise). A changing inspiratory pattern does not affect the oxygen
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concentration delivered, because the gas flow is high enough to meet the
patient’s peak inspiratory demands.

Bernoulli observed that fluid velocity increases at a constriction. This is what
happens when you put your thumb over the end of a garden hose. If you were
to look down a Venturi valve, you would observe a small hole. Oxygen is
forced through this short constriction and the sudden subsequent increase in
area creates a pressure gradient which increases velocity and entrains room air
(see Fig. 2.3). At the patient’s face there is a constant air-oxygen mixture
which flows at a rate higher than the normal peak inspiratory flow rate. So
changes in the pattern of breathing do not affect the oxygen concentration.
There are two types of Venturi systems: colour-coded valve masks and a vari-
able model. With colour-coded valve masks (labelled 24%, 28%, 35%, 40%
and 60%), each is designed to deliver a fixed percentage of oxygen when set
to the appropriate flow rate. To change the oxygen concentration, both the
valve and flow have to be changed. The size of the orifice and the oxygen flow
rate are different for each type of valve, because they have been calculated
accordingly. The variable model is most commonly encountered in the UK
with humidified oxygen circuits. The orifice is adjustable and the oxygen flow
rate is set depending on what oxygen concentration is desired.

Oxygen + air
Total gas flow around 40—60 I/min

»
P,
\\ ,
/" ’
Oxygen Around 10 I/min entrained
4-61/min air for every I/min oxygen

Figure 2.3 A 28% Venturi mask. Bernoulli’s equation for incompressible flow states
that 1/2pv? + P = constant (where p is density) so if the pressure (P) of a gas falls, it
gains velocity (v). When gas moves through the Venturi valve there is a sudden drop
due to the increase in area. The velocity or flow of gas increases according to the
above equation and entrains air as a result.
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Venturi masks are the first choice in patients who require controlled oxy-
gen therapy. The concentration of inspired oxygen is determined by the mask
rather than the characteristics of the patient. Increasing the oxygen flow rate
will increase total gas flow, but not the inspired oxygen concentration.
However, with inspired oxygen concentrations of over 40%, the Venturi sys-
tem may still not have enough total flow to meet high inspiratory demands.
Fig. 2.4 shows the flow rates for various Venturi masks and Fig. 2.5 shows the
effect of lower total flow rates in patients with high inspiratory demands.

Venturi valve colour | Inspired oxygen Oxygen flow | Total gas flow
concentration (%) | (I/min) (/min)

Blue 24 2-4 51-102
White 28 4-6 44-67
Yellow 35 8-10 45-65

Red 40 10-12 41-50
Green 60 12-15 24-30
Humidified circuit 85 12-15 15-20

Figure 2.4 Venturi mask flow rates. Data provided by Intersurgical Complete
Respiratory Systems, Wokingham, Berkshire.

Total gas flow (I/min)

I 1
2.5 3.5 4.5

Time (s)

* Venturi humidified oxygen circuit set to 85%
with an oxygen flow rate of 15 I/min (total gas
flow 20 I/min).

The curve shows a patient’s inspiratory flow
pattern with a peak inspiratory flow rate of

. . s 40 I/min. The total gas flow is only 20 I/min,
patients with high lr}splratory so for part of the inspiratory cycle, the patient
demands. Data provided by is breathing mainly air. This reduces the
Intersurgical Complete Respiratory overall inspired oxygen concentration
Systems, Wokingham, Berkshire. to around 60%.

Figure 2.5 Lower total flow rates in
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Humidified oxygen

Normally, inspired air is warmed and humidified to almost 90% by the
nasopharynx. Administering dry oxygen lowers the water content of inspired
air, even more so if an artificial airway bypasses the nasopharynx. This can
result in ciliary dysfunction, impaired mucous transport, retention of secre-
tions, atelectasis, and even bacterial infiltration of the pulmonary mucosa and
pneumonia. Humidified oxygen is given to avoid this, and is particularly
important when prolonged high-concentration oxygen is administered and in
pneumonia or post-operative respiratory failure where the expectoration of
secretions is important.

In summary, flow is not the same as concentration! Low flow masks can
deliver high concentrations of oxygen and high flow masks can deliver low
concentrations of oxygen. Therefore, the terms ‘high concentration” and ‘low
concentration’ should be used when discussing oxygen therapy. Furthermore,
when giving instructions or prescribing oxygen therapy, two parts are
required: the type of mask and the flow rate. You cannot simply say ‘28%" as
this is meaningless — one person might assume this means a 28% Venturi
mask, and another may assume this means 2 1/min via nasal cannulae. If the
patient has an exacerbation of COPD, this difference could be important.

Why are there so many different types of oxygen mask? Nasal cannulae are
convenient and comfortable. Patients can easily speak, eat and drink wearing
nasal cannulae. Reservoir bag masks deliver the highest concentrations of
oxygen and should always be available in acute areas. A fixed concentration
of oxygen is important for many patients, as is humidified oxygen. Since
Venturi masks deliver a range of oxygen concentrations from 24% to 60%,
some hospital departments in the UK choose not to stock Hudson (MC)
masks as well. Fig. 2.6 shows which mask is appropriate for different clinical
situations and Fig. 2.7 shows a simple guide to oxygen therapy. Oxygen ther-
apy should be goal directed. The right patient should receive the right amount
of oxygen for the right length of time.

Oxygen mask Clinical situation

Nasal cannulae (2—4 1/min) Patients with otherwise normal vital signs
(e.g. post-operative, slightly low SpO,,
long-term oxygen therapy).

Hudson masks (more than Higher concentrations required and
51/min) or reservoir bag controlled oxygen not necessary (e.g. severe
masks (more than 10 I/min) asthma, acute left ventricular failure,
pneumonia, trauma, severe sepsis).

Venturi masks Controlled oxygen therapy required (e.g.
patients with exacerbation of COPD).

Figure 2.6 Which mask for which patient?
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Oxygen therapy is indicated in:

* Hypoxaemia (PaO, less than 8 kPa or saturations less than 93%)*
* An acute situation where hypoxaemia is suspected

* Severe trauma

* Acute myocardial infarction

» Other conditions as directed by doctor

Cardio-respiratory arrest or Other situations
peri-arrest situation — 15 I/min *Does the patient have COPD or
reservoir bag mask other cause of chronic respiratory
failure?
Note: Check notes or with doctor

YES NO

* *What is the patient’s normal PaO, or SpO,? * Use MC or RB mask to
* Use Venturi masks only get saturations >93%

e Start at 28% and do arterial blood gases e Titration should take no
 Aim for PaO, around 8 kPa and normal pH longer than 15 min

* NIV is indicated in acute respiratory acidosis
(i.e. pH low and CO, high) after full medical
therapy

Nasal cannulae should not be used in acute exacerbations of COPD because they
deliver a variable concentration of oxygen.

Figure 2.7 A simple guide to oxygen therapy.

Can oxygen therapy be harmful?

Hyperoxaemia can sometimes have adverse effects. Prolonged exposure to high
concentrations of oxygen (above 50%) can lead to atelectasis and acute lung
injury, usually in an ICU setting. Absorption atelectasis occurs as nitrogen is
washed out of the alveoli and oxygen is readily absorbed into the bloodstream,
leaving the alveoli to collapse. Acute lung injury is thought to be due to oxygen
free radicals. Hyperoxaemia can increase systemic vascular resistance which may
be a disadvantage in some patients. Oxygen is also combustible. There is also a
group of patients with chronic respiratory failure who may develop hypercapnia
when given high concentrations of oxygen, a fact which is usually emphasised in
undergraduate medical teaching.
But!!!

Hypoxaemia Kkills. There have been cases of negligence in which doctors have
withheld oxygen therapy from acutely ill patients due to an unfounded fear of
exacerbating hypercapnia. The next section will discuss in detail the causes of
hypercapnia with special reference to oxygen therapy, and the role of acute
oxygen therapy in patients with chronic respiratory failure, particularly COPD.
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Hypercapnia and oxygen therapy

From a physiological point of view, PaCO, rises for the following reasons:

¢ Alveolar hypoventilation (alveolar ventilation is the portion of ventilation
which takes part in gas exchange; it is not the same as a reduced respira-
tory rate).

¢ V/Q mismatch. PaO, falls and PaCO, rises when blood flow is increased to
poorly ventilated areas of lung and the patient cannot compensate by an
overall increase in alveolar ventilation.

¢ Increased CO, production (e.g. severe sepsis, malignant hyperthermia,
bicarbonate infusion) where the patient cannot compensate by an overall
increase in alveolar ventilation.

¢ Increased inspired PaCO, (e.g. breathing into a paper bag).

Fig. 2.8 shows how respiratory muscle load and respiratory muscle strength

can become affected by disease and an imbalance leads to alveolar hypoven-

tilation and hypercapnia. Respiratory muscle load is increased by increased

resistance (e.g. upper or lower airway obstruction), reduced compliance (e.g.

infection, oedema, rib fractures or obesity) and increased respiratory rate.

Respiratory muscle strength can be reduced by a problem in any part of the

neurorespiratory pathway: motor neurone disease, Guillain—Barré syndrome,

myasthenia gravis or electrolyte abnormalities (low potassium, magnesium,

phosphate or calcium). It is important to realise that alveolar hypoventilation

usually occurs with a high (but ineffective) respiratory rate, as opposed to

total hypoventilation (a reduced respiratory rate) which is usually caused by

drug overdose.

A problem with ventilation is the most common cause of hypercapnia
among hospital in-patients. Examples include the overdose patient with
airway obstruction, the ‘tired’ asthmatic, the morbidly obese patient with
pneumonia, the patient with post-operative respiratory failure on an opioid
infusion, the trauma patient with rib fractures and pulmonary contusions, the
pancreatitis patient with acute respiratory distress syndrome, the patient with
acute pulmonary oedema on the coronary care unit and so on.

In other words, oxygen therapy is an uncommon cause of hypercapnia.

There are many conditions in which chronic hypercapnia occurs: severe
chest wall deformity, morbid obesity and neurological conditions causing

l l

Respiratory Respiratory
muscle load muscle strength
1 Tresistance

2 lcompliance

3 Trespiratory rate

Figure 2.8 The balance between respiratory muscle load and strength.
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muscle weakness, for example. The reasons for chronic hypercapnia in COPD
are not really known, but are thought to include a low chemical drive for
breathing, genetic factors and an acquired loss of drive due to adaptation to
increased work of breathing. Chronic hypercapnia in COPD tends to occur
when the forced expiratory volume (FEV,) is less than 11.

For the purposes of explanation here, the term ‘CO, retention” will be used
to describe acute hypercapnia when patients with chronic respiratory failure
are given high-concentration (or uncontrolled) oxygen therapy. ‘Ventilatory
failure” will be used to describe acute hypercapnia due to other causes.

CO, retention

In 1949 a case was described of a man with emphysema who lapsed into a
coma after receiving oxygen therapy but rapidly recovered after the oxygen
was removed [4]. In 1954 a decrease in ventilation was observed in 26 out of
35 patients with COPD given oxygen therapy, with a rise in PaCO, and a fall
in pH. No patient with a normal baseline PaO, showed these changes [5]. In
a further study it was showed that stopping and starting oxygen therapy led
to a fall and rise in PaCO,, respectively [6]. These early experiments led to the
concept of ‘hypoxic drive’, proposed by Campbell [7], which is taught in med-
ical schools today. The teaching goes like this: changes in PaCO, is one of the
main controls of ventilation in normal people. In patients with a chronically
high PaCO, the chemoreceptors in the brain become blunted and the patient
depends on hypoxaemia to stimulate ventilation, something which normally
occurs only at altitude or during illness. If these patients are given too much
oxygen, their ‘hypoxic drive’ is abolished, breathing will slow and PaCO, will
rise as a result, causing CO, narcosis and eventually apnoea.

Unfortunately, hypoxic drive is not responsible for the rise in PaCO, seen
when patients with chronic respiratory failure are given uncontrolled oxygen
therapy. Subsequent studies have questioned this theory and it is now thought
that changes in V/Q are more important in the aetiology of CO, retention.
Hypoxic vasoconstriction is a normal physiological mechanism in the lungs.
When oxygen therapy is given to patients with chronic hypoxemia, this is
reversed leading to changes in V/Q. PaCO, rises because more CO,-containing
blood is delivered to less well-ventilated areas of lung. In a person with a nor-
mal chemical drive for breathing, this would be compensated for by an overall
increase in alveolar ventilation. But if the chemical drive for breathing is
impaired (as in some patients with COPD), or there are mechanical limitations
to increasing ventilation, or fatigue, this cannot occur. In other words, the
combination of changes in V/Q plus the inability to compensate is why CO,
retention occurs. Studies have failed to show a reduction in minute ventilation
to account for this phenomenon, although it is possible it may contribute in
some way [8,9].

Which patients are at risk of CO, retention? The answer is patients with
chronic respiratory failure. It is not the label ‘COPD’, but the presence of chronic
respiratory failure, which occurs in other diseases as well, that is important. Some
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patients with COPD are fairly physiologically normal. This may explain the stud-
ies which show no significant change in PaCO, when patients with an exacerba-
tion of COPD were given high-concentration oxygen therapy. In one study,
patients with a PaO, of less than 6.6 kPa (50 mmHg) and a PaCO, of more than
6.6 kPa (50 mmHg) were randomised to receive oxygen therapy either to get the
Pa0, just above 6.6 kPa or above 9 kPa (70 mmHg). There was no significant dif-
ference between the two groups in terms of mortality, need for ventilation, dur-
ation of hospital stay, PaCO, or pH despite a significant difference in PaO,. There
was a trend towards improved outcome in the higher oxygen group [10].

Half of admissions with an acute exacerbation of COPD have reversible
hypercapnia [11,12]. In other words, these people have acute but not chronic
respiratory failure. Non-invasive ventilation has been shown to be a very suc-
cessful treatment for acute respiratory failure (or acute on chronic respiratory
failure) in COPD, leading to a reduction in mortality and length of hospital
stay [13]. How can you tell if a patient with COPD has a high PaCO, because
of oxygen therapy (CO, retention) or because they are sick (ventilatory fail-
ure), and does it matter, since the treatment is essentially the same: controlled
oxygen therapy titrated to arterial blood gases, medical therapy and ventila-
tion if needed?

Fig. 2.9 is a simplified guide to the clinical differences between CO, retain-
ers and patients with ventilatory failure and COPD. Of course, many patients

Likely CO, retention Likely ventilatory failure

Usually severely limited by breathlessness

Not usually limited by breathlessness

Cor pulmonale or polycythaemia present

No signs of chronic hypoxaemia

FEV, less than 11

FEV, good

On home nebulisers and/or home oxygen

Inhalers only

Abnormal blood gases when well

Normal blood gases when well

Admission blood gases show pH and st
bicarbonate/BE consistent with chronic
hypercapnia

Admission blood gases show pH and st
bicarbonate/BE consistent with critical
illness

Vital signs and oxygen saturations not
very different to normal

Critically ill

Reasonable air entry

Silent chest or feeble chest movements

Dubious diagnosis of COPD

Chest X-ray shows pulmonary oedema or
severe pneumonia

Figure 2.9 CO, retention due to oxygen therapy vs ventilatory failure in patients

with COPD.



26 Chapter 2

will fall in between these two extremes (in which case a pragmatic approach
is required), but it is nevertheless a useful guide, especially when teaching.

One in five patients with COPD admitted to hospital has a respiratory acid-
osis. The more severe the acidosis, the greater the mortality. Some of these
acidoses may be caused by uncontrolled oxygen therapy, since a proportion dis-
appears quickly after arrival in hospital [14], although this may also be due to
treatment with bronchodilators. Recent UK National Institute for Clinical
Excellence (NICE) guidelines recommend using Venturi masks in conjunction
with pulse oximetry for exacerbations of COPD, increasing or reducing the oxy-
gen to maintain saturations of 90-93 %, until further information can be gained
from arterial blood gases [15]. Despite such guidelines, oxygen therapy in
COPD continues to cause controversy. This may be because patients with COPD
constitute a physiologically diverse group and so there can be no ‘rules’. For
example, in 2002, the journal Clinical Medicine published an audit of oxygen
therapy in acute exacerbations of COPD [16]. One hundred and one admissions
were analysed and 57% of patients received more than 28% oxygen on their
way to hospital. The median duration from ambulance to first arterial blood gas
was 1 h. Half of the patients identified their illness incorrectly as ‘asthma’ to the
ambulance crew. Controversially, the audit found that in-hospital mortality was
greater in those patients who received more than 28% oxygen and postulated
that there was a causal relationship. The publication of this article was followed
by the publication of a strongly worded letter by two eminent critical care
physicians and it is worth reading in full [17]. They strongly disagreed with the
assumptions behind the article, and among other things, pointed out that
nearly all studies involving patients with an acute exacerbation of COPD ignore
the base deficit in their comparisons of outcome and mention only pH, PaCO,
and PaO,. Since the base deficit is known to correlate strongly with mortality
[18], outcome studies which ignore it are meaningless. They finished by saying,
‘we frequently attend A&E departments to treat [patients with an exacerbation
of COPD] and routinely use high-concentration oxygen, despite a high PaCO,,
in conjunction with mechanical ventilation (invasive or non-invasive) because
their major problem is fatigue, often compounded by atelectasis due to shallow
respiratory efforts, weak cough and sputum retention, rather than the semi-
mythical loss of hypoxic drive. To allow them to remain hypoxaemic (i.e. below
their normal baseline) and thus struggle and tire further is contrary to all the
precepts underpinning ABC resuscitation and good clinical practice. Remark-
ably, our patients often do very well. As a simple rule of thumb, hypoxic drive
is a non-issue in tachypnoeic patients’.

The answer to the question ‘How much oxygen should be given in an exacer-
bation of COPD?’ is therefore: enough, monitored closely and in conjunction
with other treatments.

To summarise:

e The most common cause of hypercapnia for hospital in-patients is acute
illness causing ventilatory failure. This has nothing to do with oxygen
therapy - treat the cause.
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¢ In patients with chronic respiratory failure, start with a 28% Venturi mask
and titrate oxygen therapy to arterial blood gases (see Fig. 2.7).

¢ Controlled oxygen therapy, medical treatment and mechanical ventilation
are used to treat acute respiratory acidosis (low pH due to a high PaCO,) in
an exacerbation of COPD.

Pulse oximetry

Oximetry works on the principle that light is absorbed by a solution, and the
degree of absorption is related to the molar concentration of that solution (Fig.
2.10). The Lambert and Beer laws describe this. Oxyhaemoglobin (HbO,) and
de-oxyhaemoglobin (Hb) have different absorbencies at certain wavelengths of
light (660 and 940 nm). There are two ways to measure haemoglobin oxygen
saturation using oximetry: by a co-oximeter or a pulse oximeter. A co-oximeter
haemolyses blood and is a component of most blood gas machines. It measures
Sa0,. A pulse oximeter consists of a peripheral probe and a central processing and
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Figure 2.10 (a) Absorption in a pulse oximeter and (b) components of absorption:
tissue, venous blood (V), arterial blood (A) and pulsatile arterial blood.
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display unit. It measures SpO,. Two light emitting diodes (LEDs) in the probe of a
pulse oximeter transilluminate separate pulses of light in the red and infrared
spectra, and the absorbance is measured by a photodiode on the other side,
enabling the concentration of HbO, and Hb, and therefore haemoglobin satur-
ation to be calculated. This is the ‘tunctional saturation’ as further calculations are
then done to account for minor haemoglobin species. The probe is able to correct
for ambient light. As blood flow is pulsatile, the transilluminated signal consists
of an ‘AC’ component as well as a ‘DC” component (which represents the light
absorbed by tissues and resting blood). Although the AC component is a small
proportion of the total signal, it is a major determinant of accuracy, which
explains why pulse oximeters are inaccurate in low perfusion states.

Oximeters are calibrated by the manufacturers using data that was origin-
ally obtained by human volunteers. SpO, was measured while the volunteers
inspired various oxygen concentrations. Due to this, they are only accurate
between 80% and 100% saturation, as it was unethical to calibrate oximeters
below this point.

Oxygen saturation indirectly relates to arterial oxygen content (PaO,) through
the oxygen dissociation curve. Remembering this indirect relationship is

10 4 ————
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Hb saturation (%)
g’
1

0 35 8.0 13.3
Oxygen tension (kPa)

* The oxygen dissociation curve falls sharply after saturation of 93% (8.0 kPa).
SpO, of 93% or less is abnormal and requires assessment.

* The curve is shifted to the right in fever, raised 2,3-diphosphoglycerate
(2,3-DPG) and acidosis (the shift caused by pH is called the Bohr effect).
This means Psq increases and higher pulmonary capillary saturations are
required to saturate Hb, but there is enhanced delivery at the tissues.

¢ The curve is shifted to the left by hypothermia, reduced 2,3-DPG, alkalosis and
the presence of foetal Hb. This means Ps, reduces and lower pulmonary capillary
saturations are required to saturate Hb, but lower tissue capillary PaO, is required
before oxygen is delivered.

Figure 2.11 The oxygen dissociation curve.
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important, because SpO, is affected by several internal factors (see Fig. 2.11) as

well as external factors, listed below. It is also important to remember that SpO,

is only a measure of oxygenation, not ventilation.
The technical limitations of pulse oximetry include the following:

e Motion artefact — excessive movement (e.g. in the back of an ambulance)
interferes with the signal.

e External light from fluorescent lighting and poorly shielded probes also
interferes with the signal.

¢ An ill-fitting probe may give spurious readings.

¢ Injectable dyes such as methylene blue can interfere with SpO, readings
for several hours.

¢ Dark nail polish may interfere with the signal.

¢ Anaemia — at a Hb of 8g/dl the oxygen saturation is underestimated by
10-15%, especially at lower saturation levels.

¢ Vasoconstriction and poor tissue perfusion give low amplitude signals which
increase error. Modern oximeters display ‘poor signal’ messages.

¢ Abnormal haemoglobins — methaemoglobin reduces SpO, despite a normal
Pa0,, and carboxyhaemoglobin is not detected by pulse oximetry despite a
low PaO,.

Dark skin has been studied and does not affect the accuracy of pulse oximetry.

Oxygen delivery

Tissues need oxygen to metabolise. Nearly all oxygen is carried to the tissues
by haemoglobin. Each g/dl of haemoglobin carries 1.3 ml of oxygen when
fully saturated. The oxygen content of blood can therefore be calculated as:

Hb (g/dl) X oxygen saturation of Hb X 1.3

Haemoglobin is delivered to the tissues by the circulation. The amount of
oxygen delivered per minute depends on the cardiac output. From this we
derive the oxygen delivery equation:

Hb(X10 to convert to litres) X Sa0, X 1.3 X CO(l/min)

Oxygen delivery is an important concept in intensive care medicine. In fact,
the importance of oxygen delivery explains the emphasis on airway, breathing
and circulation (ABC) in teaching acute care. Understanding that oxygen deliv-
ery depends on more than just oxygen therapy will help you optimise your
patient’s condition. In the ICU, oxygen delivery is manipulated in high-tech
ways. The following is a simple ward-based example: in a 70-kg man a normal
Hb is 14 g/dl, normal SaO, is 95% and normal cardiac output is 51/min.
Oxygen delivery is therefore 14 X 0.95 X 1.3 X 10 X 5 = 864.5 ml O,/min.
Imagine this patient now has severe pneumonia and is dehydrated. His SaO, is
93% and he has a reduced cardiac output (41l/min). His oxygen delivery
is 14 X 0.93 X 1.3 X 10 X 4 = 677 ml O,/min. By increasing his oxygen so
that his saturations are now 98% his oxygen delivery can be increased to
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713 ml O,/min, but if a fluid challenge is given to increase his cardiac output to
normal (51/min), yet his oxygen is kept the same, his oxygen delivery can be
increased to 846 ml O,/min. Oxygen delivery has been increased more by giv-
ing fluid than by giving oxygen.

The oxygen delivery equation also illustrates the relationship between
Sa0, and haemoglobin. An Sa0O, of 95% with severe anaemia is worse in
terms of oxygen delivery than an SaO, of 80% with a haemoglobin of 15 g/d],
and this is why patients with chronic hypoxaemia develop polycythaemia.

Key points: oxygen therapy

® The goal of oxygen therapy is to correct alveolar and tissue hypoxia, aiming for
a Pa0, of at least 8.0 kPa (60 mmHg) or oxygen saturations of at least 93%.

® Oxygen masks are divided into two groups: low flow masks which deliver a
variable concentration of oxygen (nasal cannulae, Hudson or MC masks and
reservoir bag masks) and high flow Venturi masks which deliver a fixed
concentration of oxygen.

® The most common cause of hypercapnia for hospital in-patients is ventilatory
failure. This has nothing to do with oxygen therapy - treat the cause.

® Pulse oximetry is a measure of oxygenation, not ventilation.

Self-assessment: case histories

1 A 60-year-old woman arrives in the Emergency Department with breath-
lessness. She was given 12 1/min oxygen via simple face mask by the para-
medics. She is on inhalers for COPD, is a smoker and has diabetes. She is
clammy and has widespread crackles and wheeze in the lungs. The chest
X-ray has an appearance consistent with severe left ventricular failure.
Her blood gases are: pH 7.15, PaCO, 8.0kPa (61.5 mmHg), PaO, 9.0 kPa
(69.2 mmHg), st bicarbonate 20 mmol/l, base excess (BE) —6. The attend-
ing doctor has taken the oxygen mask off because of ‘CO, retention’ by the
time you arrive. The oxygen saturations were 95% and are now 85%.
Blood pressure is 180/70 mmHg. Comment on her oxygen therapy. What
is your management?

2 A 50-year-old man arrives in the Medical Admissions Unit with breathless-
ness. He is an ex-miner, has COPD and is on inhalers at home. His blood
gases on 28% oxygen show: pH 7.4, PaCO, 8.5kPa (65.3 mmHg), PaO,
8.5kPa (65.3 mmHg), st bicarbonate 38.4 mmol/l, BE +7. A colleague asks
you if he needs non-invasive ventilation because of his hypercapnia. What
is your reply?

3 A 40-year-old patient on the chemotherapy ward becomes unwell with
breathlessness. The nurses report oxygen saturations of 75%. When you
go to the patient, you find the other observations are as follows: pulse
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130/min, blood pressure 70/40 mmHg, respiratory rate 40/min, patient
confused. Blood gases on air show: pH 7.1, PaCO, 3.0kPa (23 mmHg),
PaO, 13kPa (115 mmHg), st bicarbonate 6.8 mmol/l, BE —20. The chest is
clear. A chest X-ray is taken and is normal. Can you explain the oxygen
saturations and the breathlessness? What is your management?

4 A 50-year-old man is undergoing a urological procedure. As part of this,
intravenous methylene blue is given. Shortly afterwards, the junior anaes-
thetist notices the patient’s oxygen saturations drop suddenly to 70%. All
the equipment seems to be working normally. Worried that the patient has
had some kind of embolism, he calls his senior. What is the explanation?

5 A 45-year-old man arrives unconscious in the Emergency Department.
There is no history available apart from he was found collapsed in his car
by passers-by. On examination he is unresponsive, pulse 90/min, blood
pressure 130/60 mmHg, oxygen saturations 98% on 151/min oxygen via
reservoir bag mask. His ECG shows widespread ST depression and his arter-
ial blood gases show: pH 7.25, PaCO, 6.0kPa (46 mmHg), PaO, 7.5kPa
(57.6 mmHg), st bicarbonate 19.4 mmol/l, BE —10. His full blood count is
normal. What is the explanation for the discrepancy in the SpO, and PaO,?
What is your management?

6 A 25-year-old man with no past medical history was found on the floor at
home having taken a mixed overdose of benzodiazepines and tricyclic anti-
depressant tablets. He responds only to painful stimuli (Glasgow Coma Score
of 8) and he has probably aspirated, because there is right upper lobe consoli-
dation on his chest X-ray. He is hypothermic (34°C) and arterial blood gases
on 15 1/min via reservoir bag mask show: pH 7.2, PaCO, 9.5 kPa (73 mmHg),
PaO, 12.0kPa (92.3 mmHg), st bicarbonate 27.3 mmol/l, BE —2. His blood
pressure is 80/50 mmHg and his pulse is 120/min. The attending doctor
changes his oxygen to a 28% Venturi mask because of his high CO, and
repeat blood gases show: pH 7.2, PaCO, 9.0 kPa (69.2 mmHg), PaO, 6.0 kPa
(46.1 mmHg), st bicarbonate 26 mmol/l, BE —2. What would your manage-
ment be?

7 A 70-year-old woman with severe COPD (FEV; 0.6) is admitted with a
chest infection and breathlessness far worse than usual. She is agitated on
arrival and refuses to wear an oxygen mask. She is therefore given 2 1/min
oxygen via nasal cannulae. Half-an-hour later, when the doctor arrives to
re-assess her, she is unresponsive. What do you think has happened?

8 A 50-year-old man is recovering from an exacerbation of COPD in hospital.
When you go to review him on the ward, you notice that he is being given
2 1/min of oxygen via a Hudson mask. Is this appropriate?

Self-assessment: discussion

1 The fact that this patient is ‘on inhalers for COPD’ does not mean that she
actually has a diagnosis of COPD. How was this diagnosis made — on the
basis of some breathlessness on exertion and her smoking history, or by
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spirometry (the recommended standard)? Even if the diagnosis of COPD is
established, is it mild or severe? Her current problem is not COPD at all, but
acute severe cardiogenic pulmonary oedema, a condition which causes ven-
tilatory failure. In a 60-year-old smoker with diabetes, a myocardial infarc-
tion is a likely cause. Acute hypoxaemia will aggravate cardiac ischaemia
and this needs to be borne in mind. The arterial blood gases show a mixed
respiratory and metabolic acidosis with relative hypoxaemia. Rather than
removing the oxygen in the vague hope that this will ‘treat” her high CO,
(which it will not), this patient requires adequate oxygen therapy and treat-
ment for acute left ventricular failure. If optimal medical therapy fails to
improve things (i.v. furosemide and nitrates, nebulised salbutamol, with i.v.
diamorphine in some patients), non-invasive continuous positive airway
pressure (CPAP) may be tried before tracheal intubation and ventilation.
No. His pH is normal. Non-invasive ventilation is used for an exacerbation
of COPD when the pH falls below normal due to a high PaCO,. This patient
has a high st bicarbonate, presumably in compensation for his chronically
high PaCO,. He should stay on a Venturi mask while unwell.

The main reason why this patient’s oxygen saturations are so low is poor
perfusion. The PaO, is normal on air — this makes pulmonary embolism
unlikely in someone so unwell (cancer and chemotherapy are two inde-
pendent risk factors for pulmonary embolism). This patient is in shock
(circulatory failure) as illustrated by the low blood pressure and severe
metabolic acidosis on the arterial blood gases. Shocked patients breathe
faster because of tissue hypoxia as well as metabolic acidosis. The history
and examination will tell you whether or not this shock is due to bleeding
(Are the platelets very low?) or severe sepsis (Is the white cell count very
low?). Patients with septic shock do not always have the classical warm
peripheries and bounding pulses — they can be peripherally vasocon-
stricted. Management starts with A (airway with oxygen), B (breathing)
and C (circulation) (see Box 1.3). This patient requires fluid and you
should call for senior help immediately.

Methylene blue in the circulation affects the oxygen saturation measure-
ment. Nevertheless, a concerned junior anaesthetist would check the air-
way (tube position), breathing (listen to the chest and check the ventilator
settings) and circulation (measure blood pressure, pulse and assess perfu-
sion) as well as asking for advice.

The arterial blood gases show a metabolic acidosis with hypoxaemia. The
PaCO, is at the upper limit of normal. It should be low in a metabolic acid-
osis, indicating a relative respiratory acidosis as well. Treatment priorities in
this patient are as follows: securing the airway and administering high-
concentration oxygen, assessing and treating breathing, and correcting any
circulation problems. There is a discrepancy between the SpO, of 98% and
the arterial blood gas result which shows a PaO, of 7.5kPa (57.6 mmHg).
Tied in with the history and ischaemic-looking ECG, the explanation for this
is carbon monoxide (CO) poisoning. CO poisoning produces COHb which is
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Oxygen concentration Half-life of CO (min)
Room air (21%) 240-300
151/min reservoir bag mask (80%) 80-100
Intubated and ventilated with 100% oxygen 50-70
Hyperbaric chamber (100% oxygen at 3 atm) 20-25

Figure 2.12 Half-life of CO depending on conditions.

interpreted by pulse oximeters as HbO, causing an overestimation of oxygen

saturation. CO poisoning a common cause of death by poisoning in the UK.

Mortality is especially high in those with pre-existing atherosclerosis. CO

binds strongly to haemoglobin and causes the oxygen dissociation curve to

shift to the left, leading to impaired oxygen transport and utilisation. Loss of

CO from the body is a slow process at normal atmospheric pressure and oxy-

gen concentration (21%). It takes 4.5 h for the concentration of CO to fall to

half its original value. CO removal is increased by increasing the oxygen con-
centration or by placing the victim in a hyperbaric chamber. This increases the
amount of oxygen in the blood, forcing off CO (see Fig. 2.12). Blood gas
analysers use co-oximeters which can differentiate between COHb and HbO,.

There is debate as to whether treatment with hyperbaric oxygen is supe-
rior to ventilation with 100% oxygen on an ICU. Five randomised trials to
date disagree. Therefore a pragmatic approach is recommended. The fol-
lowing are features which should lead to consideration of hyperbaric oxy-
gen therapy:

— Any history of unconsciousness

— COHb levels of greater than 40% at any time

Neurological or psychiatric features at the time of examination

Pregnancy (because the foetal COHb curve is shifted to the left of the

mother’s)

ECG changes.

The risks of transporting critically ill patients to a hyperbaric unit also need
to be taken into account. Ventilation with 100% oxygen is an acceptable
alternative and this treatment should continue for a minimum of 12 h.

6 This is a 25-year-old man with no previous medical problems. He does not
have chronic respiratory failure. He will not ‘retain CO,’ — he has a problem
with ventilation. The arterial blood gases show an acute respiratory acidosis
with a lower PaO, than expected. He requires tracheal intubation to protect
his airway and high-concentration oxygen (151/min via reservoir bag
mask). He has several reasons to have a problem with ventilation — a
reduced conscious level and possible airway obstruction, aspiration pneu-
monia and the respiratory depressant effects of his overdose. His hypoten-
sion should be treated with warmed fluid challenges. The drugs he has
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taken (which cause cardiac toxicity) combined with hypoxaemia and
hypoperfusion could lead to cardiac arrest. Intravenous sodium bicarbonate
is indicated in severe tricyclic poisoning. Flumazenil (a benzodiazepine anti-
dote) is not advised when significant amounts of tricyclic antidepressants
have also been taken as this will reduce the seizure threshold. It is worth
measuring creatinine kinase levels in this case as rhabdomyolysis (from
lying on the floor for a long time due to drug overdose) would significantly
affect fluid management.

This case illustrates the fact that 2 I/min via nasal cannulae is not the same
as 28% oxygen via a Venturi mask, despite the theoretical oxygen concen-
trations displayed on the packaging of nasal cannulae. This lady is uncon-
scious because of a high PaCO,. This has happened either because her
clinical condition deteriorated anyway, or because she has (inadvertently)
been given a higher concentration of oxygen, or both. As always, start with
A (airway), B (breathing — does she need ventilation?), C (circulation) and
D (disability) before blood gas analysis.

This is a common scenario. Hudson or MC masks must always be set to
a minimum of 51/min. Significant rebreathing of CO, can occur if the
oxygen flow rate is set to less than this, because exhaled air may not be
adequately flushed from the mask. The way to give low flow oxygen
therapy at 2 1/min is to use nasal cannulae.
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CHAPTER 3
Acid-base balance

By the end of this chapter you will be able to:

¢ Understand how the body maintains a narrow pH

* Know the meaning of common terms used in arterial blood gas analysis

® Know the causes of acid-base abnormalities

e Use a simple system to interpret arterial blood gases

e Understand why arterial blood gases are an important test in critical illness
e Apply this to your clinical practice

Acid as a by-product of metabolism

The human body is continually producing acid as a by-product of metabolism.

But it must also maintain a narrow pH range, necessary for normal enzyme

activity and the millions of chemical reactions that take place in the body

each day. Normal blood pH is 7.35-7.45 and this is maintained by:

¢ Intracellular buffers (e.g. proteins and phosphate)

e Extracellular buffers (e.g. plasma proteins, haemoglobin and carbonic
acid/bicarbonate)

¢ Finally, the excretory functions of the kidneys and lungs.

A buffer is a substance that resists pH change by absorbing or releasing hydro-
gen ions (H") when acid or base is added to it. The intracellular and extracellu-
lar buffers absorb H* ions and transport them to the kidneys for elimination. The
carbonic acid/bicarbonate system allows H* ions to react with bicarbonate to
produce carbon dioxide (CO,) and water and the CO, is eliminated by the lungs:

H* + HCO; « H,CO, « CO, + H,0
carbonic anhydrase (enzyme)

Carbonic acid (H,CO3) continually breaks down to form CO, and water, hence
this system always tends to move in a rightward direction and, unlike other
buffer systems, never gets saturated. But it is easy to see how, for example, a prob-
lem with ventilation would quickly lead to a build-up of CO,, a respiratory aci-
dosis. Uniquely, the components of the carbonic acid/bicarbonate system can be
adjusted independently of one another. The kidneys can regulate H* ions excre-
tion in the urine and CO, levels can be adjusted by changing ventilation. The
excretory functions of the lungs and kidneys are connected by carbonic acid so
that if one organ becomes overwhelmed, the other can ‘help’ or ‘compensate’.

36



Acid-base balance 37

The lungs have a simple way of regulating CO, excretion, but the kidneys
have three main ways of excreting H' ions:

1 Mainly by regulating the amount of bicarbonate (HCO3) absorbed in the
proximal tubule

2 By the reaction HPO3~ + H* — H,PO,. The H" ions comes from carbonic
acid, leaving HCO3 which passes into the blood

3 By combining ammonia with H* ions from carbonic acid. The resulting
ammonium ions cannot pass back into the cells and are excreted.

The kidney produces bicarbonate (HCO3) which reacts with free H* ions. This

is why the bicarbonate level is low when there is an excess of H* ions or a

metabolic acidosis.

In summary, the body is continually producing acid, yet at the same time
must maintain a narrow pH range in order to function effectively. It does this
by means of buffers and then the excretory functions of the lungs (CO,) and
kidneys (H). It follows therefore that acid-base disturbances occur when
there is a problem with ventilation, a problem with renal function, or an
overwhelming acid or base load the body cannot handle.

Some definitions

Before moving on, it is important to understand some important definitions

regarding arterial blood gases:

¢ Acidaemia or alkalaemia: a low or high pH.

 Acidosis: a process which leads to acidaemia (e.g. high PaCO, or excess H*
ions (low bicarbonate)).

e Alkalosis: a process which leads to alkalaemia (e.g. low PaCO, or high
bicarbonate).

e Compensation: normal acid-base balance is a normal pH plus a normal
PaCO, and normal bicarbonate. Compensation is when there is a normal
pH but the bicarbonate and PaCO, are abnormal.

e Correction: the restoration of normal pH, PaCO, and bicarbonate.

¢ Base excess (BE): this measures how much extra acid or base is in the sys-
tem as a result of a metabolic problem. It is calculated by measuring the
amount of strong acid that has to be added to a sample to produce a pH of
7.4. A minus figure means the sample is already acidotic so no acid had to be
added. A plus figure means the sample is alkalotic and acid had to be added.
The normal range is —2 to +2. A minus BE is often termed a ‘base deficit’.

e Actual vs standard bicarbonate: a problem with ventilation would quickly
lead to a build-up of CO, or a respiratory acidosis. This CO, reacts with
water to produce H* and HCO3, and therefore causes a small and immedi-
ate rise in bicarbonate. The standard bicarbonate is calculated by the blood
gas analyser from the actual bicarbonate, but assuming 37°C and a normal
PaCO, of 5.3kPa (40 mmHg). Standard bicarbonate therefore reflects the
metabolic component of acid-base balance, as opposed to any changes in
bicarbonate that have occurred as a result of a respiratory problem. Some



38 Chapter 3

blood gas machines only report the actual bicarbonate, in which case you

should use the BE to examine the metabolic component of acid—base bal-

ance. Otherwise, the standard bicarbonate and BE are interchangeable.
Note: If you do not like equations, skip the box below.

Box 3.1 pH and the Henderson—Hasselbach equation

Everyone has heard of the Henderson-Hasselbach equation, but what is
it? H' ions are difficult to measure as there are literally billions of them.
We use pH instead, which, simply put, is the negative logarithm of the
H" ion concentration in moles:

pH = —log[H"]
When carbonic (H,CO3) acid dissociates:
H,CO, « H* + HCO;

the product of [H*] and [HCO3] divided by [H,CO5] remains constant.
Put in equation form:
B [HT][HC 0]

[H,CO,]

Ka

Ka is the dissociation constant. pKa is like pH, it is the negative
logarithm of Ka. The Henderson—Hasselbach equation puts the pH and
the dissociation equations together, and describes the relationship
between pH and the molal concentrations of the dissociated and
undissociated form of carbonic acid:

[HCO; ]

pH = pKa + log
[H,CO,]

Since [H,COs] is related to PaCO,, a simplified version is:

[HCO;
o€ —— 2 -
PaCo,

This simple relationship can be used to check the consistency of arterial
blood gas data. If we know that pH (or the concentration of H* ions) is
related to the ratio of HCO3 and PaCO,, it should be easy to check
whether a blood gas result is ‘real” or not, or the result of laboratory
error (see Appendix at the end of this chapter).
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Common causes of acid-base disturbances

As previously mentioned, acid-base disturbances occur when there is:
¢ A problem with ventilation

¢ A problem with renal function

¢ An overwhelming acid or base load the body cannot handle.

Respiratory acidosis

Respiratory acidosis is caused by acute or chronic alveolar hypoventilation.
The causes are described in Chapter 2 and include upper or lower airway obs-
truction, reduced lung compliance from infection, oedema, trauma or obesity
and anything that causes respiratory muscle weakness, including fatigue.

In an acute respiratory acidosis, cellular buffering is effective within min-
utes to hours. Renal compensation takes 3-5 days to be fully effective. We
know from human volunteer studies [1] by how much the standard bicar-
bonate rises as part of the compensatory response. Although doctors do not
frequently use these figures in everyday practice, having a rough idea is never-
theless useful (see Fig. 3.1).

Respiratory alkalosis

Respiratory alkalosis is caused by alveolar hyperventilation, the opposite of
respiratory acidosis, and is nearly always accompanied by an increased respira-
tory rate. Again, renal compensation takes up to 5 days to be fully effective,
by excreting bicarbonate in the urine and retaining H* ions. When asked what
causes hyperventilation, junior doctors invariably reply ‘hysteria’. In fact,
hyperventilation is a sign, not a diagnosis and has many causes:

¢ Lung causes: bronchospasm, hypoxaemia, pulmonary embolism, pneumo-

nia, pneumothorax, pulmonary oedema

Primary change Compensatory response

Metabolic acidosis L [HCO3] For every 1 mmol/l fall in [HCOg3],

PaCO; falls by 0.15kPa (1.2 mmHg)
Metabolic alkalosis T[HCO3] For every 1 mmol/l rise in [HCO3],

PaCOs rises by 0.01 kPa (0.7 mmHg)
Acute respiratory T PaCO, For every 1.3kPa (10 mmHg) rise in
acidosis PaCO,, [HCOg3] rises by 1 mmol/l
Chronic respiratory T PaCO, For every 1.3kPa (10 mmHg) rise in
acidosis PaCO,, [HCOg3] rises by 3.5 mmol/l
Acute respiratory d PaCO, For every 1.3kPa (10 mmHg) fall in
alkalosis PaCO,, [HCO3] falls by 2 mmol/l
Chronic respiratory d PaCoO, For every 1.3kPa (10 mmHg) fall in
alkalosis PaCO,, [HCO3] falls by 4 mmol/l

Figure 3.1 Renal and respiratory compensation. Reproduced with permission from
McGraw-Hill Publishers [1].
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¢ Central nervous system causes: meningitis/encephalitis, raised intracranial
pressure, stroke, cerebral haemorrhage

e Metabolic causes: fever, hyperthyroidism

e Drugs (e.g. salicylate poisoning)

¢ Psychogenic causes: pain, anxiety.

Metabolic acidosis

Metabolic acidosis most commonly arises from an overwhelming acid load.
Respiratory compensation occurs within minutes. Maximal compensation
occurs within 12-24 h, but respiratory compensation is limited by the work
involved in breathing and the systemic effects of a low CO, (mainly cerebral
vasoconstriction). It is unusual for the body to be able to fully compensate for
a metabolic acidosis.

There are many potential causes of a metabolic acidosis, so it is important to
subdivide these into metabolic acidosis with an increased anion gap or meta-
bolic acidosis with a normal anion gap. In general, a metabolic acidosis with
an increased anion gap is caused by the body gaining acid, whereas a meta-
bolic acidosis with a normal anion gap is caused by the body losing base.

The anion gap

Blood tests measure most cations (positively charged molecules) but only a
few anions (negatively charged molecules). Anions and cations are equal in
the human body, but if all the measured cations and anions are added together
there would be a gap — this reflects the concentration of those anions not meas-
ured, mainly plasma proteins. This is called the anion gap and is calculated from
a blood sample:

(sodium + potassium) — (chloride + bicarbonate)

The normal range for the anion gap is 15-20 mmol/l, but this varies from one
laboratory to another and should be adjusted downwards in patients with a
low albumin (by 2.5 mmol/l for every 1 g/dl fall in plasma albumin). Similarly,
a fall in any unmeasured cations (e.g. calcium or magnesium) may produce a
spurious increase in the anion gap.

Some patients may have more than one reason to have a metabolic acidosis
(e.g. diarrhoea leading to loss of bicarbonate plus severe sepsis and hypoper-
fusion). Many blood gas machines calculate the anion gap but if not, it should
always be calculated when there is a metabolic acidosis, as this helps to nar-
row down the cause. The base deficit is known to correlate with mortality [2].
A severe metabolic acidosis indicates critical illness.

Metabolic acidosis with an increased anion gap

In a metabolic acidosis with an increased anion gap, the body has gained acid
through:

e Ingestion

¢ The body’s own production

e An inability to excrete it
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Common clinical causes are:

¢ Ingestion: salicylate, methanol/ethylene glycol, tricyclic antidepressant
poisoning

e Lactic acidosis type A (anaerobic tissue metabolism): any condition causing
tissue hypoperfusion, either global (e.g. shock, cardiac arrest) or local (e.g.
intra-abdominal ischaemia)

e Lactic acidosis type B (liver dysfunction): reduced lactate metabolism in
liver failure, metformin (rare)

¢ Ketoacidosis: insulin deficiency (diabetic ketoacidosis), starvation

¢ Renal failure

e Massive rhabdomyolysis (damaged cells release H* ions and organic anions).

Metabolic acidosis with a normal anion gap

In a metabolic acidosis with a normal anion gap, bicarbonate is lost via the
kidneys or the gastrointestinal tract. Occasionally reduced renal H' ions
excretion is the cause. A normal anion gap metabolic acidosis is sometimes
also called ‘hyperchloraemic acidosis’. Common clinical causes are:

¢ Renal tubular acidosis

e Diarrhoea, fistula or ileostomy

e Acetazolomide therapy.

Overall, the most common cause of a metabolic acidosis in hospital is tissue
hypoperfusion. Oxygen and fluid resuscitation are important aspects of treat-
ment, as well as treatment of the underlying cause.

Metabolic alkalosis

Metabolic alkalosis is the least well known of the acid-base disturbances. It can
be divided into two groups: saline responsive and saline unresponsive. Saline respon-
sive metabolic alkalosis is the most common and occurs with volume contraction
(e.g. vomiting or diuretic use). Gastric outflow obstruction is a well-known cause
of ‘hypokalaemic hypochloraemic metabolic alkalosis’. Excessive vomiting or
nasogastric suction leads to loss of hydrochloric acid, but the decline in glomeru-
lar filtration rate which accompanies this perpetuates the metabolic alkalosis.
The kidneys try to reabsorb chloride (hence the urine levels are low), but there
is less of it from loss of hydrochloric acid, so the only available anion to be reab-
sorbed is bicarbonate. Metabolic alkalosis is often associated with hypokalaemia,
due to secondary hyperaldosteronism from volume depletion.

Another relatively common cause of saline responsive metabolic alkalosis
is when hypercapnia is corrected quickly by mechanical ventilation. Post-
hypercapnia alkalosis occurs because a high PaCO, directly affects the proximal
tubules and decreases sodium chloride reabsorption leading to volume deple-
tion. If chronic hypercapnia is corrected rapidly with mechanical ventilation,
metabolic alkalosis ensues because there is already a high bicarbonate and the
kidney needs time to excrete it. The pH change causes a shift in potassium with
resulting hypokalaemia and sometimes cardiac arrhythmias.

Saline unresponsive metabolic alkalosis occurs due to renal problems:

e With high BP: excess mineralocorticoid (exogenous or endogenous)
e With normal BP: severe low potassium, high calcium
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Mini-tutorial: The use of i.v. sodium bicarbonate in
metabolic acidosis

HCO3 as sodium bicarbonate may be administered i.v. to raise blood pH in
severe metabolic acidosis but this poses several problems. It increases the
formation of CO, which passes readily into cells (unlike HCO3) and this worsens
intracellular acidosis. The oxygen-dissociation curve is shifted to the left by
alkalosis leading to impaired oxygen delivery to the tissues. Sodium bicarbonate
contains a significant sodium load and because 8.4% solution is hypertonic, the
increase in plasma osmolality can lead to vasodilatation and hypotension. Tissue
necrosis can result from extravasation from the cannula. Some patients with
airway or ventilation problems may need mechanical ventilation to counter the
increased CO, production caused by an infusion of sodium bicarbonate. Many of
the causes of metabolic acidosis respond to restoration of intravascular volume
and tissue perfusion with oxygen, i.v. fluids and treatment of the underlying
cause. For these reasons, routine i.v. sodium bicarbonate is not used in a metabolic
acidosis. It tends to be reserved for specific conditions, for example tricyclic
poisoning (when it acts as an antidote), treatment of hyperkalaemia and some
cases of renal failure. It may also be used in other situations, but only by experts:
8.4% sodium bicarbonate = 1 mmol/ml of sodium or bicarbonate.

¢ High-dose penicillin therapy

¢ Ingestion of exogenous alkali with a low glomerular filtration rate

A summary of the changes in pH, PaCO, and standard bicarbonate in differ-
ent acid-base disturbances is shown in Fig. 3.2.

Interpreting an arterial blood gas report

There are a few simple rules when looking at an arterial blood gas report:

e Always consider the clinical situation

e An abnormal pH indicates the primary acid—base problem

e The body never overcompensates

e Mixed acid-base disturbances are common in clinical practice.

Any test has to be interpreted only in the light of the clinical situation.

A normal blood gas result might be reassuring, but not, for example, if the

patient has severe asthma, where a ‘normal’ PaCO, level would be extremely

worrying. The body’s compensatory mechanisms only aim to bring the pH

towards normal and never swing like a pendulum in the opposite direction. So

a low pH with a high PaCO, and high standard bicarbonate is always a respi-

ratory acidosis and never an overcompensated metabolic alkalosis. These prin-

ciples will be easily seen as you work through the case histories at the end of

this chapter. Many doctors miss vital information when interpreting arterial

blood gas reports because they do not use a systematic method of doing so.
There are five steps in interpreting an arterial blood gas report:

1 Look at the pH first

2 Look at the PaCO, and the standard bicarbonate (or BE) to see whether this
is a respiratory or a metabolic problem, or both
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pH | PaCO, | St bicarbonate/BE | Compensatory response
Respiratory acidosis | Low | High Normal St bicarbonate rises
Metabolic acidosis Low | Normal | Low PaCO, falls
Respiratory alkalosis | High | Low Normal St bicarbonate falls
Metabolic alkalosis High | Normal | High PaCO, rises

Figure 3.2 Changes in pH, PaCO, and standard bicarbonate in different acid-base
disturbances.

3 Check the appropriateness of any compensation. For example, in a meta-
bolic acidosis you would expect the PaCO, to be low. If the PaCO, is nor-
mal this indicates a “hidden’ respiratory acidosis as well

4 Calculate the anion gap if there is a metabolic acidosis

5 Finally, look at the PaO, and compare it to the inspired oxygen concentra-
tion (more on this in Chapter 4).

Why arterial blood gases are an important test in
critical illness

Arterial blood gas analysis can be performed quickly and gives the following
useful information:

¢ A measure of oxygenation (PaO,)

¢ A measure of ventilation (PaCO,)

¢ A measure of perfusion (standard bicarbonate or BE).

In other words, a measure of A, B and C, which is why it is an extremely use-
ful test in the management of a critically ill patient.

Key points - acid-base balance

¢ The body maintains a narrow pH range using buffers and then the excretory
functions of the lungs and kidneys.

¢ Acid-base disturbances occur when there is a problem with ventilation, a
problem with renal function, or an overwhelming acid or base load the body
cannot handle.

e Use the five steps outlined above when interpreting an arterial blood gas report
so that important information is not missed.

¢ Arterial blood gas analysis is an important test in critical illness.

Self-assessment: case histories

Normal values: pH 7.35-7.45, PaCO, 4.5-6.0 (35-46 mmHg), PaO, 11-14.5 kPa

(83-108 mmHg), BE -2 to + 2, st bicarbonate 22-28 mmol/1.

1 A 65-year-old man with chronic obstructive pulmonary disease (COPD)
comes to the emergency department with shortness of breath. His arterial
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blood gases on air show: pH 7.29, PaCO, 8.5 kPa (65.3 mmHg), st bicarbo-
nate 30.5 mmol/l, BE +4, PaO, 8.0kPa (62 mmHg). What is the acid—base
disturbance and what is your management?

2 A 60-year-old ex-miner with COPD is admitted with shortness of breath.
His arterial blood gases on air show: pH 7.36, PaCO, 9.0 kPa (65.3 mmHg),
st bicarbonate 35 mmol/l, BE +6, PaO, 6.0kPa (46.1 mmHg). What is the
acid-base disturbance and what is your management?

3 A 24-year-old man with epilepsy comes to hospital in tonic—clonic status
epilepticus. He is given i.v. Lorazepam. Arterial blood gases on 10 l/min oxy-
gen via reservoir bag mask show: pH 7.05, PaCO, 8.0 (61.5 mmHg), standard
bicarbonate 16 mmol/l, BE —8, PaO, 15kPa (115 mmHg). His other results
are sodium 140 mmol/l, potassium 4 mmol/l and chloride 98 mmol/l. What
is his acid-base status and why? What is your management?

4 A 44-year-old man comes to the emergency department with pleuritic
chest pain and shortness of breath which he has had for a few days. A small
pneumothorax is seen on the chest X-ray. His arterial blood gases on 10 I/min
oxygen via simple face mask show: pH 7.44, PaCO, 3.0 (23 mmHg), st bicar-
bonate 16 mmol/l, BE —8, PaO, 30.5 kPa (234.6 mmHg). Is there a problem
with acid-base balance?

5 A patient is admitted to hospital with breathlessness and arterial blood
gases on air show: pH 7.2, PaCO, 4.1kPa (31.5mmHg), st bicarbonate
36 mmol/l, BE +10, PaO, 7.8 kPa (60 mmHg). Can you explain this?

6 An 80-year-old woman is admitted with abdominal pain. Her vital signs
are normal, apart from cool peripheries and a tachycardia. Her arterial
blood gases on air show: pH 7.1, PaCO, 3.5 kPa (30 mmHg), st bicarbonate
8 mmol/l, BE —20, PaO, 12kPa (92 mmHg). You review the clinical situa-
tion again — she has generalised tenderness in the abdomen but it is soft.
Her blood glucose is 6.0 mmol/l (100 mg/dl), her creatinine and liver tests
are normal. The chest X-ray is normal. There are reduced bowel sounds.
The ECG shows atrial fibrillation. What is the reason for the acid-base dis-
turbance? What is your management?

7 A 30-year-old woman who is 36 weeks pregnant has her arterial blood
gases taken on air because of pleuritic chest pain. The results are as follows:
pH 7.48, PaCO, 3.4kPa (26 mmHg), st bicarbonate 19 mmol/l, BE —4,
PaO, 14kPa (108 mmHg). What do these blood gases show? Could they
indicate a pulmonary embolism?

8 A 45-year-old woman with a history of peptic ulcer disease reports 6 days of
persistent vomiting. On examination she has a BP of 100/60 mmHg and looks
dehydrated and unwell. Her blood results are as follows: sodium 140 mmol/],
potassium 2.2 mmol/l, chloride 86 mmol/l, venous (actual) bicarbonate
40 mmol/l, urea 29 mmol/l (blood urea nitrogen (BUN) 80 mg/dl), pH 7.5,
PaCO, 6.2kPa (53 mmHg), PaO, 14kPa (107 mmHg), urine pH 5.0, urine
sodium 2 mmol/l, urine potassium 21 mmol/l and urine chloride 3 mmol/l.
What is the acid-base disturbance? How would you treat this patient? Twenty-
four hours after appropriate therapy the venous bicarbonate is 30 mmol/l
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and the following urine values are obtained: pH 7.8, sodium 100 mmol/l,
potassium 20 mmol/l and chloride 3 mmol/l. How do you account for the
high urinary sodium but low urinary chloride concentration?

A 50-year-old man is recovering on a surgical ward 10 days after a total
colectomy for bowel obstruction. He has type 1 diabetes and is on i.v.
insulin. His ileostomy is working normally. His vital signs are: BP
150/70 mmHg, respiratory rate 16/min, SpO, 98% on air, urine output
1200 ml per day, temperature normal and he is well perfused. The surgi-
cal team are concerned about his persistently high potassium (which was
noted pre-operatively as well) and metabolic acidosis. His blood results
are: sodium 130mmol/l, potassium 6.5 mmol/l, urea 14 mmol/l (BUN
39mg/dl), creatinine 180 pmol/l (2.16 mg/dl), chloride 109 mmol/l, nor-
mal synacthen test and albumin. He is known to have diabetic nephrop-
athy and is on Ramipril. His usual creatinine is 180 pmol/l. His arterial
blood gases on air show: pH 7.31, PaCO, 4.0 kPa (27 mmHg), st bicarbon-
ate 15mmol/l, BE —8, PaO, 14kPa (108 mmHg). The surgical team are
wondering whether this persisting metabolic acidosis means that there is
an intra-abdominal problem, although a recent abdominal CT scan was
normal. What is your advice?

10 Match the clinical history with the appropriate arterial blood gas values:

pH PaCO, St bicarbonate (mmol/l)
a 7.39 8.45kPa (65 mmHg) 37
b 7.27 7.8kPa (60 mmHg) 26
C 7.35 7.8kPa (60 mmHg) 32

e A severely obese 24-year-old man
e A 56-year-old lady with COPD who has been started on a diuretic for

peripheral oedema, resulting in a 3 kg weight loss

e A 14-year-old girl with a severe asthma attack.

Self-assessment: discussion

1

There is an acidaemia (low pH) due to a high PaCO, — a respiratory acid-
osis. The standard bicarbonate is just above normal. The PaO, is low.
Management starts with assessment and treatment of airway, breathing
and circulation (ABC). Medical treatment of an exacerbation of COPD
includes controlled oxygen therapy, nebulised salbutamol, steroids, antibi-
otics if necessary, i.v. aminophylline in some cases and non-invasive venti-
lation if the respiratory acidosis does not resolve quickly [3].

There is a normal pH with a high PaCO, (respiratory acidosis) and a high st
bicarbonate (metabolic alkalosis). Which came first? The clinical history
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and the low-ish pH point towards this being a respiratory acidosis, compen-
sated for by a raise in st bicarbonate (renal compensation). This is a chronic or
compensated respiratory acidosis. If the pH fell further due to a rise in PaCO,,
you could call this an ‘acute on chronic respiratory acidosis’ which would look
like this: pH 7.17, PaCO, 14.6kPa (109 mmHg), standard bicarbonate
39 mmol/l, BE +7.6, PaO, 6.0 kPa (46.1 mmHg). Management would be the
same as for case number 1, but note that non-invasive ventilation is only indi-
cated when the pH falls below 7.35 due to a rise in PaCO,.

There is an acidaemia (low pH) due to a high PaCO, and a low st bicar-
bonate — a mixed respiratory and metabolic acidosis. The PaO, is low in
relation to the inspired oxygen concentration. The high PaCO, is likely to be
due to airway obstruction and the respiratory depressant effects of i.v. ben-
zodiazepines. This can be deduced because there is such a large difference
between the inspired oxygen concentration (FiO,) and the PaO,. Aspiration
pneumonia is another possibility. Persistent tonic—clonic seizures cause a
lactic acidosis because of anaerobic muscle metabolism. Management starts
with assessment and treatment of ABC (followed by disability and exami-
nation/planning (DE)). A benzodiazepine aborts 80% seizures in status
epilepticus. Lorazepam is the drug of choice because seizures are less likely
to relapse compared with diazepam (55% at 24h compared with 50% at
2 h). Additional therapy is then required to keep seizures away — 15 mg/kg
i.v. phenytoin as a slow infusion with cardiac monitoring is the initial treat-
ment. If this fails, consider other diagnoses, further phenytoin and sedation
with propofol or barbiturates on the ICU [4].

There is a normal pH with a low PaCO, (respiratory alkalosis) and a low st
bicarbonate (metabolic acidosis). Which came first? The history and the
high-ish pH point towards this being a respiratory alkalosis, compensated
for by a fall in st bicarbonate. This is a compensated respiratory alkalosis. If
you saw a similar arterial blood gas in an unwell diabetic, it could be an
early (compensated) diabetic ketoacidosis.

As you may have guessed, this is an impossible blood gas — the answer is
laboratory error!

There is an acidaemia (low pH) due to a very low st bicarbonate (metabolic
acidosis). The PaCO, is appropriately low, although it should be lower than
this — approximately 2.5 kPa, possibly indicating that she is tiring. The
anion gap is not given. The PaO, is normal. The presence of atrial fibrilla-
tion is a clue to the diagnosis of ischaemic bowel. Intra-abdominal catas-
trophes are associated with a metabolic acidosis. This case illustrates that
an ‘acute abdomen’ is often soft in the elderly. They commonly show few
signs of an inflammatory response because of their less active immune sys-
tem. Management starts with assessment and treatment of ABC followed
by DE - call the surgeon.

There is a high pH (alkalaemia) due to a low PaCO, (respiratory alkalosis).
The st bicarbonate is just below normal. The PaO, is normal. A respiratory



10

Acid-base balance 47

alkalosis is a normal finding in advanced pregnancy [5]. The alveolar—
arterial (A-a) gradient is not affected by pregnancy and is normal in this
case (see Chapter 4). Arterial blood gases can be normal in peripheral pul-
monary emboli and therefore do not add to the management of this case.
There is a high pH (alkalaemia) due to a high bicarbonate (metabolic
alkalosis). The PaCO, is just above normal. The PaO, is normal, assuming
she is breathing room air. The potassium and chloride levels are both low.
This is the hypokalaemic hypochloraemic metabolic alkalosis seen in pro-
longed vomiting due to gastric outflow obstruction. The physical findings
and low urinary chloride point towards volume depletion. The patient
requires i.v. saline (sodium chloride) with potassium. During therapy,
volume expansion reduces the need for sodium reabsorption, hence the
high levels in the urine. The discrepancy between urinary sodium and
chloride is primarily due to urinary bicarbonate excretion. Further saline
replacement is necessary for as long as the low urinary chloride persists,
since it indicates ongoing chloride and volume depletion.

There is a low pH (acidaemia) due to a low st bicarbonate — a metabolic
acidosis. The PaCO, is appropriately low. The anion gap may be calculated
as (130 + 6.5) — (12 + 109) = 15.5 mmol/l, which is normal. The PaO, is
normal. Common causes of a normal anion gap metabolic acidosis include
renal tubular acidosis, diarrhoea, fistula or ileostomy and acetazolomide
therapy. In this case, excessive gastrointestinal losses and acetazolomide can
be excluded, which leaves a possible renal cause. Renal tubular acidosis is
a collection of disorders in which the kidneys either cannot excrete H*
ions or generate bicarbonate. Only one of the renal tubular acidoses is
associated with a high serum potassium — type 4, or hyporeninaemic hypoal-
dosteronism, found in patients with diabetic or hypertensive nephropathy
(as in this case) and exacerbated by angiotensin converting enzyme
inhibitors, aldosterone blockers, for example spironolactone and non-
steroidal anti-inflammatory drugs. The metabolic acidosis seen in this con-
dition is usually mild, with the st bicarbonate concentration remaining above
15 mmol/l. Treatment usually consists of dietary restriction of potassium
and medication, for example oral furosemide.

Severe obesity suggests chronic hypercapnia (c). COPD and diuretic therapy
suggest chronic hypercapnia with a superimposed metabolic alkalosis (a). A
severe asthma attack suggests an acute respiratory acidosis (b).
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Appendix: Checking the consistency of arterial blood
gas data

H™ ions concentration is sometimes used instead of pH. A simple conversion
between pH 7.2 and 7.5 is that [H"] = 80 minus the two digits after the decimal
point. So if the pH is 7.35, then [H*] is 80 — 35 = 45 nmol/l (see Fig. 3.3).

Earlier in this chapter, Box 3.1 on the Henderson-Hasselbach equation
explained that pH is proportional to [HCO3]/PaCO,. Another way of writing
this is as follows:

PaCoO,

[H*] = Ka X where Ka is the dissociation constant

3

Paco,

or [H"] = 181 X in kPa (or 24 X PaCO, in mmHg)

3
The following arterial blood gas analysis: pH 7.25, PaCO, 4.5 kPa (35 mmHg),

st bicarbonate 14.8 mmol/l, PaO, 8.0 kPa (61 mmHg) shows a metabolic acid-
osis. A pH of 7.25 = [H*] of 55 nmol/l. Do the figures add up?

181 X A5 55
14.8

Yes, a PaCO, of 4.5kPa with a st bicarbonate of 14.8 would give a [H*] of
55 nmol/l. You may find this simple calculation useful when checking for labora-
tory error, or making up arterial blood gases for teaching material.

pH [H*] (nmol/l)
7.6 26
7.5 32
7.4 40
7.3 50
7.2 63
71 80
7.0 100
6.9 125
6.8 160
Figure 3.3 pH and equivalent [H'].
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CHAPTER 4
Respiratory failure

By the end of this chapter you will be able to:

e Understand basic pulmonary physiology

® Understand the mechanisms of respiratory failure
® Know when respiratory support is indicated

e Know which type of respiratory support to use

® Understand the effects of mechanical ventilation
* Apply this to your clinical practice

Basic pulmonary physiology

The main function of the respiratory system is to supply oxygenated blood

and remove carbon dioxide. This process is achieved by:

e Ventilation: the delivery and removal of gas to and from the alveoli.

¢ Gas exchange: oxygen and carbon dioxide (CO,) cross the alveolar—capillary
wall by diffusion.

e Circulation: oxygen is transported from the lungs to the cells and carbon diox-
ide is transported from the cells to the lungs. The concept of oxygen delivery
has been outlined in Chapter 2 and will not be discussed further here.

When it comes to respiratory failure, there are two types: failure to ventilate

and failure to oxygenate. An understanding of basic pulmonary physiology is

important in understanding why respiratory failure occurs.

Ventilation

During inspiration, the volume of the thoracic cavity increases, due to contrac-
tion of the diaphragm and movement of the ribs, and air is actively drawn into
the lung. Beyond the terminal bronchioles is the respiratory zone, where the
surface area of the lung is huge and diffusion of gas occurs. The lung is elastic
and returns passively to its pre-inspiratory volume on expiration. The lung is
also very compliant — a normal breath requires only 3 cmH,O of pressure.

A normal breath (500ml) is only a small proportion of total lung volume,
shown diagrammatically in Fig. 4.1. Of each 500 ml inhaled, 150 ml stays in the
anatomical deadspace and does not take part in gas exchange. Most of the rest
of the gas which enters the respiratory zone takes part in alveolar ventilation,
but around 5% does not due to normal ventilation—perfusion (V/Q) mismatch,

50
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Figure 4.1 Normal lung volumes. The closing volume (CV) is the volume at which
the dependent airways begin to collapse, or close. It is normally about 10% of the
vital capacity and increases to about 40% by the age of 65 years.

and this is called the alveolar deadspace. The anatomical plus alveolar dead-
space is called the physiological deadspace. In health, the anatomical and physio-
logical deadspaces are almost the same.

V/Q mismatch can increase in disease. If ventilation is reduced to a part of
the lung and blood flow remains unchanged, alveolar O, will fall and CO, will
rise in that area, approaching the values of venous blood. If blood flow is
obstructed to a part of the lung and ventilation remains unchanged, alveolar
O, will rise and CO, will fall in that area, approaching the values of inspired
air. The V/Q ratio therefore lies along a continuum, ranging from zero (per-
fusion but no ventilation, i.e. shunt) to infinity (ventilation but no perfusion,
i.e. increased deadspace).

When PaO, falls and PaCO, rises due to V/Q mismatch, normal people
increase their overall alveolar ventilation to compensate. This corrects the hyper-
capnia but only partially the hypoxaemia due to the different shapes of the O,
and CO, dissociation curves.

The alveolar—arterial (A-a) gradient is a measure of V/Q mismatch and is
discussed later.

The mechanics of ventilation are complex. Surfactant plays an important role
in the elastic properties of the lung (and is depleted in acute respiratory dis-
tress syndrome). The lungs tend to recoil while the thoracic cage tends to expand
slightly. This creates a negative intrapleural pressure, which increases during
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inspiration, because as the lung expands, its elastic recoil increases. Fig. 4.2 shows
the pressure changes which occur in the alveolus during normal breathing.

Ventilation is controlled in the brainstem respiratory centres, with input from
the cortex (voluntary control). The muscles which affect ventilation are the
diaphragm, intercostals, abdominal muscles and the accessory muscles (e.g. ster-
nomastoids). Ventilation is sensed by central and peripheral chemoreceptors, and
other receptors in the lungs. Normally, PaCO, is the most important factor in the
control of ventilation but the sensitivity to changes in PaCO, is reduced by sleep,
older age and airway resistance (e.g. in chronic obstructive pulmonary disease
(COPD)). Other factors which increase ventilation include hypoxaemia, low arter-
ial pH and situations which increase oxygen demand (e.g. sepsis).

Oxygenation

Oxygen tension in the air is around 20 kPa (154 mmHg) at sea level, falling to
around 0.5 kPa (3.8 mmHg) in the mitochondria. This gradient is known as the
‘oxygen cascade’ (illustrated in Fig. 4.3). Therefore, an interruption at any point
along this cascade can cause hypoxia (e.g. high altitude, upper or lower airway
obstruction, alveolar problems, abnormal haemoglobins, circulatory failure or
mitochondrial poisoning).

If a patient is breathing 60% oxygen and his/her PaO, is 13 kPa (100 mmHg),
it can be seen that there is a significant problem with gas exchange - the ‘nor-
mal’ value of 13 kPa is not normal at all in the context of a high inspired oxygen
concentration (F,0,). With normal lungs, the predicted PaO, is roughly 10 kPa
(75 mmHg) below the F,0,. Problems with gas exchange occur at the alveolar—
arterial (A-a) step of the oxygen cascade (D to E in Fig. 4.3). Normal people have
a small A-a difference because the bronchial veins of the lung and Thebesian
veins of the heart carry unsaturated blood directly to the left ventricle, bypassing
the alveoli. Large differences are always due to pathology.

In the example above, one can see the difference between F,0, and PaO, with-
out a calculation. However, the difference between alveolar and arterial oxygen
(the A-a gradient) can be measured using the alveolar gas equation.
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Figure 4.3 The oxygen cascade. A: inspired dry gas; B: humidified; C: mixed with
expired gas; D: alveolar ventilation + oxygen consumption; E: venous mixing + V/Q
mismatch; F: capillary blood; G: mitochondria.

Oxygen leaves the alveolus in exchange for carbon dioxide. Arterial and alveo-
lar PCO, are virtually the same. If we know the composition of inspired gas and
the respiratory exchange ratio (R), then the alveolar oxygen concentration can be
calculated. (The respiratory exchange ratio allows for metabolism by the tissues.)
To convert F,0, into the partial pressure of inspired O,, we have to adjust for baro-
metric pressure, water vapour pressure and temperature. Assuming sea level
(101 kPa or 760 mmHg), inspired air which is 100% humidified (water vapour
pressure 6 kPa or 47 mmHg) and 37°C, the alveolar gas equation is as follows:

PAOZ = FiOZ (PB - PAHzo) - PAC02/08

P,O,: alveolar PO,

F,0,: fraction of inspired oxygen

Pg: barometric pressure of 101 kPa

P,H,O: alveolar partial pressure of water of 6 kPa

P,CO,: alveolar PCO,

0.8: the respiratory exchange ratio (or respiratory quotient).

Once P,O, has been estimated, the A-a gradient is calculated as P,O, — PaO,.
A normal A-a gradient is up to 2 kPa (15 mmHg) or 4 kPa (30 mmHg) in smokers
and the elderly.



54 Chapter 4

For example, a person breathing air with a PaO, of 12.0 kPa and a PaCO, of
5.0 kPa has an A-a gradient as follows:

PAOZ = FiOZ (PB - PAHzo) - PAC02/0.8
P,0, =0.21 X 95 — 5/0.8

When calculating the A-a gradient on air, 0.21 X 95 is often shortened to 20.
20 — 5/0.8 = 13.75

The A-a gradient is therefore 13.75 — 12 = 1.75 kPa.

The calculation of the A-a gradient illustrates the importance of always docu-
menting the inspired oxygen concentration on an arterial blood gas report, oth-
erwise problems with oxygenation may not be detected. Some applications of
the A-a gradient are illustrated in the case histories at the end of this chapter.

The mechanisms of respiratory failure

Respiratory failure is said to be present when there is PaO, of <8.0kPa
(60 mmHg), when breathing air at sea level without intracardiac shunting.
It occurs with or without a high PaCO,.

Traditionally, respiratory failure is divided into type 1 and type 2, but these
are not practical terms and it is better to think instead of:
¢ Failure to ventilate
¢ Failure to oxygenate
¢ Failure to both ventilate and oxygenate.

Failure to ventilate

V/Q mismatch causes a high PaCO,, as mentioned earlier. But hypercapnic res-
piratory failure occurs when the patient cannot compensate for a high PaCO, by
increasing overall alveolar ventilation and this usually occurs in conditions
which cause alveolar hypoventilation.

Fig. 2.8 illustrated how respiratory muscle load and respiratory muscle
strength can be affected by disease and an imbalance leads to alveolar hypoven-
tilation. To recap, respiratory muscle load is increased by increased resistance
(e.g. upper or lower airway obstruction), reduced compliance (e.g. infection,
oedema, rib fractures or obesity) and increased respiratory rate (RR). Respiratory
muscle strength can be reduced by a problem in any part of the neuro-respiratory
pathway: motor neurone disease, Guillain—Barré syndrome, myasthenia gravis
or electrolyte abnormalities (low potassium, magnesium, phosphate or calcium).
Drugs which act on the respiratory centre, such as morphine, reduce total
ventilation.

Oxygen therapy corrects hypoxaemia which occurs as a result of V/Q mis-
match or alveolar hypoventilation.
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Failure to oxygenate

Although there are many potential causes of hypoxaemia, as illustrated by the
oxygen cascade, the most common causes of failure to oxygenate are:

¢ V/Q mismatch

¢ Intrapulmonary shunt

¢ Diffusion problems.

V/Q mismatch

If the airways are impaired by the presence of secretions or narrowed by bron-
choconstriction, that segment will be perfused but only partially ventilated.
The resulting V/Q mismatch will result in hypoxaemia and hypercapnia. The
patient will increase his/her overall alveolar ventilation to compensate. Giving
supplemental oxygen will cause the PaO, to increase.

Intrapulmonary shunt

If the airways are totally filled with fluid or collapsed, that segment will be per-
fused but not ventilated at all (see Fig. 4.4). Mixed venous blood is shunted across
it. Increasing the inspired oxygen in the presence of a moderate to severe shunt
will not improve PaO,. Intrapulmonary shunting as a cause of hypoxaemia is
observed in pneumonia and atelectasis.

V/Q mismatch and intrapulmonary shunting can often be distinguished by the
response of the patient to supplemental oxygen. With a large shunt, hypoxaemia
cannot be abolished even by giving the patient high-concentration oxygen. Small
reductions in inspired oxygen may lead to a large reduction in PaO, because of
the relatively steep part of the oxygen dissociation curve (see Fig. 2.11).

V/Q mismatch Shunt

Obstructive
airways disease

Alveolar
Interstitial flooding
lung d/\
/ ’_\f\ V\ Mixed venous
oxygen

Figure 4.4 V/Q mismatch vs shunt.
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Diffusion problems
Some conditions affect the blood—gas barrier (e.g. fibrosis), which is normally
extremely thin, leading to ineffective diffusion of gas. The response to supple-
mental oxygen reduces with increasing severity of disease.

With V/Q mismatch, intrapulmonary shunt and diffusion problems, there
is adequate ventilation but inadequate gas exchange and therefore a low
PaO, with a normal or low PaCO, is seen.

Failure to both ventilate and oxygenate

Post-operative respiratory failure is an example of a situation where problems
with gas exchange are accompanied by hypoventilation, leading to hypoxaemia
(despite oxygen therapy) as well as hypercapnia. In post-operative respiratory
failure, the hypoxaemia is caused by infection and atelectasis due to a combin-
ation of supine position, the effects of general anaesthesia and pain. A reduction
in functional residual capacity below closing volume also contributes leading to
airway collapse in the dependent parts of the lung (see Fig. 4.1). The hyper-
capnia is caused by excessive load from reduced compliance and increased
minute volume in combination with opiates which depress ventilation. At-risk
patients are those with pre-existing lung disease, who are obese or who have
upper abdominal or thoracic surgery. Box 4.1 outlines the measures to prevent
post-operative respiratory failure.

Respiratory support

Ideally, patients with acute respiratory failure which does not rapidly reverse
with medical therapy should be admitted to a respiratory care unit or other
level 2—-3 facility. Hypoxaemia is the most life-threatening facet of respiratory
failure. The goal of treatment is to ensure adequate oxygen delivery to the tis-
sues which is generally achieved with a PaO, of at least 8.0 kPa (60 mmHg) or
SpO, of at least 93 %. However, patients with chronic respiratory failure require
different therapeutic targets than patients with previously normal lungs. One
would not necessarily aim for normal values in these patients.

Box 4.1 Preventing post-operative respiratory failure

¢ Identify high-risk patients pre-operatively: pre-existing lung disease,
upper abdominal or thoracic surgery, smokers (impaired ciliary
transport), obesity

e Use regional analgesia if possible

¢ Early post-operative chest physiotherapy

e Humidified oxygen

¢ Avoid use of drugs which may depress ventilation

e Early identification of pneumonia

e Early use of CPAP
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Apart from oxygen therapy (see Chapter 2) and treatment of the underlying
cause, various forms of respiratory support are used in the treatment of respira-
tory failure. There are two main types of respiratory support: non-invasive and
invasive. Non-invasive respiratory support consists of either bilevel positive air-
way pressure (BiPAP) or continuous positive airway pressure (CPAP), adminis-
tered via a tight-fitting mask. Invasive respiratory support, on the other hand,
requires endotracheal intubation and comes in several different modes.

‘Respiratory support” does not necessarily mean mechanical ventilation. For
example, CPAP is not ventilation, as will be explained later. The ABCDE (air-
way, breathing, circulation, disability, examination and planning) approach is
still important, and should be used to assess and manage any patient with respira-
tory failure (see Box 4.2).

Respiratory support is indicated when:
¢ There is a failure to oxygenate or ventilate despite medical therapy
¢ There is unacceptable respiratory fatigue
e There are non-respiratory indications for tracheal intubation and ventila-

tion (e.g. the need for airway protection).

Once a decision has been made that a patient needs respiratory support, the
next question is, which type? Failure to ventilate is treated by manoeuvres

Box 4.2 Approach to the patient with respiratory failure

Action

A Assess and treat any upper airway obstruction
Administer oxygen

B Look at the chest: assess rate, depth and symmetry
Measure SpO,
Quickly listen with a stethoscope (for air entry, wheeze, crackles)
You may need to use a bag and mask if the patient has inadequate
ventilation
Treat wheeze, pneumothorax, fluid, collapse, infection etc
Is a physiotherapist needed?

C  Fluid challenge(s) or rehydration may be needed
Vasoactive drugs may be needed if severe sepsis is also present (see
Chapter 6)

D Assess conscious level as this affects treatment options

E  Are ABCD stable? If not, go back to the top and call for help
Arterial blood gases
Gather more information (e.g. usual lung function)
Decide if and what type of respiratory support is needed
Make ICU and cardio-pulmonary resuscitation (CPR) decisions now
Do not move an unstable patient without the right monitoring
equipment and staff
Call a senior colleague (if not already called)
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designed to increase alveolar minute ventilation by increasing the depth and
rate of breathing. Failure to oxygenate, however, is treated by restoring and
maintaining lung volumes using alveolar recruitment manoeuvres such as
the application of a positive end-expiratory pressure (PEEP or CPAP). Fig. 4.5
summarises the different types of respiratory support.

There is considerable evidence available as to what works best in different
clinical situations [1]. This information is important. For example, there is no
evidence that ‘trying’ non-invasive ventilation (NIV) in a young person with
life-threatening asthma is of any benefit. The first-line methods of respiratory
support for different conditions are shown in Fig. 4.6.

Respiratory support |
[
Non-invasive Invasive
(tight fitting mask) (tracheal intubation)
v l v l v
BiPAP CPAP Volume control CPAP

(a form of IPPV) Pressure control (usually used
BiPAP in weaning)

SIMV

PSV

(all are forms of IPPV)

Figure 4.5 Different types of respiratory support. BiPAP: bilevel positive pressure
ventilation; IPPV: intermittent positive pressure ventilation; CPAP: continuous
positive airway pressure; SIMV: synchronised intermittent mandatory ventilation;
PSV: pressure support ventilation.

Tracheal intubation | Non-invasive ventilation Non-invasive CPAP
(NIV/BiPAP)
* Asthma * COPD with respiratory * Acute cardiogenic pulmonary
* ARDS (acute acidosis causing oedema
respiratory distress pH 7.25-7.35 * Hypoxaemia in chest
syndrome) * Decompensated sleep trauma/atelectasis
* Severe respiratory apnoea
acidosis causing * Acute on chronic
pH <7.25 hypercapnic respiratory
* Any cause with failure due to chest wall
impaired conscious deformity or neuromuscular
level disease
* Pneumonia*

Figure 4.6 First-line methods of respiratory support for different conditions. *If NIV or
CPAP is used as a trial of treatment in pneumonia in patients without COPD or post-
operative respiratory failure, this should be done on an ICU with close monitoring and
rapid access to intubation. Patients with excessive secretions may also require tracheal
intubation.
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Non-invasive respiratory support

Non-invasive respiratory support will be more familiar to people who do not

work on an intensive care unit (ICU). BiPAP and CPAP are the two main types

of non-invasive respiratory support. Non-invasive BiPAP is also referred to as

NIV. The ventilator cycles between two different pressures triggered by the

patient’s own breathing, the higher inspiratory positive airway pressure (IPAP)

and the lower expiratory positive airway pressure (EPAP). In CPAP a single

positive pressure is applied throughout the patient’s respiratory cycle. The dif-

ference between non-invasive BiPAP and CPAP is shown in Fig. 4.7.
Non-invasive respiratory support is contraindicated in:

¢ Recent facial or upper airway surgery, facial burns or trauma

e Vomiting

e Recent upper gastrointestinal surgery or bowel obstruction

¢ Inability to protect own airway

e Copious respiratory secretions

¢ Other organ system failure (e.g. haemodynamic instability)

e Severe confusion/agitation.

However, non-invasive BiPAP is sometimes used in drowsy or confused patients

it it is decided that the patient is not suitable for tracheal intubation because of

severe chronic lung disease.

Non-invasive BiPAP
Non-invasive ventilators have a simpler design compared with the ventilators
on an ICU. This is because most were originally designed for home use. The
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Figure 4.7 The difference between (a) non-invasive BiPAP and (b) CPAP. With non-

invasive BiPAP, mechanical ventilation is superimposed on spontaneous breathing
(see also Fig. 4.12).
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disadvantage of this is that some are not adequately equipped in terms of
monitoring and alarms when used in hospital.

The operator has to choose the appropriate type and size of mask and set
basic ventilator controls: supplementary oxygen flow rate, IPAP, EPAP,
backup respiratory rate (RR) and inspiratory time or inspiration to expiration
(I:E) ratio.

Non-invasive BiPAP is used in certain patients with a mild-to-moderate
acute respiratory acidosis (see Fig. 4.6). In an acute exacerbation of COPD, it is
usual to begin with an IPAP of 15 cmH,0 and an EPAP of 5 cmH,0. The levels
are then adjusted based on patient comfort, tidal volume achieved (if meas-
ured) and arterial blood gases.

The main indications for non-invasive BiPAP in the acute setting are:

e Exacerbation of COPD (pH low due to acute respiratory acidosis)

e Weaning from invasive ventilation.

There is a large body of evidence supporting non-invasive BiPAP in acute
exacerbations of COPD (see Mini-tutorial: NIV for exacerbations of COPD).
Non-invasive BiPAP can also be used as a step-down treatment in patients
who have been intubated and ventilated on ICU. Weaning problems occur in
at least 60% patients with COPD and this is a major cause of prolonged ICU
stay. A randomised multi-centre trial has shown that non-invasive BiPAP is
more successful in weaning than a conventional approach in patients with
COPD [2]. Patients who failed a T-piece trial (breathing spontaneously with
no support) 48 h after intubation were randomly assigned to receive either
non-invasive BiPAP immediately after extubation or conventional weaning
(a gradual reduction in ventilator support). The non-invasive BiPAP group
took a shorter time to wean, had shorter ICU stays, a lower incidence of hos-
pital-acquired pneumonia and increased 60-day survival. Other studies have
reported similar findings.

Early trials of non-invasive BiPAP for pneumonia were discouraging, but
a later prospective randomised trial of non-invasive BiPAP in community-
acquired pneumonia (56 patients) showed a significant fall in RR and the
need for intubation [3]. However, half of the patients in this study had COPD
and it was carried out in an ICU. Previously well patients who require venti-
lation for pneumonia should be referred to an ICU as they are likely to need
tracheal intubation.

Predictors of failure of non-invasive BiPAP in an acute exacerbation of
COPD are:

e No improvement within 2h

e High APACHE II score (Acute Physiological and Chronic Health Evaluation)
e Pneumonia

¢ Very underweight patient

¢ Neurological compromise

e pH <7.3 prior to starting NIV.

The updated UK guidelines on non-invasive BiPAP for exacerbations of
COPD can be found on the British Thoracic Society website [4].
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Mini-tutorial: NIV for exacerbations of COPD

An exacerbation of COPD requiring admission to hospital carries a 6-26% mortality
[5]. One study found a 5-year survival of 45% after discharge and this reduced to
28% with further admissions [6]. Invasive ventilation for an exacerbation of COPD
has an even higher mortality [7]. Ventilator-associated pneumonia is common and
increases mortality still further. Non-invasive BiPAP is associated with less
complications than tracheal intubation (see Fig. 4.8).

Most studies of non-invasive BiPAP in acute exacerbations of COPD have been
performed in critical care areas. There have been at least half a dozen prospective
randomised-controlled trials of non-invasive BiPAP vs standard care in acute exacer-
bations of COPD. The studies performed in ICUs showed a reduction in intubation rates
and some also showed reduced mortality when compared to conventional medical
therapy. None have directly compared non-invasive BiPAP with tracheal intubation. A
multi-centre randomised-controlled trial of non-invasive BiPAP in general respiratory
wards showed both a reduced need for intubation and reduced hospital mortality [8].
Patients with a pH below 7.3 on enrolment had a significantly higher failure rate and
in-hospital mortality than those with an initial pH over 7.3, whether they received
non-invasive BiPAP or not. It is therefore recommended that patients with a pH
below 7.3 are monitored in a facility with ready access to tracheal intubation.

Non-invasive BiPAP should be commenced as soon as the pH falls below 7.35
because the further the degree of acidosis, the less the chances of improvement. It
should be used as an adjunct to full medical therapy which treats the underlying
cause of acute respiratory failure. In a 1-year prevalence study of nearly 1000 patients
admitted with an exacerbation of COPD in one city, around 1 in 5 were acidotic on
arrival in the Emergency Department, but 20% of these had a normal pH by the time
they were admitted to a ward [9]. This included patients with an initial pH of <7.25,
and suggests that non-invasive BiPAP should be commenced after medical therapy
and controlled oxygen has been administered.

Patients on non-invasive BiPAP require close supervision because sudden
deterioration can occur at any time. Simple measures, such as adjusting the mask to
reduce excessive air leaks can make a difference to the success or otherwise of
treatment. Basic vital signs frequently measured give an indication of whether or
not non-invasive BiPAP is being effective. If non-invasive BiPAP does not improve
respiratory acidosis in the first 2 h, tracheal intubation should be considered.

Non-invasive CPAP
Non-invasive CPAP was first introduced in the 1980s as a therapy for obstruct-
ive sleep apnoea (OSA). A tight-fitting face or nasal mask delivers a single posi-
tive pressure throughout the patient’s respiratory cycle. In OSA, CPAP prevents
pharyngeal collapse. CPAP can also be delivered through an endotracheal tube
or tracheostomy tube in spontaneously breathing patients and is used this way
during weaning from the ventilator.
The main indications for non-invasive CPAP in the acute setting are:
e To deliver increased oxygen in pneumonia or post-operative respiratory
failure associated with atelectasis
¢ Acute cardiogenic pulmonary oedema.
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Non-invasive respiratory support Tracheal intubation
Necrosis of skin over bridge of nose Pneumonia

Aspiration Barotrauma and volutrauma
Changes in cardiac output (less) Changes in cardiac ouput

Complications of sedation and paralysis
Tracheal stenosis/tracheomalacia

Figure 4.8 Complications of non-invasive respiratory support vs intubation.
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O, concentration
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(nasal, facial or hood)
CPAP valve:
Humidifier 5, 7.5 or 10cmH,0

(gas flow adjusted
to get correct valve
movement)

Figure 4.9 A CPAP circuit.

CPAP is employed in patients with acute respiratory failure to correct hypox-
aemia. In the spontaneously breathing patient, the application of CPAP provides
positive end-expiratory pressure (PEEP) that can reverse or prevent atelectasis,
improve functional residual capacity and oxygenation. These improvements may
prevent the need for tracheal intubation and can sometimes reduce the work of
breathing. However, in patients with problems causing alveolar hypoventilation,
mechanical ventilation rather than CPAP is more appropriate.

The inspiratory flow in a CPAP circuit needs to be high enough to match the
patient’s peak inspiratory flow rate. If this is not achieved, the patient will breathe
against a closed valve with the risk that the generation of significant negative
intrapleural pressure will lead to the development of pulmonary oedema. Look
at the expiratory valve on a CPAP circuit in use. The valve should remain slightly
open during inspiration (see Fig. 4.9).

Meta-analysis shows that non-invasive CPAP reduces the need for tracheal
intubation in patients with acute cardiogenic pulmonary oedema (numbers
needed to treat = 4) with a trend towards a reduction, but no significant dif-
ference in mortality [10].
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2. Leads to a reduced
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1. Positive pressure squeezing LV
Figure 4.10 How CPAP reduces afterload in the failing heart.

In acute cardiogenic pulmonary oedema, CPAP ‘squeezes’ fluid out of the
alveoli into the circulation. There is a decline in the level of shunt because of
redistribution of lung water from the alveolar space to the perivascular cuffs.

CPAP also has cardiovascular effects:

e Left ventricular function is improved because afterload is reduced (leading
to an increase in stroke volume (SV)). This occurs because the increased
intrathoracic pressure has a squeezing effect on the left ventricle. There is
a subsequent reduction in the pressure gradient between the ventricle and
the aorta which has the effect of reducing the work required during con-
traction (the definition of afterload) (see Fig. 4.10).

¢ Relief of respiratory distress leads to haemodynamic improvement and rever-
sal of hypertension and tachycardia — probably through reduced sympatho-
adrenergic stimulation.

Non-invasive CPAP in acute cardiogenic pulmonary oedema is indicated when

the patient has failed to respond to full medical therapy and there is an acute

respiratory acidosis or hypoxaemia despite high-concentration oxygen therapy.

However, patients who do not respond quickly to non-invasive CPAP should be

referred for tracheal intubation.

Invasive respiratory support

In the past ‘iron lungs” were used to apply an intermittent negative pressure to
the thorax, thus inflating the lungs, but manual intermittent positive pressure



64 Chapter 4

Volume control Pressure control
Delivery | Delivers a set tidal volume no If airway pressures are high, only
matter what pressure this requires. small tidal volumes will be delivered.
This can cause excessively high Not good if lung compliance keeps
peak pressures and barotrauma changing
Leaks Poor compensation Compensates for leaks well (e.g.
poor fitting mask or circuit fault)
PEEP Some flow/volume control ventilators | PEEP easily added
cannot apply PEEP

Figure 4.11 Advantages and disadvantages of volume vs pressure control. PEEP:
positive end-expiratory pressure.

ventilation (IPPV) was introduced during a large polio epidemic in Copenhagen
in 1952. Mortality rates were lower than with previously used techniques. This
heralded the introduction of ICUs.

ICU ventilators are set to deliver either a certain volume or a certain pressure
when inflating the lungs. This is termed ‘volume-control” or ‘pressure-control’
ventilation. These different modes of ventilation have their own advantages and
disadvantages (see Fig. 4.11).

In volume-controlled ventilation, inhalation proceeds until a preset tidal
volume is delivered and this is followed by passive exhalation. The set tidal
volume is calculated from flow over a time period. A feature of this mode is
that gas is often delivered at a constant inspiratory flow rate, resulting in peak
pressures applied to the airways higher than that required for lung distension.
Since the volume delivered is constant, airway pressures vary with changing
pulmonary compliance and airway resistance. A major disadvantage is that
excessive airway pressure may be generated, resulting in barotrauma, and so
a pressure limit should be set by the operator.

In pressure-controlled ventilation a constant inspiratory pressure is applied
and the pressure difference between the ventilator and lungs results in inflation
until that pressure is attained. Passive exhalation follows. The volume delivered
is dependent on pulmonary and thoracic compliance. A major advantage of
pressure control is use of a decelerating inspiratory flow pattern, in which inspira-
tory flow tapers off as the lung inflates. This usually results in a more homo-
genous gas distribution throughout the lungs. A disadvantage is that dynamic
changes in pulmonary mechanics may result in varying tidal volumes.

Sophisticated ventilators have been manufactured which incorporate the
advantages of both modes and also interact with patients. ICU ventilators can
switch between modes, so they can adapt to clinical circumstances and also
facilitate weaning from the ventilator as the patient recovers. Ventilator modes
are often described by what initiates the breath (trigger variable), what controls
gas delivery during the breath (target or limit variable) and what terminates the
breath (cycle variable). Hence, for example, BiPAP is machine or patient trig-
gered, pressure targeted and time cycled.
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The most commonly used ventilator modes on ICU are:
e BiPAP
e SIMV (synchronised intermittent mandatory ventilation)
e pressure support ventilation (PSV) also known as assisted spontaneous
breaths (ASB)
e CPAP.
In the ICU setting, BiPAP is considered to be a single mode of ventilation that
covers the entire spectrum of mechanical ventilation to spontaneous breathing.
When the patient has no spontaneous breaths the ventilator acts as a pressure-
controlled ventilator. When the patient has spontaneous breaths, the ventilator
synchronises intermittently with the patient’s breathing and spontaneous
breaths can occur during any phase of the respiratory cycle without increasing
airway pressure above the set maximum level, as can occur with conventional
pressure-controlled ventilation (so-called ‘fighting’ the ventilator). When the
patient is able to breathe more adequately, pressure support is used to augment
every spontaneous breath.
The waveforms of these ditferent ventilator modes are shown in Fig. 4.12.
The operator of an ICU ventilator can adjust the following main variables: F;0,,
the inspiratory pressure, expiratory pressure (PEEP), backup RR, inspiratory time
or L:E ratio and alarm limits (e.g. minimum and maximum tidal volumes).

PEEP

PEEP prevents the collapse of alveoli and this has several benefits:

e Improvement of V/Q matching

¢ Reduced lung injury from shear stresses caused by repeated opening and
closing

¢ Prevention of surfactant breakdown in collapsing alveoli leading to improved
lung compliance.

Lung disease is usually heterogeneous so recruitment of alveoli in one part of the

lung may cause over-distension in another. PEEP also increases mean intratho-

racic pressure which can reduce cardiac output (CO). PEEP is normally set to

5 cmH,0 and increased if required. ‘Best PEEP’ for a particular patient can be

elucidated from a ventilator’s pressure—volume loop display.

The effects of mechanical ventilation

During IPPV there is reversal of the thoracic pump - the normal negative
intrathoracic pressure during spontaneous inspiration which draws blood into
the chest from the vena cavae, a significant aspect of venous return. With IPPV,
venous return decreases during inspiration, and if PEEP is added venous return
could be impeded throughout the respiratory cycle. This can cause hypoten-
sion. The degree of impairment of venous return is directly proportional to the
mean intrathoracic pressure. So changes in ventilatory pattern, not just pres-
sures, can cause cardiovascular changes.

At high lung volumes the heart may be directly compressed by lung
expansion. This prevents adequate filling of the cardiac chambers. Ventricular
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Figure 4.12 Waveforms of different ventilator modes. (a) BiPAP in a paralysed
patient (i.e. no spontaneous breaths); (b) SIMV. There are spontaneous breaths
between mechanical breaths. The ventilator synchronises mechanical breaths so that
the lungs are not inflated during inspiration; (c) Augmented PSV (pressure support
ventilation). The ventilator assists every spontaneous breath; (d) CPAP. Spontaneous
ventilation plus a continuous positive airway pressure.

contractility is also affected. Elevated intrathoracic pressures directly reduce
the left and right ventricular ejection pressure which is the difference between
the pressure inside and outside the ventricular wall during systole. As a result,
SV is reduced for a given end-diastolic volume.

IPPV can also reduce renal, hepatic and splanchnic blood flow.

These physiological changes during IPPV can be precipitously revealed
when intubating critically ill patients. Marked hypotension and cardiovascular
collapse can occur as a result of uncorrected volume depletion prior to tracheal
intubation. This is compounded by the administration of anaesthetic drugs
which cause vasodilatation and reduce circulating catecholamine levels as the
patient losses consciousness.

The effects of mechanical ventilation are not as severe when the patient is
awake and breathing spontaneously.

Although mechanical ventilation can be life saving for people with respiratory
failure, poorly applied ventilation techniques can not only cause cardiovascular
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compromise but can also damage lung tissue and lead to ventilator-induced lung
injury (VILI). In particular, large tidal volumes and extreme cyclical inflation
and deflation have been shown to worsen outcome in acute lung injury (see
Chapter 6).

Mini-tutorial: tracheal intubation in acute severe asthma

Tracheal intubation and ventilation can be a life-saving intervention. If indicated, it is
important that it is performed sooner rather than later in acute severe asthma (when
there is no response to maximum medical therapy). However, 10-min preparation
beforehand is time well spent, particularly in those who are most unstable, as
cardiovascular collapse can occur due to uncorrected volume depletion, the abolition
of catecholamine responses and vasodilatation when anaesthetic drugs are given.
Patients should be volume loaded prior to induction of anaesthesia and a
vasopressor (e.g. ephedrine) kept ready to treat hypotension. Anaesthetic drugs are
given cautiously to minimise any vasodilatory effect and drugs that cause histamine
release are avoided if possible. In severe life-threatening asthma, maximum medical
therapy might mean intravenous (i.v.) salbutamol, magnesium sulphate,
hydrocortisone and nebulised or subcutaneous adrenaline [11]. Therapy should be
started while preparations to intubate are underway. Following tracheal intubation,
the patient is ventilated with a long expiratory time and this may mean only 6-8
breaths/min is possible. ‘Permissive hypercapnia’ is the term used when the PaCO, is
allowed to rise in such situations, in order to prevent ‘stacking’. This is when the next
positive pressure is delivered before there has been enough time for expiration to
occur (prolonged in severe lower airway obstruction). The lung volume slowly
expands, reducing venous return and leading to a progressive fall in CO and BP. This
is corrected by disconnecting the ventilator and allowing passive expiration to occur
(which can take several seconds). The updated UK asthma guidelines can be found
on the British Thoracic Society web site [12].

An algorithm outlining the management of respiratory failure is shown in
Fig. 4.13.

Key points: respiratory failure

® Respiratory failure is characterised by a failure to ventilate or a failure to
oxygenate or both.

* Treatment consists of oxygen therapy and treatment of the underlying cause.

e If there is no improvement, respiratory support is indicated and the type of
respiratory support depends on the clinical situation.

® Respiratory support can be non-invasive (via a tight-fitting mask) or invasive
(tracheal intubation).

® ICU ventilators utilise several different ventilator modes depending on the
clinical situation.

® Invasive mechanical ventilation is associated with cardiovascular effects and VILI.
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Figure 4.13 Algorithm for the management of respiratory failure. The appropriateness
of any respiratory support should be decided by a senior doctor, for example, it would
not be appropriated to ventilate a patient dying of terminal lung disease.

Self-assessment: case histories

1 A previously well 30-year-old woman is admitted in a coma from a drug

overdose and responds only to painful stimuli. Arterial blood gases on air
show: pH 7.24, PaCO, 8.32kPa (64 mmHg), st bicarbonate 29 mmol/l, base
excess (BE) +3, PaO, 7.8 kPa (60 mmHg). The Emergency Department doc-
tor diagnoses drug intoxication with aspiration pneumonia because of the
hypoxaemia. What is your assessment?

Twenty-four hours later you are asked to assess the same patient for dis-
charge as the hospital is in need of beds. She is alert and orientated, and her
repeat arterial blood gases on air show: pH 7.6, PaCO, 3.1 kPa (24 mmHg), st
bicarbonate 22 mmol/l, BE —3, PaO, 9.1kPa (70 mmHg). Should you dis-
charge this patient?

A 24-year-old woman is admitted with acute severe asthma. Her vital signs
are as follows: BP 100/60 mmHg, pulse 130/min, RR 40/min with poor
respiratory effort, temperature 37°C and she is drowsy. Her arterial blood
gases on 151/min oxygen via reservoir bag mask show: pH 7.15, PaCO,
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9.0kPa (70mmHg), st bicarbonate 22mmol/l, BE —3, PaO, 7kPa
(54 mmHg). What is your management?

4 Later on, in ICU the same patient develops hypotension (60/30 mmHg). The
patient is sedated and paralysed, and the ventilator is set to 12 breaths/min.
The inspiratory to expiratory ratio is 1:4, tidal volumes are 600 ml and
peak airway pressures are 45 cmH,0. What are the possible causes of the
hypotension and what is your management?

5 A 50-year-old man is admitted with an exacerbation of his COPD. His arter-
ial blood gases on a 28% Venturi mask show: pH 7.3, PaCO, 8.0kPa
(62 mmHg), st bicarbonate 29 mmol/l, BE +3, PaO, 7 kPa (54 mmHg). What
is your management?

6 A 40-year-old man with no past medical history is admitted with severe
pneumonia. His vital signs are: BP 120/70 mmHg, pulse 110/min, RR
40/min, temperature 38°C and he is alert. His arterial blood gases on 15 I/min
oxygen via reservoir bag mask show: pH 7.31, PaCO, 4.0kPa (31 mmHg),
Pa0O, 6kPa (46 mmHg), st bicarbonate 14 mmol/l, BE —7. What should
you do?

7 You are called to see a 70-year-old man who is 2 days post-laparotomy. He
has developed a cough with green sputum and a fever. His RR is increased
(30/min) and his arterial blood gases on 101/min oxygen via Hudson mask
show: pH 7.3, PaCO, 8.0 kPa (62 mmHg), st bicarbonate 29 mmol/l, BE +3,
Pa0, 7.6 kPa (58 mmHg). What is your management?

8 A 60kg 25-year-old woman with Guillain—Barré syndrome has been under-
going twice-daily forced vital capacity (FVC) measurements and treatment
with i.v. immunoglobulin therapy. Her FVC has fallen below 11and her arte-
rial blood gases on air now show: pH 7.3, PaCO, 7.5 kPa (58 mmHg), st bicar-
bonate 27 mmol/l, BE +2, PaO, 10 kPa (77 mmHg). Her RR is 28/min. What
do you do?

9 A 50-year-old woman is admitted with breathlessness. On examination she
has a BP of 80 mmHg systolic which can only be measured by palpation. Her
pulse is 110/min, RR 36/min and she is alert. Her chest sounds clear. The
ECG shows sinus tachycardia with T-wave inversion in leads V-V and her
chest X-ray is normal. Arterial blood gases on 151/min oxygen via reser-
voir bag mask show: pH 7.25, PaCO, 3.0kPa (23 mmHg), st bicarbonate
10mmol/l, BE —12, PaO, 12kPa (92 mmHg). What is the diagnosis and
what is your management?

10 A 70-year-old man with COPD is admitted in extremis. He has been more
breathless for a few days. He responds to painful stimuli only, his BP is
130/60 mmHg, pulse 120/min and arterial blood gases on air show: pH
7.1, PaCO, 14.0kPa (108 mmHg), st bicarbonate 20 mmol/l, BE —5, PaO,
6 kPa (46 mmHg). What is your management?

Self-assessment: discussion

1 There is a low pH (acidaemia) due to a high PaCO, — a respiratory acidosis.
The st bicarbonate is normal/high as expected. The PaO, is low. In this
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situation, the PaO, could be low because of upper airway obstruction, aspir-
ation pneumonia or hypoventilation caused by the drug overdose. The
patient can be assessed clinically for signs of airway obstruction and the A-a
gradient can be calculated to distinguish between a problem with gas
exchange or hypoventilation. PAO, = 0.21 X 95 — 8.32/0.8 = 9.6 kPa. The
A-a gradient is therefore 9.6 — 7.8 = 1.8 kPa which is normal. This suggests
hypoventilation rather than pneumonia is the cause of the low PaO,. The
management in this case still starts with ABC.

There is a high pH (alkalaemia) due to a low PaCO,. The st bicarbonate is
normal/low as expected. The PaO, has improved from before, but is still
below the expected value. The A-a gradient can be calculated. PAO, =
0.21 X 95 — 3.1/0.8 = 16.1 kPa. The A-a gradient is therefore 16.1 — 9.1 =
7 kPa which is abnormal. This could be explained by the development of
aspiration pneumonia and requires further evaluation. The patient should
not be discharged.

There is a low pH (acidaemia) due to a high PaCO, — a respiratory acidosis.
The st bicarbonate is normal/high as expected. The PaO, is very low when
compared with the F,0, of approximately 0.8 (or 80%). Nine per cent of peo-
ple with an attack of acute severe asthma have respiratory failure. One per
cent patients with asthma have a fatal or near-fatal attack each year [11,12].
Previous life-threatening attacks increase the risk of death from asthma. You
should have recognised, from the seriously abnormal vital signs, that this is a
case of life-threatening asthma. Appropriate management therefore would
be to call for help immediately, then assess and manage the airway, give the
highest-concentration oxygen possible, assess and manage breathing (nebu-
lised and/or i.v. bronchodilators and exclude pneumothorax), assess and
manage circulation (give generous i.v. fluid — see Mini-tutorial: tracheal intu-
bation in acute severe asthma) and move on to disability and examination
once ABC are stable or help arrives. Unless there is a dramatic improvement,
this patient requires the ICU team and tracheal intubation.

See the Mini-tutorial: tracheal intubation in acute severe asthma. However,
apart from stacking, tension pneumothorax and hypovolaemia are other
possible causes. Normally, ventilators are set so that peak airway pressures
do not exceed 35-40 cmH,O. This is slightly complicated by the fact that
peak pressures in acute severe asthma do not necessarily reflect alveolar
pressures but the ventilator pressures needed to overcome airway obstruc-
tion. PEEP is routinely added on ICU ventilators, but is not usually of bene-
fit in acute severe asthma as patients already have significant intrinsic or
auto-PEEP. In summary, an expert should supervise the ventilator require-
ments of any patient with acute severe asthma!

There is a low pH (acidaemia) due to a high PaCO, — a respiratory acidosis.
The st bicarbonate is normal/high as expected. The PaO, is low. Apart
from ABC, prompt medical management of his exacerbation of COPD may
improve things. The oxygen could be increased to 35% and information
about the patient’s usual lung function sought. A chest X-ray should be



Respiratory failure 71

requested to exclude pneumothorax. If there is no prompt improvement
of his respiratory acidosis with medical therapy, NIV should be started.
Oxygen therapy is given through the ventilator mask, titrated to arte-
rial blood gases. Intravenous fluid is often required for dehydration in
breathless patients.

6 There is a low pH (acidaemia) due to a low st bicarbonate. The expected
PaCO, should be lower, indicating a ‘hidden’ respiratory acidosis — he is tir-
ing. This patient has serious abnormal vital signs and marked hypoxaemia
despite a high concentration of oxygen. He may well be alert and talking,
but he requires immediate assessment by the intensive care team.
Generous fluid should be given for the metabolic acidosis, which is due to
severe sepsis. Although some may be tempted to try non-invasive CPAP
first, this will not alleviate respiratory fatigue and should not be performed
outside an ICU in a situation like this. This patient is likely to require trach-
eal intubation soon.

7 There is a low pH (acidaemia) due to a high PaCO, — a respiratory acidosis.
The st bicarbonate is normal/high as expected. The PaO, is low. Post-
operative respiratory failure is caused by atelectasis due to a combination of
recumbency, general anaesthesia and pain which prevents deep breathing
and cough. Opioid analgesia also depresses respiration and cough. Retained
secretions and even lobar collapse can occur. Management in this case
should emphasise good pain relief (consider epidural analgesia) and urgent
physiotherapy. The oxygen concentration should be increased and humidi-
fied. Antibiotics and sputum culture are required. If there is no improve-
ment, the ICU team should be contacted. Non-invasive CPAP may be tried,
but may not help when there is a significant problem with ventilation. Each
patient is assessed on an individual basis.

8 There is a low pH (acidaemia) due to a high PaCO, — a respiratory acidosis.
The st bicarbonate is normal and the PaO, is low. There is evidence of ven-
tilatory failure (high PaCO, and increased RR) as a result of increasing
respiratory muscle weakness (falling FVC). Closer examination may reveal
a patient who is using accessory respiratory muscles and has a cough which
is bovine in nature. Neurological examination may reveal poor bulbar func-
tion. Monitoring oxygen saturations and arterial blood gases in this condi-
tion are of little help in deciding when to institute respiratory support
because abnormal arterial blood gases follow ventilatory failure rather than
precede it. This is why the FVC is closely monitored. The usual cut-off is
15ml/kg, below which tracheal intubation and ventilation are recom-
mended. Up to one-third of patients with Guillain-Barré syndrome admit-
ted to hospital require mechanical ventilation [13]. Autonomic neuropathy
can accompany the syndrome, leading to tachycardia and hypotension
which also require close observation especially during tracheal intubation
which can precipitate asystole from profound vagal stimulation.

9 This patient is in shock. There is a low pH (acidaemia) due to a low st bicar-
bonate — a metabolic acidosis. The PaCO, is low as expected. The PaO, is also
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low compared with the F,0,. The A-a gradient is as follows: PAO, = 0.8 X
95 — 3.0/0.8 = 72.25kPa. A-a gradient = 72.25 — 12 = 60.25kPa. What
would cause such a significant problem with gas exchange, BP and the ECG
changes with a normal chest X-ray? The answer is a massive pulmonary
embolism. Treatment (after ABC) in this case includes i.v. thrombolysis which
should be considered in pulmonary embolism causing shock and is as effec-
tive as surgical embolectomy. Recent literature suggests thrombolysis is safe
and effective in ‘sub-massive’ pulmonary embolism as well [14].

There is a low pH (acidaemia) due to a high PaCO, — a respiratory acidosis.
The st bicarbonate should be normal/high but it is low, indicating a ‘hidden’
metabolic acidosis as well, probably due to hypoperfusion (from dehydra-
tion). The PaO, is also low. His airway should be assessed and he requires
oxygen to get his PaO, to around 8 kPa (60 mmHg). His breathing should be
assessed next and medical therapy commenced. Non-invasive ventilation is
usually contraindicated in patients with severe respiratory acidosis or who
are unconscious. However, before proceeding to tracheal intubation, further
information should be sought as to the severity of the patient’s chronic lung
disease. Has a discussion already taken place about tracheal intubation and
ventilation between the patient and his specialist? Do the next of kin have
information (e.g. an advanced directive) about what the patient would want
in these circumstances? Sometimes, NIV is used as a ‘second best” but more
appropriate treatment. Each patient should be assessed individually by an
experienced doctor.

References

. Symonds AK (ed). Non-invasive Respiratory Support, Arnold Publishing, London, 2001.
. Nava S, Ambrosino N, Clini E et al. Non-invasive mechanical ventilation in the

weaning of patients with respiratory failure due to chronic obstructive pulmonary
disease. A randomised controlled trial. Annals of Internal Medicine 1998; 128: 721-728.

. Confalonieri M, Potena A, Carbone G, Della Porta R, Tolley E and Meduri GU. Acute

respiratory failure in patients with severe community-acquired pneumonia.
A prospective randomised evaluation of non-invasive ventilation. American Journal
of Respiratory Critical Care Medicine 1999; 160: 1585-1591.

4. www.brit-thoracic.org.uk. Latest UK NIV guidelines for COPD.

. Elliot MW. Non-invasive ventilation for exacerbations of chronic obstructive

pulmonary disease. In: Symonds AK, ed. Non-invasive Respiratory Support. Arnold
Publishing, London, 2001.

. Vestbo J, Prescott E, Lange P, Schnohr P and Jenson G. Vital prognosis after

hospitalisation for COPD: a study of a random population sample. Respiratory Medicine
1998; 92: 772-776.

. Hudson LD. Survival data in patients with acute and chronic lung disease

requiring mechanical ventilation. American Review of Respiratory Disease 1989; 140:
S$19-S24.

. The YONIV Trial, Plant PK, Owen JL and Elliot MW. A multi-centre randomised

controlled trial of the early use of non-invasive ventilation for acute exacerbations of



10.

11.

12.
13.

14.

Respiratory failure 73

chronic obstructive pulmonary disease on general respiratory wards. Lancet 2000;
355(9219): 1931-1935.

Plant PK, Owen JL and Elliot MW. One year prevalence study of respiratory acidosis
in acute exacerbations of COPD: implications for the provision of non-invasive
ventilation and oxygen administration. Thorax 2000; 55: 550-554.

Hughes CM. CPAP support reduces the need for intubation in patients with
cardiogenic pulmonary oedema. ACP J Club 1999; 58.

Wong B and Ball C. Asthma exacerbation. In: Ball C and Phillips R, eds. Evidence-
Based On-Call Acute Medicine. Churchill Livingstone, London, 2001.
www.brit-thoracic.org.uk. Latest UK asthma guidelines.

Guillain—-Barré syndrome. In: Yentis SM, Hirsch NP and Smith BG, eds. Anaesthesia
and Intensive Care A-Z, 3rd edn. Butterworth Heinemann, London, 2004.
Konstantinides S et al. Heparin and alteplase compared with heparin alone in
patients with submassive pulmonary embolism. New England Journal of Medicine
2002; 347(15): 1143-1150.

Further resource

® West JB. Respiratory Physiology the Essentials, 7th edn. Lippincott Williams and Wilkins,
Philadelphia, 2005.



CHAPTER 5

Fluid balance and volume
resuscitation

By the end of this chapter you will be able to:

¢ Understand the basic physiology of the circulation

¢ Understand how normal fluid balance differs in illness

¢ Assess the circulation

¢ Understand the concept of a fluid challenge

¢ Interpret central venous pressure readings

¢ Know about the different types of fluid including blood
¢ Apply this to your clinical practice

The previous chapters have concentrated on the airway (oxygen) and breath-
ing in the acutely ill patients. This chapter is about the circulation and fluid
balance. In acute illness, fluid therapy is needed to optimise oxygen delivery
to the tissues.

Blood pressure
Blood pressure (BP) is determined by cardiac output (CO) and systemic vascular
resistance (SVR):

BP = CO X SVR

SVR may be thought of as the resistance against which the heart pumps. It is
mainly determined by the diameter of arterioles, as small changes in their calibre
produce large changes in resistance. Vasoconstriction raises BP and vasodilata-
tion lowers BP. Various local factors affect SVR.

CO is determined by heart rate (HR) and stroke volume (SV):

CO = HR XSV

CO falls below an HR of 40/min and above an HR of 140/min. SV is the
amount of blood ejected with a single contraction and can also be described
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Box 5.1 Factors that affect myocardial contractility

Increased contractility

e Sympathetic stimulation

¢ Positive inotropic drugs
Reduced contractility

¢ Parasympathetic stimulation
¢ Negatively inotropic drugs

¢ Ischaemia

¢ Hypoxaemia

¢ Acidosis

¢ Low calcium

Type of shock co SVR

Cardiogenic ) T

Hypovolaemic d ™

Septic " W Figure 5.1 Characteristic haemodynamic

Anaphylactic J L variables in different types of shock.

Neurogenic 110 CO: cardlacvoutput; SVR: systemic
vascular resistance.

by the ejection fraction. It is defined as the difference between end-diastolic
and end-systolic volume. SV is determined by three things: preload, contract-
ility and afterload.

Preload is the initial length of a heart muscle fibre before contraction, as
described in the Frank-Starling curve. In a normal heart, we take this to be
the end-diastolic volume or the filling pressure of the left ventricle. In clinical
practice, the central venous pressure (CVP) is used to estimate this, but with
several limitations. Contractility is the amount of mechanical work that is done
for a given preload and afterload. It is affected by various factors, as shown in
Box 5.1. Afterload is defined as the tension developed in the ventricular wall
during contraction, or how forcefully the ventricles have to contract to eject
blood. It is affected by preload, SVR and positive pressure ventilation, which
has a ‘squeezing’ effect on the ventricles.

Therefore, in order to optimise BP and perfusion of vital organs, all these
factors need to be considered: HR, preload, contractility, afterload and SVR.
These inter-relationships help to explain why different mechanisms cause
shock, an inability to perfuse the tissues adequately. These inter-relationships
are discussed further in Chapter 6 in the context of optimising oxygen deliv-
ery in severe sepsis. Fig. 5.1 illustrates the characteristic haemodynamic vari-
ables in different types of shock.
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Fluid balance in health vs illness

Normally, people balance their daily fluid intake and output. A 70-kg adult
has an approximate fluid intake of 1500ml in liquid, 750 ml in food and
250 ml from metabolism. The approximate fluid output is 1500 ml in urine,
100 ml in faeces and 900 ml in insensible losses (e.g. sweating and breathing).
If a healthy individual was ‘nil by mouth’, he would require maintenance fluid
to maintain normal fluid balance and to replace insensible losses.

Maintenance fluid is calculated (in millilitre per hour) as follows:

e 4ml/kg for the first 10 kg of the patient’s weight

e 2ml/kg for the second 10 kg of the patient’s weight

e 1ml/kg for every kg after that

So for the first 20 kg an adult requires 60 ml/h. A 70-kg adult would require
60 + 50ml/h of fluid, roughly 2600 ml/day. Note that the fluid requirements
of a 120-kg rugby player are totally different to the fluid requirements of an
elderly 40-kg woman. Do not give everyone the proverbial ‘31/day’.

In addition, 50-150 mmol sodium and 20-40 mmol potassium is the aver-
age daily requirement for an adult. Hence an average water and electrolyte
requirement can be found in 11 of 0.9% saline and 1.51 of 5% dextrose per day,
plus some potassium.

However, this applies to healthy people and many patients in hospital are physiologi-
cally stressed. Tllness alters fluid requirements, sodium homeostasis, how the body
handles fluid and even the fluid compartments in the body. ‘Maintenance fluid’
as described above does not apply in these circumstances.

Fig. 5.2 illustrates water distribution in the body and the main fluid com-
partments. Human beings are 60% water, though this reduces with age. Two-
thirds of this is intracellular water. Sodium and chloride provide the effective
osmolality, or tonicity, of the extracellular compartment. The intracellular
and extracellular spaces are separated by a semipermeable membrane which
allows free movement of water. Plasma sodium and glucose changes result in
movement of water across this membrane. Changes in osmolality are sensed
by receptors that regulate the release of anti-diuretic hormone (ADH), which
regulates water reabsorption by the kidneys.

Fluid requireme