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Chapter 1

Effects of body position on ventilation/perfusion matching

G. HEDENSTIERNA

A new interest in body positioning emerged when it was shown that placing the
ARDS patient in the prone position frequently improved arterial oxygenation over
that observed in the supine patient. Thus, body positioning can be used as a tool
for improving oxygenation in severely ill patients. A lateral position with the ‘good
lung down’ is a frequent component of treatment in unilateral lung disease, and a
combination of lateral position and selective PEEP to the lower lung has been tried
in bilateral lung disease. The improvement in oxygenation frequently seen raises
the question of what the mechanisms underlying potential improvement are?

The awake, healthy subject

Ventilation distribution

The air that is inspired is not then evenly distributed in the lung. During quiet
breathing, most air goes to the lower, dependent regions, i.e. to basal, diaphragma-
tic areas for patients in the upright or sitting position and to dorsal units for those
in the supine position [1]. This also means that the lower lung will receive most of
the air if the subject is in the lateral position. When the patient is in the prone
position, more of the air will presumably go to anterior than to dorsal regions. The
reason for this seemingly gravitational orientation of something as light as gas is
the combined effect of the curved shape of the pressure-volume curve for the lung
and the decreasing transpulmonary pressure (Ptp) down the lung (Ptp = airway
minus pleural pressure). In the upright position, apical lung regions are exposed
to a higher transpulmonary pressure than dependent, basal ones. Thus, upper and
lower lung regions are positioned at different levels of the pressure-volume curve
(Fig. 1). During an inspiration, pleural pressure is lowered and causes lower lung
regions to inflate more than upper ones for a similar change in transpulmonary
pressure. (It is assumed that pleural pressure changes uniformly in the pleural
space [1].)

When the body position is changed from upright to supine, lateral or prone,
FRC is reduced by 0.7-0.8 1, down to an average of 2.5 1 (there is considerable
variation between subjects, depending on sex, age and body configuration). The
fall in FRC promotes airway closure in dependent lung regions. This is a normal
phenomenon that occurs during expiration, with reopening of airways during the
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Fig. 1. Alveolar expansion at three vertical levels of the lung (A upper lung, B midlung, C
lower, dependent, lung) and pressure-volume curves at end-expiration and end-inspira-
tion. Note the pleural pressure difference with more markedly subatmospheric values at
upper parts. Since alveolar pressure is the same from top to bottom, the distending,
transpulmonary pressure is higher in the upper regions, which is why alveoli at the bottom
are less highly aerated and may even be collapsed during expiration. During inspiration the
pressure differences between alveoli remain, but all regions have been expanded and are
higher up, on the flatter part of the pressure-volume curve

succeeding inspiration. The older the subject is the more likely it is that airways
will close during breathing [2]. It can be expected during normal breathing in 65-
to 7o0-year-old subjects when they are upright, and even in 50-year-old subjects
when in the horizontal position. Airway closure will thus decrease ventilation in
the dependent regions. Since lung blood flow passes preferentially to dependent
regions, matching between ventilation and perfusion is impeded.

The most marked decrease in FRC can be seen in the Trendelenburg position
and head-down positions, the decrease in FRC being caused by cranial displace-
ment of the diaphragm. These body positions may also be accompanied by more
severe decreases in arterial oxygenation than others.
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Lung blood flow

The blood flow through the lung is governed by the driving pressure and the
vascular resistance. Pulmonary artery pressure increases from top to bottom in the
lung, an effect of the hydrostatic pressure that builds up on the way from top to
bottom of the lung. There is therefore less driving pressure at the top of the lung.
It may approach zero in the apex of the lung in persons in the upright position.
Moreover, if alveolar pressure is increased, as it is during positive pressure venti-
lation, it may exceed that in the pulmonary artery and compress the pulmonary
capillaries. No blood will then flow through the vessels (zone I, according to the
nomenclature introduced by West et al. [3]. Further down, arterial pressure exceeds
alveolar pressure (zone II), and still further down both arterial and venous pressu-
res exceed alveolar pressure (zone III). The increasing driving pressure from top
to bottom of the lung increases perfusion, and most of the blood flow passes
through the dependent regions. This gravitational orientation of blood flow results
in a preference for caudal regions in persons in an upright position, for dorsal
regions in those lying supine, for the lower lung in persons lying in a lateral position
and for anterior regions when those lying prone. Blood flow thus has a roughly
similar distribution to ventilation.

In dog experiments, groups at the Mayo Clinic and subsequently in Seattle
noted that the vertical lung blood flow distribution was rather even and did not
change when position was altered between supine and prone [4]. This led the Seattle
group to conclude that gravity was of minor importance in determining perfusion
distribution. The same group also showed that perfusion at a given vertical level
was unevenly distributed on that horizontal plane, with an inhomogeneity that far
exceeded that in the vertical direction [5]. This suggests that there are morpholo-
gical and/or functional differences between lung vessels that are also involved in
determining blood flow distribution, and perhaps to a more significant degree than
gravity. In their hypothesis, they postulate that blood flow in the lung varies
between lung regions, and that the variation becomes larger with decreasing size
of the lung unit under scrutiny. Moreover, there may be regional differences in
vascular resistance. Thus, vascular resistance seems to be lower in dorsal regions
of horse lungs than in the anterior part [6]. This will also affect the distribution of
blood flow, opposing the effect of gravity. To what extent this phenomenon may
exist in the human lung is not known.

Ventilation-perfusion match

Since both ventilation and perfusion increases from top to bottom in the lung, the
ventilation-lung blood flow match is fairly similar in the gravitational direction,
with a ventilation-to-perfusion ratio (V/Q) close to 1. In the upper regions V/Q may
approach 4-s5; that is to say that ventilation exceeds perfusion by a factor of 4-5. At
the bottom of the lung the V/Q is typically 0.6-0.8, indicating relative underventi-
lation. The former situation with excess of ventilation over perfusion causes a
dead-space-like effect (‘wasted’ ventilation), while relative underventilation causes
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some impairment of the oxygenation of blood. There is also a mismatch at an
isogravitational level, which may be larger than that in the gravitational direction.
However, the mechanisms are not known.

The anaesthetised subject

Ventilation distribution

In addition to the fall in FRC with adoption of the horizontal position, anaesthesia
causes further reduction of 0.4-0.5 1 in FRC. This brings FRC close to the waking
residual volume. This is an abnormal lung volume to breathe at, as can be expe-
rienced by expiring to the maximal degree and then trying to breathe at that level.
The reduction in FRC occurs with spontaneous breathing and regardless of whether
the anaesthetic is inhaled or given intravenously [7]. Muscle paralysis and mecha-
nical ventilation cause no further decrease in FRC. Thus, anaesthetics in general
reduce tonic muscle activity even though they allow spontaneous breathing. This
loss of tonic activity is the cause of reduced FRC.

The fall in FRC during anaesthesia promotes airway closure. It can be expected in
almost all adult patients when in the supine position (from 30-35 years of age onward).
Moreover, atelectasis appears in 90% of all patients who are anaesthetised [8].

Ventilation is distributed more to the upper half of the lung than to the lower,
which is the opposite of the distribution in the awake subject. Major causes of this
shift must be airway closure and atelectasis. Moreover, with small lung volume
airway resistance increases, and especially in dependent regions that are less
inflated than upper regions.

There are few studies on atelectasis formation and distribution in the lateral
position during anaesthesia. Atelectasis that was seen in both lungs in the anaesthe-
tised patient in the supine position decreased in size in the upper, nondependent
lung when the patient was turned into alateral position [9]. However, the atelectasis
remained in the dependent lung. The resolution in the upper lung is a consequence
of the increase in the upper lung volume when the patient is rotated. This is similar
to a PEEP applied to the upper lung, but without the need for external pressure.
When anaesthesia was induced in the lateral position, atelectasis appeared in the
lower, dependent lung whilst no collapse was seen in the upper, nondependent lung
(Fig. 2). When the patient was turned to the supine position no atelectasis appeared
in the previously upper lung, whereas it remained in the other lung [9]. The absence
of atelectasis formation in the lung that had previously been the upper lung may
appear surprising. However, atelectasis formation is promoted by ventilation with
high inspiratory oxygen fraction at decreased lung volume (FRC), the decrease
being caused by most anaesthetics [10, 11]. If lung volume is maintained during the
induction of anaesthesia, as is the case in the upper lung, no atelectasis need be
produced. Subsequent ventilation with lower oxygen fractions (FiO,: 0.3-0.4 in the
present case) will not promote atelectasis within a reasonable time even though the
volume of that lung has been reduced by turning the patient into the supine
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Fig. 2. CT scan of a patient awake in the supine position (upper panel), after induction of
anaesthesia in the lateral position and, finally, when turned to lie in the supine position
during anaesthesia (lower right). Note the well-aerated lung while patient is awake and the
formation of atelectasis in the dependent lung, whereas no atelectasis can be seen in the
upper, nondependent lung during anaesthesia. Finally, when the patient is turned to supine
there is still no atelectasis in the lung that was previously higher. For further details and
explanations, see text. (From [9], with permission from the publisher)

position. If ventilation had been continued with 100% O, after the change to the
supine position, it is most likely that atelectasis would also have been produced in
the lung that had formerly been above.

There are no reports of atelectasis in prone, anaesthetised patients. However,
the vertical pleural pressure gradient seems to be smaller in the prone than in the
supine position [12]. This difference may be due to the weight of the heart, which
compresses the dependent parts of the lung in the supine position and enables the
nondependent regions to expand. In the prone position, the heart is resting on the
sternum with little or no effect on the shape of the lung. We can therefore speculate
that there is less atelectasis in patients in the prone position.
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Lung blood flow distribution

In the anaesthetised, spontaneously breathing patient, blood flow distribution will
be much the same as in the waking subject. However, lung blood flow will be
affected by mechanical ventilation, and with increasing ventilation pressure the
reduction in lung blood flow will become more pronounced because venous return
will be impeded and it is possible that pulmonary vascular resistance will be
increased. Moreover, perfusion is forced down in the lung so that more blood flow
goes to lower lung regions and less to higher regions [3]. With PEEP, it is possible
to reduce atelectasis but this forcing of blood flow down the lung may result in a
larger fraction of blood flow passing through the remaining atelectasis than without
PEEP [8]. Hewlett et al. gave a warning against the indiscriminate use of PEEP in
routine anaesthesia as much as 30 years ago, because they had observed that the
oxygenation sometimes became worse with PEEP [13]. Today we also know why.
In the lateral position most of the blood flow goes to the lower lung, which will
receive 60-65% of the total lung blood flow (Fig. 3). With PEEP, blood flow is forced
down to the lower lung, in a similar way to that described above. A PEEP of 10
cmH,o0 can almost eliminate blood flow to the upper lung in an individual case and
causes a shift so that on average 20% goes to the upper lung and 80% to the lower

lung [14].

Gen.PEEP Sel. PEEP

Fig. 3. Perfusion scintigrams of an anaesthetised subject in the lateral position. Note the
perfusion in the upper lung during mechanical ventilation without end-expiratory pressure
(ZEEP), the almost complete elimination of blood flow through the upper, nondependent
lung during ventilation with PEEP of 10 cmH,0 to both lungs (Gen.PEEP). Finally, a selective
PEEP of 10 cmH,0 was applied solely to the dependent lung and both lungs were ventilated
with a similar tidal volume via double-lumen endobronchial catheter (Sel.PEEP). This
resulted in a more even distribution of perfusion between the two lungs. (From [14], with
permission from the publisher)
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Ventilation-perfusion match

Venous admixture, as calculated according to the standard oxygen ‘shunt’ equa-
tion, is increased during anaesthesia, from the 1-3% that can be seen in the awake,
healthy subject to approximately 10% of cardiac output.

There is a good correlation between the amount of atelectasis and pulmonary
shunt. Thus,

Shunt = 0.8 X Atelectasis + 1.7 (r = 0.81, p.01)
with atelectasis expressed as a percentage of the lung area just above the diaphragm
on the CT scan and shunt as a percentage of cardiac output. Anaesthesia also causes
an increased V/Q mismatch as a consequence of the changes in ventilation and
perfusion distributions [8].

Lateral position may worsen the V/Q match, ventilation going mainly to the
upper lung and perfusion to the lower one. In some patients PaO, falls by more
than 30-50%. In some, on the other hand, oxygenation improves when they are
placed in the lateral position [15]. This may depend on regional no gravitational
differences between the lungs.

Prone position has been shown to reduce the V/Q mismatch to some extent [16].

The patient in acute respiratory failure

In acute respiratory failure, a gravitational distribution of collapse and consolidation
can be seen; this can be plausibly explained by the greater weight of the oedematous
lung causing compression of the underlying tissue [17]. In addition, fluid, pus and
debris can fill air spaces without shrinkage of alveolar dimensions [18].

Several studies have shown an improvement in oxygenation in both adult and
paediatric patients with acute lung injury and in patients who have undergone
cardiac surgery when they are turned from the supine to the prone position [19-24]
(see Table 1). The mechanisms are not fully clear. A list of proposed mechanisms
is shown in Table 2 [25-34]. As can be seen, a more even vertical distribution of
both perfusion and ventilation has been shown in the prone position. It has been
suggested that the more even ventilation is related to a smaller vertical pleural
pressure gradient, increased FRC, more even gas volume distribution and less
marked lung compression by the heart, which will be resting directly on the
sternum. It is the opinion of the present author that these mechanisms may
contribute to the improved oxygenation but that a smaller amount of lung tissue
will be collapsed in the prone position and that this might be a more important
cause of the improved gas exchange.
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Table 1. Improved oxygenation in prone position

Condition Reference
Adult ALI [19-23]
Cardiac surgery [23]
Paediatric ALI [24]

ALI = acute lung injury

Table 2. Potential mechanisms of improved oxygenation in the prone position

Proposed mechanism Reference
1 More even vertical distribution of perfusion [25]
2 Improved V/Q match [26, 27]
3 More even ventilation distribution
a) Smaller vertical pleural pressure gradient [28]
b) Increased FRC and more even gas volume distribution [29]
c) Less lung compression by the heart (30, 31]
4 Less lung consolidation/atelectasis (33, 34]

The distribution of ventilation will be affected by the collapse and consolida-
tion, and a major feature is redistribution away from the dependent to the higher
lung regions that are still aerated. The macroscopic pathology, seen for example as
densities on a CT, will change location on a change in body position. Thus, when a
subject is in the prone position densities are seen in the anterior part and dorsal
regions are aerated [32]. Similarly, in the lateral position densities should be
expected in the dependent lung and less in the upper lung.

In early papers on lung collapse in the prone position published by the Cationic
group, reduced atelectasis was not an explicit conclusion [32, 33]. In a more recent
study, Lim et al. [34] showed less atelectasis/consolidation in patients suffering
from extra pulmonary ARDS when in the prone position, whereas pulmonary
ARDS was less affected by changes in the body position.

Why atelectasis may be less marked in the prone position is not fully clear. The
difference may be related to the factors that cause more even ventilation distribu-
tion (Table 2). Interestingly, chest wall compliance is lower in the prone position
[29]. A possible explanation for this reduced compliance is that rib cage motion is
restricted when the patient is resting prone. In these circumstances, inflation of the
lung will push the diaphragm further caudally than in a supine patient. Displace-
ment of the diaphragm requires a similar displacement of the abdominal wall.
Abdominal movement seems to beless restricted than movement of the chest. Since
the major share of collapse and consolidation is in regions close to the diaphragm,
preferential displacement of the diaphragm may improve aeration and recruitment
of collapsed regions (see Fig. 4, panels MV, supine and MV, prone). This beneficial
effect by forcing the diaphragm to move, although passively during mechanical
ventilation, is similar to what has been demonstrated recently during spontaneous
breaths added to mechanical ventilation. Spontaneous breaths improve the aera-
tion and recruit collapsed lung tissue better than mechanical ventilation alone [35].
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SB, supine MV, prone
MV, supine MV, supine

C

Fig. 4. Movements of the rib cage, diaphragm and abdomen. Size of arrows indicates degree
of displacement. Note that in supine, spontaneously breathing (SB) subject diaphragm
excursion with subsequent abdominal movement is larger than rib cage excursion (upper
left panel). During mechanical ventilation (MV) rib cage displacement is larger than the
diaphragm/abdominal movement (lower left panel). When the subject is turned to the prone
position rib cage movement may be reduced during MV, with increased displacement of the
diaphragm (upper right panel). Finally, if a heavy weight is placed on the rib cage, MV will
cause the diaphragm to move more than without the weight applied (MV, supine, lower right)

Cationic et al. proposed that heavy weights placed on a supine patient’s ribcage
might improve oxygenation. This is another way of limiting ribcage excursion (Fig.
4, right lower panel).

It might be stressed that the alert anaesthetist may observe a change in the
movement of the ribcage and abdomen when inducing anaesthesia in the supine
position. During spontaneous breathing, the abdominal movement reflecting di-
splacement of the diaphragm is greater than the corresponding movement of the
ribcage. This reflects the greater importance of the diaphragm as a respiratory
muscle than of the intercostals expanding the ribcage. During induction of
anaesthesia, when the patient is being ventilated mechanically, displacement of the
ribcage increases and that of the abdomen decreases, giving a pattern that is the
opposite of that seen during spontaneous breathing. This reflects the higher com-
pliance of the ribcage than of the abdomen (Fig. 4, left upper and lower panels).

In patients with ARDS who were treated according to a concept proposed
almost 20 years ago PEEP was applied exclusively to the dependent lung via a
double-lumen end bronchial catheter and both lungs were ventilated with similar
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tidal volumes [36]; these patients were all treated in the lateral position. The
underlying hypothesis (this was before the era of CT scan studies in ARDS patients)
was that the pathology of the lung was localised in dependent lung regions and that
efforts to re-expand lung tissue therefore should be directed at the dependent lung.
It was also assumed that application of PEEP solely to the dependent lung would
force blood flow upwards so that when patients were in the lateral position perfu-
sion of each lung would be similar, which was the reason for the similar tidal
volumes to both lungs (see Fig. 3). The technique, known as independent lung
ventilation with selective PEEP, led to impressive improvement in the oxygenation
of blood in anaesthetised subjects and patients with early acute lung insufficiency
[37] (see Fig. 5). However, the results were modest in severe and long-standing
ARDS. The poor effect can reasonably be attributed to the presence of nonrecrui-
table consolidated tissue in the dependent lung with the selective PEEP.

Conclusion

In conclusion, body position plays a major role in the distribution of ventilation
and lung blood flow. This means that body position is also an important determi-
nant of gas exchange. There are a number of mechanisms. One is gravity, which

Lateral

free

@)

=KX
o...ono

Bilateral
PEEP

Lateral

even

Selective
PEEP

O
OZ=<w

Fig. 5. Ventilation with a single-lumen endobronchial catheter and by lateral PEEP (1) and
ventilation with an endobronchial double-lumen catheter with equal distribution of venti-
lation and selective PEEP to the lower lung only (2). For further details see text
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forces blood flow to dependent lung regions irrespective of body position. There is
also ‘gravitationally’ oriented distribution of ventilation as a consequence of the
vertical pleural pressure gradient and a curved pressure-volume relationship of
the lung. Moreover, ventilation and blood flow are unevenly distributed at an
isogravitational level, with inhomogeneity of ventilation and blood flow that is
larger than the vertical unevenness. Body position also has a considerable impact
on lung volume, which will affect airway calibre, airway closure and atelectasis
formation. Body position will also affect the movement of the ribcage and the
abdomen, prone position limiting ribcage movement. This affects the degree of
diaphragm displacement. Finally, techniques are available to distribute ventilation
to poorly aerated and even collapsed lung regions without overstretching aerated
lung regions. However, this requires separate ventilation of lung regions. At present
this can be achieved by positioning the patient in the lateral position and then
ventilating the two lungs separately via a double-lumen endobronchial catheter. By
applying PEEP to the dependent lung and less or no PEEP to the upper lung while
distributing ventilation equally between the lungs an improved V/Q match can be
obtained. It should also be emphasised that spontaneous breathing has beneficial
effects on aeration and recruitment of collapsed lung, with improvement in V/Q
match and oxygenation of blood.
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Chapter 2

Chest pain

F. SCHIRALDI

Owing to the growing pressure on emergency department (ED) personnel for
hospital admissions, a particular clinical challenge is linked with chest pain syn-
dromes. It is generally accepted that the acute coronary syndromes (ACS) are
heterogeneous with respect to pathophysiology, clinical presentation, response to
therapy and outcomes. The body of evidence on the benefits of reperfusion therapy
strongly support an evolving strategy aiming to reduce the ‘door-to-needle time’,
at the same time allowing early risk stratification to optimise ‘triage’ in the emer-
gency department [1]. A more useful approach could actually be aimed at the
reduction of the ‘pain to reperfusion’ time; moreover, owing to the limitations
imposed by inadequate resources, the best ED approach should be directed at a
safe ‘rule in/rule out’ protocol. The first chest pain units (CPU) were born with this
aim [2-5].

Nevertheless, despite growing scientific interest in the field, the optimal proto-
col for management in the CPU is still not clear, and despite advances in investi-
gative modalities many scientists agree that a focused history and a subsequent
accurate clinical examination including ECG interpretation remain the key tools
in the diagnosis. The most powerful features that increase the probability of acute
myocardial infarction (AMI) and their associated likelihood ratios (LRs) are new
ST segment elevation (LR 5.7-53.9), new Q wave (LR 5.3-24.8) and chest pain
radiating to both left and right arms simultaneously (LR 7.1).The most powerful
features that decrease the probability of AMI are a normal EKG result (LR 0.1-0.3),
pleuritic chest pain (LR 0.2) and positional chest pain (LR 0.3) [6].

Specificity and sensitivity in diagnosis

A great deal of clinical research has been devoted to looking for the best decision-
making aids in the management of acute chest pain or to attempts to determine the
optimallevel of care for patients admitted with acute chest pain. The main problem,
because of the limited beds and resources available, is the possibility of mistakenly
discharging patients with AMI: these people have short-term mortality rates of
about 25%, i.e. at least twice the rate that would be expected if they were admitted
[7, 8]. Attention has therefore been focused on technical resources that could
improve the diagnostic strategy [9]:
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- ECG secrets

- Bedside evaluation of multimarkers
- Imaging

- Dynamic assessment

ECG secrets. Some electrocardiographic variables are generally accepted as
indicating ischaemia or infarction when present in at least two anatomically
contiguous leads: (1) pathologic Q waves (=1 mm in depth and >0.3 s in duration);
(2) ST segment elevation or depression by 1 mm or more; and (3) elevated or
inverted T waves.

The ST segment and T wave abnormalities are not considered diagnostic in the
case of left ventricular hypertrophy, left or right bundle branch block (BBB), early
repolarisation variant, pre-excitation syndromes or an implanted pacemaker [10].
Further suggestions can be added to allow a more specific insight about the ECG
interpretation.

In the case of BBB, it must be borne in mind that the vectorial sum of the QRS
axis and T wave axis should normally remain between -20° and + 80°, a sum outside
this range suggests acute ischaemia (the so-called ventricular gradient).

A positive R wave in V1 that has not been present before could suggest a true
posterior infarction (always look for ultrasound confirmation).

A negative T pattern in V1-3 is normal only if the negativity in V1 is more than
in V3; otherwise it strongly suggests anteroseptal ischaemia (the so-called decre-
mental gradient).

The upward ST trend in acute pericarditis is never linked to a mirror image in
the opposite leads.

In aortic dissection the ECG could be normal or only minimally abnormal
(ischaemia-like pattern) despite a severe clinical presentation

In persons with implanted pacemakers a suspicion of acute coronary events can
still arise when the ECG is compared with previous ECG recordings.

Similar criteria can be applied in ischaemia or reinfarction affecting a pre-
viously necrosed myocardial zone, and in BBB showing any departure from the
usual pattern.

A transient T wave-positive pattern in subjects whose previous ECG recordings
showed stable negative T waves (pseudonormalisation) strongly suggests acute
ischaemia.

In some dyselectrolytic conditions the interpretation can be particularly diffi-
cult; for example an anterior ischaemia should be suspected if a normal or simply
flat T wave is recorded against a background of acute hyperkalaemia.

Bedside multimarkers strategy. Cardiac biomarkers play a pivotal part in risk
stratification in ACS, so that the results of cardiac biomarker tests can be used to
help guide choices between alternative therapies. Some quite newly identified
markers of myocardial injury have allowed the use of new strategies for evaluation
of patients with acute chest pain. It is interesting to note that the more generally
accepted biomarkers have different timing. Levels of creatine kinase MB isoenzyme
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(CK-MB) usually rise above the normal range within 4 h after the onset of myocar-
dial infarction, and serial sampling of CK-MB over a period of 12-24 h permits the
detection of virtually all AMIs. However, CK-MB elevations can result from causes
other than myocardial injury [11, 12].

The cardiac troponins, Tand I, are encoded by different genes in cardiac muscle,
slow skeletal muscle, and fast skeletal muscle; hence, these markers are more
specific for myocardial injury than CK-MB. After myocardial injury, the levels of
cardiac troponins rise after approximately the same amount of time as CK-MB
levels (6-12 h) but remain elevated for several days [13]. Once elevated, the cardiac
troponins are not useful in detecting repeated episodes of myocardial injury owing
to the long elimination half-life; nevertheless, they are significantly predictive
about the risk of death in the first 42 days (Fig. 1) [14].
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Fig. 1. Quantitative relation between troponin release and risk of death within 42 days.
(Adapted from [14])

Recently a few papers have reported spurious troponin elevations, mostly
during renal insufficiency [15, 16]. Indeed, studies on small groups of patients with
predialytic renal insufficiency without clinical or ECG evidence of acute myocardial
ischaemia have included up to 71% of patients with increased TnT [17], while
troponin I is increased in only about 7% of patients with renal failure. Moreover,
cardiac troponin T predicts long-term outcomes in haemodialysis patients [18].
Unfortunately there are still some pitfalls in the use of troponins (Table 1).

Table 1. Non-ACS causes of troponin elevation

Myocarditis

Cardiac contusion

Cardioversion

Radiofrequency ablation

Congestive heart failure

Chemotherapy (doxorubicin, 5-fluorouracil)
Septic shock

Extreme endurance athletics

Pulmonary embolus
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In the first 6 h after myocardial infarction, CK-MB subforms appear to be
both more sensitive and more specific than CK-MB mass activity or even than
troponins. Myoglobin is a very sensitive, but hardly specific, marker of AMI: its
use should therefore be limited to ‘ruling out’ the diagnosis, and not to ‘ruling
itin’. Its main real advantage is the very good positive timing (9o-120 min) [18],
so that it may be helpful in timely detection of even a small extension of an
infarction, which is otherwise very difficult to demonstrate during the first few
days after an AMI.

Despite some caveats, a recent meta-analysis of the three most widely accepted
studies on the predictive value of isolated troponin elevation (PARAGON, GUSTO
ITa Troponin Substudy, Checkmate) [19-21] have suggested that baseline troponin
elevation, without CK-MB elevation, are significantly associated with elevated risk
of early and short-term adverse outcomes [22].

C-Reactive protein is a potent predictor of mortality both independently of and
in combination with troponin T in acute coronary syndromes [20].

Many new markers are under investigation (B-type natriuretic peptide [BNP],
N-proBNP, high-sensitivity C-reactive protein [hs-CRP], antiplatelet factor 4/he-
parin antibodies, etc.). While all these are still under evaluation, studies in patients
with suspected ACS have consistently shown that BNP and N-proBNP add unique
and important prognostic information, even if the two latter are more closely
associated with a ‘pump failure’ secondary to ACS. Interestingly, Sabatine et al.
performed analyses in the OPUS-TIMI 16 and TACTICS-TIMI 18 studies, using Tnl,
CRP end BNP in combination. In multivariate models, each of these biomarkers
remained independently linked with adverse cardiac events, demonstrating the
unique predictive information that each of these biomarkers provides [23-25].

With a panel of biomarkers that covers the spectrum of pathology of ACS, it is
hoped that this heterogeneous syndrome can be treated with a selective rather than
a ‘shotgun’ approach.

Tha/MB+ 5.0 (1.2-20.7)
4.8 (1.4-16.0)

Tn+/MB- Gl

Th-/MB- 1.1(0.1-8.8)

1.0

Fig. 2. Adjusted odds ratio and 95% ClIs for death in 30 days or MI by marker status.
(From [22])
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Imaging

Echocardiography. There is a growing body of evidence supporting the pivotal role
of ultrasound examination of the heart (echocardiography) in emergency depart-
ments [26, 27].

The positive aspects are:

- High sensitivity and efficiency in detection of regional abnormalities of wall
motion.

- Timely and direct diagnosis of other cardiovascular diseases as a cause of chest
pain: aortic dissection, pulmonary embolism, aortic stenosis, pericarditis; it is
also the gold standard for early diagnosis of some complications of the AMI
(mitral or tricuspid valve acute insufficiency, systolic or diastolic ventricular
dysfunction , intracardiac thrombosis).

- Reliable monitoring of the therapeutic strategies (successful or unsuccessful
reperfusion, effect of beta blockers).

On the other hand, there is general agreement on some disadvantages:

- Operator dependence in obtaining and/or interpreting the ultrasound images.

- Uncertainty about the age of some kinetic abnormalities (differential diagnosis
between previous/recent AMI).

- Asthisisa form of noncontinuous monitoring, some temporary ischaemic effects
(e.g. myocardial stunning) could be misinterpreted as AMI (false positive).

- Some false-negative results could depend on a very small size of the ischaemic
area (so-called noncritical mass).

The best time to perform an echocardiogram in patients complaining of chest
pain is still controversial; it seems reasonable to perform this examination:

- In patients whose chest pain is ongoing, has just resolved, or lasted more than
30 min.

- In patients with typical chest pain associated with a nondiagnostic ECG inve-
stigation.

- In patients whose history suggests previous AMI with chest pain and inconclu-
sive ECG patterns.

- In patients in whom there is a strong suspicion of aortic dissection or acute
pericarditis.

Myocardial scintigraphy. The historical validation of thallium-201 scintigraphy
has been largely supported by many studies confirming a near 100% sensitivity of
the ‘cold spot’ (the typical thallium imaging in truly ischaemic patients); moreover,
it has good specificity in patients with acute nontraumatic chest pain and any
suspected coronary syndrome.

The two main related problems might be:

- Suboptimal images compared with technetium-99.
- Suboptimal diagnostic reliability when there is any delay in recording the
imaging after the tracer injection.
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On the other hand, acute positive rest Tc-99m sestamibi perfusion imaging
accurately identifies patients at high risk of adverse cardiac outcomes, whereas
negative perfusion imaging identifies a low-risk patient group [28, 29].

So, depending on the facilities at the institution, myocardial scintigraphy can
be a useful, albeit not a first-line, diagnostic tool, which gives better results when
performed with technetium-99. Further investigation is necessary to determine
whether such a routine approach results in lower costs than are incurred by current
standard practice.

Magnetic resonance. Despite its high reliability, magnetic resonance imaging
(MRI) still seems too sophisticated a diagnostic aid to be suggested in the emer-
gency department. Nevertheless, there is some room for MRI in the so-called X
syndrome subgroup, which usually affects women, whose ECG, echocardiogram
and myocardial scintigraphy can be normal or puzzling, even during an acute chest
pain crisis [30, 31]. As a matter of fact, in patients with syndrome X there is
consistent evidence of an abnormality of myocardial perfusion limited to the
subendocardium. This is because transmural resolution is higher with cardiova-
scular MRI than with other techniques. A possible explanation could be based on
the inherent capability for detecting subendocardial ischaemic areas.

Dynamic assessment. The first American guideline on unstable angina (inclu-
ding myocardial infarction without ST segment elevation), published in 1994,
emphasised early risk stratification as the pivotal process that drives the initial
treatment and decision about triage in the emergency department [32]. Up to then,
there had been great concern about the safety of the patient, centring on the
possibility of subjecting the patients to exercise testing for detecting ischaemic
myocardium. However, studies have shown that patients who have a low clinical
risk of complications can safely undergo exercise testing within 6-12 h after pre-
sentation at the hospital or even immediately [33, 34].

Radionuclide imaging, stress echocardiography, and prompt coronary angio-
graphy may all be useful for diagnosing coronary artery disease in some subgroups
of patients [35, 36]. Nevertheless it should always be remembered that, for example,
studies with stress echocardiography have demonstrated that, despite the chest
pain, some patients have had no impairment in contractility. To complicate matters
further, it has been shown that the typical chest pain reported by patients with
normal coronary angiograms can be evoked by electrical stimulation of the right
ventricle, which does not cause myocardial ischaemia: positron emission tomo-
graphy scanning of the brain has demonstrated an abnormally sensitive perception
of cardiac pain in at least some of these patients [37].

Conclusions

Multivariate algorithms have been developed and prospectively validated with the
goal of improving the stratification of risk in patients with possible acute ischaemic
heart disease [38, 39]. Nevertheless, despite the availability of different diagnostic
techniques, such as early monitoring of cardiac enzymes, noninvasive cardiac
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imaging, dynamic evaluation and ‘chest pain programmes’ [40], we still do not
know how to reduce the number of missed diagnosis of myocardial infarction or
unstable angina. However, some hard facts are remarkable:
- Unstable angina and NSTEMI account for over 1.5 million hospitalisations
annually in the United States.
- Coronary artery disease is the leading cause of death in most countries.
In the future, clinicians might use the diagnostic tools available to them to create
a specific patient profile that could be used to select personalised therapies aimed
at preserving as much muscle as possible, always remembering that “Timing is
everything.”
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Chapter 3

The electrocardiogram in the emergency department

F. ScHirALDI, F. PaLapiNo, E.G. RUGGIERO

In cardiac emergencies, correct diagnosis of the underlying cause is always the first
step in the direction of optimal treatment. Nevertheless, a systematic approach to
interpretation of the electrocardiogram (ECG) is of paramount importance. In their
Advanced Life Support (ALS) Guidelines [1, 2], both the American Heart Associa-
tion (AHA) and the European Resuscitation Council (ERC) give useful suggestions
on how to take quite a simple “first look” at the monitor traces so familiar to any
Emergency Department (ED) worker. In this paper, indeed, we first recall the
essentials for a practical monitor-based approach, and will later suggest some
insider tips on ECGs, which may be useful in daily routine.

The normal ECG

There are many ‘normal’ ECG patterns, depending on age, gender, race, neurove-
getative state etc., but an initial recognition of the different waves of depolarisa-
tion/repolarisation allows a quick understanding of many cardiac conditions that
are potentially dangerous, so that anybody approaching a patient in the ED should
be familiar with these. Moreover, new insights into ECG interpretation are under
investigation, as the molecular and biophysical bases of the cardiac action potential
have just been discovered [3].

The P wave is the first depolarisation wave to be examined: it usually comes
from the sinoatrial (SA) node and spreads throughout the atrial myocardium. An
atrial contraction is the mechanical response to this electricalimpulse. The intrinsic
value of the P wave is linked with its optimal timing as ‘responder’ to many different
stimuli (such as atrial enlargement attributable to hypoxia, diastolic ventricular
dysfunction, increase in right or left afterload) [4-6]. Examination of the P wave
morphology in the II, III, aVF, aVR and V1 leads is suggested, as these give most
information about any P derangements.

In atrial fibrillation and atrial flutter the P wave is replaced by irregular F or f
waves, which can notch the isoelectrical line. In junctional rhythm the P wave can
be absent or very close to the QRS complex.

The PR interval is related to the relatively slow atrioventricular conduction
through the AV node: its normal length is 120-200 ms, with some delay accepted
in older patients (Fig. 1).
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Fig. 1. EKG waves and intervals

The QRS complexis due to ventricular depolarisation; it usually lasts 70-120 ms,
but whenever one bundle branch is diseased rapid intraventricular conduction
through the corresponding ventricle is prevented (RBBB, LBBB), with correspon-
ding QRS enlargement (120 ms). Interestingly, while RBBB can be of negligible
importance, the LBBB is always linked to some significant cardiac disease.

The T wave is due to an ionic (s.c. repolarising) phenomenon, which is strictly
related to the previous depolarising one, so that it should always have the same
vectorial expression (positive if the R waves are positive in one of the corresponding
leads, and so on); if there is no such vectorial concordance ischaemic problems can
be expected.

The ST interval should be on the isoelectrical line; any upward or downward
trend should be closely monitored.

The QT interval is of paramount importance in critical care: if it is longer or
shorter than its normal length (320-440 ms) the incidence of potentially life-threa-
tening ventricular arrhythmias can increase dramatically. Moreover, there are
many electrolyte and acid-base disorders that can interfere with it (Fig. 2).

Finally, the QTc dispersion in the EKG has been newly recognised as an
important prognostic factor in many diseases. A study from Taiwan University
investigated the significance of QTc dispersion in acute intracerebral haemorrha-
ge (ICH) patients. It was found that patients had less chance of surviving to
discharge if they had increased QTc dispersion and a longer maximal QTc interval
[7]. A very interesting tool is ‘drug-induced’ prolongation of the QT interval [8];
the availability of nine structurally unrelated drugs marketed for noncardiova-
scular conditions was found to be severely restricted because of this form of
toxicity (Table 1).
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Fig. 2. Drug-induced prolongation of the QT interval. (From [8])

Table 1. Drugs with potential for inducing prolongation of QT interval

Terfenadine
Astemizole
Grepafloxicin
Terodiline
Droperidol
Lidoflazine
Sertindole
Levomethadyl
Cisapride

The TP interval is the real isoelectric line, which should always be referred to in
order to appreciate any ST derangement.
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How to read a rhythm strip

Anyone analysing a rhythm strip should work systematically through the following

checklist:

- Isthere any electrical activity?

- What is the QRS rate?

- Isthe R-R interval regular?

- Is the QRS width <120 ms?

- Is any atrial activity present?

- Isthe atrial activity related to ventricular activity?

Any expert electrophysiologist will find this approach too simple from a scien-
tific point of view, but any intensive care specialist knows how important it is to
stabilise the patient as soon as possible, and in the emergency department (ED)
setting it therefore seems reasonable to be quite confident in this simple approach,
as it can buy time for further diagnostic evaluations.

Wit reference to electrical activity, it is important to note that if the ECG shows
only P waves without R waves (s.c. ‘P wave asystole’), even if there is no pulse there
are still possible ways of performing immediate successful pacing. The other main
point is to differentiate the ventricular ‘coarse’ fibrillation from the ventricular
tachycardia, because the former is always responsible for a dynamic arrest while
the latter is frequently associated with mechanical activity (pulse present).

The normal ventricular rate is quite an abstract statement, as the heart rate (HR)
should always be evaluated in context (think of the ‘normal’ cardiac response to
acute hypovolaemia); in any case careful evaluation is needed in the case of any HR
<50 or >120/min, because coronary perfusion and ventricular filling and ejection
can be badly affected by such HRs.

The R-R interval is easy to evaluate and allows rapid screening among different
arrhythmias, with some caveats:

- A uniform R-R interval does not rule out the presence of some arrhythmias
(e.g. many forms of AV block, many re-entrant arrhythmias, some supraven-
tricular arrhythmias with a fixed conduction delay).

- Anirregular R-R interval can be of very limited importance in the case of atrial
fibrillation, while the presence of a couple or short runs of ventricular extrabeats
should be approached very cautiously and sometimes requires early treatment.
The QRS width could suggest any sort of bundle branch block (BBB) or ventri-

cular rthythm. A very different approach is needed when a slow rhythm (<40/min)

with large complexes is encountered, which usually requires mandatory pacing

(idioventricular rhythm is very likely). On the other hand, a paroxysmal supraven-

tricular tachycardia associated with large QRS complexes could be haemodynami-

cally stable and a medicamentous approach might be reasonable, depending on the
specific setting.

The atrial activity has already been discussed, although it is more useful if the
physician is familiar with the different PR intervals in the presence of AV blocks
(AVBs); indeed, grade I and II AVBs are usually time-limited and responsive to
atropine, while type 2 and grade III AVBs require pacing.



The electrocardiogram in the emergency department 31

A simple suggestion whose adoption can yield deeper insights is to run the EKG
at double speed+double voltage, which enables the ‘reader’ to examine the atrial
activity closely, if there is any. The same suggestion could be followed to evaluate
the relationship between atrial and ventricular activity in other difficult settings.
The admonition to ‘Look at the patient’ must always be borne in mind, as someti-
mes the correct policy is to stabilise the patient and seek an arrhythmia expert to
devise the best strategy.

Cardiac arrest rhythms

A quick ECG interpretation is even more useful in the setting of cardiac arrest,
which is a ‘haemodynamic’ condition (no pulse, no pressure) that obviously follows
a ventricular fibrillation (VF) or asystole, but is sometimes related to ventricular
tachycardia (VT) or so-called electromechanical dissociation (EMD). As these
require different therapies, it is important to be able to recognise the different
presentation rhythms.

The only suggestion we can make about VF is directed at early recognition to
allow DC shocking as soon as possible; it must be remembered that the presence of
P waves not followed by QRS is a real asystole (not to be discharged). The VT is quite
easily recognisable because the rhythm is regular, or almost regular, the rate is
between 100 and 300 b/min and the atrial activity often continues independently of
ventricular activity. The QRS morphology can be monomorphic or polymorphic.

One important variety of polymorphic VT is called ‘torsade de pointes’, in
which the axis of electrical activity changes in a rotational way. The peculiar
importance of this cardiac arrest rhythm is that it can be caused by QT-prolonging
drugs or electrolyte disturbances (hypokalaemia, hypomagnesaemia), whose cor-
rection could improve the prognosis.

Pulseless electrical activity (PEA) or electromechanical dissociation (EMD)
implies the absence of mechanical cardiac activity even if the intrinsic electrical
activity is quite normal. It can be caused by a massive myocardial infarction,
pulmonary thromboembolism, tension pneumothorax, exsanguination or pericar-
dial tamponade.

Acute coronary syndromes

The generally accepted classification for acute coronary syndromes (ACS) is based
on an integrated approach that takes account of history, clinical presentation,
bedside diagnostic strategy based on biomarkers and the ECG pattern. It is there-
fore absolutely unthinkable for any ED doctor not to be aware of the basics of ECG
interpretation in suspected ACSs [9-11].

Some electrocardiographic variables are generally accepted as indicating
ischaemia or infarction when present in at least two anatomically contiguous leads:
- Pathologic Q waves (=1 mm in depth and >0.3 s in duration).
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- ST segment elevation or depression of 1 mm or more.

- Elevated or inverted T waves.

The ST segment and T wave abnormalities are not considered diagnostic in the
case of left ventricular hypertrophy, left or right BBB, early repolarisation variant,
pre-excitation syndromes or an implanted pacemaker [12]. Further suggestions can
be added, which allow a more specific insight into the EKG interpretation:

- In case of BBB, remember that the vectorial sum of the QRS axis and T wave
axis should normally stay between -20° and +80¢; if it is outside this range it
suggests acute ischaemia (the so-called ventricular gradient).

- A positive R wave in V1 that was not present before could suggest true posterior
infarction (ultrasound [US] confirmation should always be sought).

- Anegative T pattern in V1-3 is normal only if the negativity in V1is greater than
that in V3; otherwise it strongly suggests anteroseptal ischaemia (the so-called
decremental gradient).

- The upward ST trend in acute pericarditis is never linked to any mirror image
in the opposite leads.

- In aortic dissection the ECG can be normal or only minimally abnormal
(ischaemia-like pattern) even with a severe clinical presentation.

- In persons with implanted pacemakers, a suspicion of acute coronary events
can be reinforced when previous ECG recordings are examined for comparison.

- Similar criteria can be applied in ischaemia or reinfarction affecting a pre-
viously necrosed myocardial zone and in BBB showing any deviation from the
usual pattern.

- Atransient T-wave-positive pattern in subjects whose previous ECG recordings
have shown stable negative T waves (pseudonormalisation) strongly suggests
acute ischaemia.

- Particular difficulty can be encountered with interpretation in some disorders of
electrolyte metabolism: for example, anterior ischaemia must be suspected if
normal or simply flat T wave is registered in the setting of acute hyperkalaemia.
The last suggestions about suspected myocardial ischaemia are probably
obvious, but they are very useful in the clinical field.

- Trust in the ‘modifying’ pattern: if a doubtful repolarisation is changing while
the patient is being monitored, with or without specific therapy; there is very
probably an ischaemic substrate.

- Ifin doubt, trust in hospitals. If the clinical aspect is getting worse, even if the
ECG is still normal it is better to admit the patient.

ST segment elevation in conditions other than acute myocardial infarction

In a recent study of normal ECGs from 529 men, the prevalence of ST segment
elevation of at least 1 mm in one or more of leads V1-4 was 93% in men aged
17-24 years [13], declining gradually with increasing age; about 20% of women have
the same pattern regardless of age. Especially in black men, the ST segment is
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elevated by 1-4 mm in the midprecordial leads as a normal variant (so-called early
repolarisation). Moreover, in younger men (Fig. 3) the ST segment may be elevated
in combination with a T-wave inversion as a normal variant [14].

In acute pericarditis the ST segment elevation is usually diffuse, without any
mirror image, if the pericarditis is diffuse, which is a substantial difference from
the ST elevation in acute myocardial infarction (AMI). This rule does not apply
when the pericarditis is localised.

Since 1956 [15] the ST elevation in hyperkalaemia, which sometimes resembles
pericarditis or AMI, has been familiar; interestingly, there are often other features
ofhyperkalaemia, such as tall T waves, widened QRS complexes and low-amplitude
P waves or none at all.

In 1992, Brugada and Brugada described eight patients with a history of cardiac
arrest, RBBB and ST elevation in the right precordial leads in the absence of long
QT interval and structural heart disease [16, 17]; the disease is probably due to a
mutation of the cardiac sodium-channel gene.

Features of pulmonary embolism sometimes seen are: inverted T waves in the
right precordial leads, ST elevation in both anteroseptal and inferior leads, S1Q3T3
pattern and complete or incomplete RBBB [18].

The ST segment can be transiently elevated after transthoracic cardioversion
[19]. This pattern usually normalises within 3 min.

Lead

Tracing 1

Tracing2

Tracing 3

Fig. 3. Three ‘normal’ repolarisation patterns possible in young people (From [9])
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Sometimes an epicardial artery is ‘pinched off’ as a result of spasm, reflecting
transmural ischaemia. There are no specific and reliable ECG features allowing
differentiation of this transitory elevation from the more persistent elevation
attributable to AMI [20]: thus, this ‘Prinzmetal angina’ is only distinguishable
because it is very quick to resolve spontaneously.

Knowledge of these ‘other’ causes of ST elevation is mandatory for an ED doctor,
as ‘time is muscle’, but reperfusion therapies could be dangerous if they are not
appropriate (Table 2).

Table 2. ST segment elevation in normal circumstances and in various pathologic conditions
(from [10])

Condition Features
Normal (so-called male pattern) Seen in approximately 90% of healthy
Eoung men; therefore, normal
levation of 1-3 mm, most marked in V2
Concave
Early depolarisation Most marked in V4, with notching at J point

Tall, upright T waves

Reciprocal ST depression in aVR,
and not in aVL, when limb leads
are involved

ST elevation of normal variant Seen in V3-5 with inverted T waves

Short QT, high QRS voltage
Left ventricular hypertrophy Concave

Other features of left ventricular hypertrophy
Left bundle branch block Concave

ST segment deviation discordant from QRS

Acute pericarditis Diffuse ST segment elevation
Reciprocal ST segment depression in aVR,
and notinaVL
Elevation seldom >5 mm
PR segment depression

Hyperkalaemia Other features of hgﬁerkalaemia present:
Widened QRS and tall, peaked, tented T waves
Low-amplitude or absent P waves
ST segment usually downsloping

Brugada syndrome rSR’in Viand V2
ST segment elevation in V1 and V2,
downsloping

Pulmonary embolism Changes simulating MI, seen often

in both inferior and anteroseptal leads

Cardioversion Striking ST segment elevation, often >10 mm,
but lasting only 1-2 min immediately
after DC shock

Prinzmetal angina Same ST segment elevation as in AMI,
but transient

Acute myocardial infarction ST segment with a plateau or shoulder
or upsloping
Reciprocal behaviour between aVL and 3
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A look at the ‘Cinderella’ lead: aVR

Recently some authors have focused their attention on the usually neglected aVR
lead [21]. They studied the Holter recording of the 12 standard leads in 30 consecu-
tive patients with symptoms of AMI and ST segment elevation in the inferior ECG
leads; what they found was interesting: that it is useful to measure the presence and
degree of ST segment elevation or depression 0.06 s after the ] point. Moreover, the
degree of ST segment depression could help to identify the right coronary artery
or the left circumflex coronary artery as the culprit.

Essentials in EKG interpretation in patients with PMK

The two main functions of pacing are ‘sensing’ and ‘capture’. If the PMK spikes
seem not to be influenced by the residual spontaneous myocardial activity (e.g., the
‘spike-to-spike’ interval is always the same, even after any extrasystole), one should
first increase the sensitivity and then try to achieve repositioning of the PMK.
Sometimes intermittent ‘malsensing’ can happen owing to partial catheter di-
slodgement. Sometimes a peak T wave can generate sufficient voltage to be misin-
terpreted by the sensing system as a QRS complex. Such ‘oversensing’ will result in
suppression of PMK activity.

The failure most commonly not captured is dislodgement of the catheter.
Catheter dislodgement may or may not be seen on radiographs, depending on the
degree of catheter displacement (a good tip is to observe the magnitude of the PMK
deflection (spike): when the magnitude is adequate, failure of capture usually
indicates catheter dislodgement; otherwise a voltage increase should be attempted.
Obviously, as the PMK tip is usually located near the apex of the right ventricle the
expected ECG pattern is that of LBBB with significant left axis deviation.

If any ACS occurs in a ‘paced’ patient, correct interpretation of the ECG is
usually possible only in serial recordings [22].
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Chapter 4

The use of imaging to resolve difficult diagnoses

V. Ciorry, L. CALDERAN, M. Cova

The increasing complexity in treating the intensive care patient combined with
recent advances in imaging technology has generated a new perspective on inten-
sive care radiology [1]. This new technology allows a diagnosis in a shorter period
of time and with increased accuracy; therefore it can be used to identify particularly
difficult conditions. In this article, we focus on the contribution of imaging to the
management of the intensive care unit (ICU) patient with lung disease.

Itis important to underline that appropriate clinical information is fundamen-
tal in the choice of diagnostic imaging modality and technical approach. The
capability of diagnostic imaging consists in the direct detection of injuries that are
often occult, such as pericardial haemorrhage, major thoracic vascular injuries,
small pneumothorax and diaphragm tears, as well as the ability to better define the
extent and pattern of other pathological features, such as pulmonary oedema,
embolism and parenchyma consolidation.

The clinical evaluation of the intensive care patient relies on imaging, and the
portable chest radiograph remains the most commonly requested radiographic
examination. Studies have shown that up to 65% of daily radiographs in the ICU
reveal significant or unsuspected abnormalities that may lead to a change in the
patient’s management [1, 2]. However, specific conditions requiring further eva-
luation with computed tomography (CT) are occasionally highlighted [2-5]. Seve-
ral studies reported that 70-75% of CT examinations provided clinically important
information leading to a change in the management of 20-25% of patients [5].

Pulmonary oedema

In the ICU patient, pulmonary oedema due to heart failure (hydrostatic oedema)
or major capillary endothelial or alveolar epithelial injury (permeability oedema)
is a frequent diagnostic and therapeutic problem [6].

Under normal conditions, there is a continuous movement of fluids at the
alveolocapillary level between the intravascular compartment and the extravascu-
lar interstitial space. Fluid moves out of the vessels under the effect of the hydro-
static pressure at the arteriolar level, and back into the vessels at the venular side
under the effect of the oncotic pressure. Usually, between the two pressures there
is a slight imbalance that favours a net movement of water toward the interstitium.
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This water is physiologically removed through the lymphatics, which facilitate its
transfer toward the bloodstream. The entire process requires the presence of an
intact membrane at the alveolocapillary level [2].

When the pulmonary capillary wedge pressure (PCWP) rises, the extravascular
lung water (EVLW) also rises, accumulating in the interstitium and subsequently
flooding the alveoli. This condition is called hydrostatic pulmonary oedema. Be-
cause the paradigm of this oedema is observed during cardiac failure, hydrostatic
pulmonary oedema is also known as cardiogenic pulmonary oedema (CPE). Pul-
monary oedema can also occur after injuries acting at the level of the alveolarca-
pillary barrier, producing a disruption in the membrane. In this condition, the
membrane becomes more permeable to the fluids that move from the vascular
compartment directly into the alveoli and thus an oedema, called injury oedema,
permeability oedema or non-cardiogenic pulmonary oedema (NCPE), is produced.
In this circumstance, cardiac function can be normal. It is important to remember
that CPE and NCPE can be present at the same time, or one after the other, in the
same patient when conditions for their presence occur at the same time. CPE is the
oedema of the patients with left ventricular failure of any origin; NCPE is the
oedema of ARDS (acute respiratory distress syndrome), a generic term for condi-
tions that result when a lung is damaged by different pathological noxae coming to
it either from the bronchi or from the vessels, or because of a direct injury (i.e.
trauma) [2, 7].

Air-borne ARDS is induced following the inhalation of toxic fumes and gas,
near-drowning, or aspiration of gastric acid. Vessel-borne ARDS follows fat embo-
lism, the dissemination of endogenous toxins or products of necrosis, as in acute
pancreatitis, septic conditions or after massive blood transfusions [2].

The chest radiograph is sensitive for the detection of pulmonary oedema but
relatively aspecific in differentiating cardiogenic from noncardiogenic oedema.
Aberle et al. [8] reported that only 87% of patients with hydrostatic oedema and
60% of patients with permeability oedema could be correctly identified. Both
types of oedema manifest as lung opacities that should always be interpreted
under clinical guidance, but they also often have very different radiological
appearances [2].

The earliest manifestation of CPE on chest radiography is ground-glass opacity,
which causes the pulmonary vessels to become indistinct, usually beginning sym-
metrically in the dependent regions of the lower lobes and the perihilar location.
Peribronchial cuffing with septal thickening may be a concurrent finding that is
helpful in identifying a hydrostatic component to the oedema [7]. The chest X-ray
initially shows thickening of the interlobular septa, the well known Kerley lines
(often type B), and subpleural thickening due to accumulation of fluid within the
subpleural connective tissue. Eventually, homogeneous confluent gravitational
opacities without air bronchogram, which tend to become increasingly homoge-
neous as the oedema increases, can be seen [2, 9]. All the radiographic signs can
change quite rapidly either during worsening of the oedema or, more slowly, when
there is regression after therapy.

In ARDS, the radiographic findings follow a predictable course that reflects the
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underlying histopathology [5]. The initial radiograph is usually normal; neverthe-
less, it is useful to exclude the presence of pneumothorax, atelectasis, or pleural
effusion as the reasons for respiratory distress. In this phase, which lasts only
minutes or hours, there is only diffuse microatelectasis, with some alveoli filled with
fluid, while others are simply collapsed. The only visible sign is a diffuse reduction
of the lung volumes and this sign, together with the absence of other aspects, is very
peculiar for the early phase of ARDS [2, 5,10, 11]. Within 12-24 h, clinical parameters
worsen, with cyanosis, oxygen-resistant hypoxaemia and respiratory failure. The
radiological aspect ranges from a slight pulmonary diffuse haziness to multiple,
not confluent, bilateral parenchymal patchy opacities spreading from the apex
through the lung base, often with air bronchogram. Usually, neither pleural
effusion nor heart enlargement nor flow redistribution are identifiable [10, 11].

The progression of the disease is not identical in all patients; some of them
recover with “restitutio ad integrum” within a few days. In these subjects, a
progressive reduction in the number and density of the parenchymal opacities is
observed, whereas in other patients focal areas of interstitial fibrosis and honey-
comb aspect can be observed (end-stage lung). Sometimes, during recovery, there
are episodes of relapsing disease, that are related, for example, to the new release
of toxins. When this happens, chest radiograph shows a worsening of the opacities.
From the pathological point of view, cylindrical or cubic pneumocytes coat the
alveolar walls, accompanied by variable degrees of interstitial and alveolar inflam-
mation and fibrosis. These manifestations are responsible for a reticular aspect on
the radiograph in 20% of patients [12].

The radiological evaluation of the chest during the acute phase of the disease
should be made taking into account the parameters of ventilation (particularly
PEEP) that can produce alveolar overinflation and thus only an apparent impro-
vement of the radiological opacities [11, 13].

The reason for this different presentation is that hydrostatic oedema consists
of water at low viscosity and therefore freely and continuously flowing throughout
the interstitium according to the law of gravity (the reason why the opacities
predominate in the lower lungs in the half-sitting patient) and to the osmotic
gradient, which increases from the periphery to the central lung (which explains
the vascular blurring, hilar haze, and bronchial cuffing). For the same reason, the
fluid can also fill the bronchi, which are not recognisable within the opacities
(absence of air bronchogram).

Injury oedema, by contrast, is a high-viscosity fluid that contains proteins,
fibrin, and other material, and thus not flow as easily throughout the interstitium
and through the bronchial lumen. This accounts for the presence of an air bron-
chogram, which appears as a pattern of patchy opacities scattered more or less
homogeneously throughout the lungs [2].

The presence of patchy air-space opacification is the most specific sign for
differentiating between two patterns of oedema, and occurs in 58% of patients with
increased permeability oedema compared with only 13% with hydrostatic oedema.
Milne and Pistolesi [14] suggested that hydrostatic pulmonary oedema can be
reliably and consistently differentiated from permeability oedema, but knowledge
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of the technical factors used in acquiring the portable radiograph is needed for the
interpretation. These factors include patient positioning, ventilatory parameters,
and film-to-target distance, information that is not commonly available [1].

Although CT is not seldom used to diagnose pulmonary oedema, an awareness
of the appearance of this condition on CT is helpful in validating some of the
physiologic concepts behind oedema formation and understanding aspects of the
radiograph. In patients with hydrostatic oedema, CT findings are similar to those
in the radiograph, but the former is more sensitive to early changes [7]. The arteries
and veins enlarge and the nondependent vessels enlarge disproportionately (“ce-
phalisation”). Interstitial oedema causes thickening of the interlobular septa (Ker-
ley lines), of the subpleural connective tissue space, and of peribronchovascular
connective tissue. The ventral-dorsal density gradient increases with time, proba-
bly because of the hydrostatic distribution of oedema and the weight of the ventral
lung on the dorsal lung. The distribution of the pulmonary oedema can be altered
by patient positioning due to the effects of gravity and by underlying lung disease.
Alveolar oedema presents as dense air-space opacification depending on the
amount of gas displaced by the oedema and atelectasis. Pleural and pericardial
effusion as well as subpleural fluid are more easily diagnosed on CT [1, 6].

Hydrostatic oedema could be absent in the presence of other concomitant lung
disease. Chronic obstructive pulmonary disease (COPD), for example, is well known
to minimise oedema in underperfused areas and to shift oedema to more normally
perfused areas. Zwikler et al. [15], using CT, have shown that pulmonary oedema in
experimental animals with pulmonary fibrosis causes less change in lung density in
the fibrotic areas than in the apparently normal zones of the lung [6].

Also, in patients with ARDS, CT plays a role in management and provides a
better understanding of the disease process. The air-space opacification was origi-
nally thought to uniformly involve the lungs. Maunder et al. [16] showed that,
despite the extensive abnormality demonstrated on chest radiograph, many areas
of the lung appear relatively normal on CT. The CT typically shows patchy areas of
air-space opacification of varying density, diffusely but not uniformly distributed
throughout the lungs. In the early exudative phase, there is no gravity or central
dependence to the air-space opacification; this later becomes more confluent, and
gravity-dependent atelectasis develops with a cephalocaudal and dorsal ventral
gradient. Cardiac failure, aspiration, and pneumonia can also demonstrate a gra-
vity-dependent distribution to the air-space opacification, but in these conditions,
a slow or negligible shift in consolidation occurs with positional change, unlike in
ARDS where redistribution is observed in minutes with prone positioning.

Tagliabue et al. [17] reported the CT findings in 74 patients with various stages
of ARDS. In the majority of patients, the pulmonary opacities were bilateral, patchy,
and associated with bronchograms. Only 25% of the opacities were homogenous
in appearance, and 27% were a combination of ground-glass opacification and
more dense consolidation. Pleural effusions were common but typically limited.
ARDS may be distinguished from cardiac failure by the absence of pulmonary
vessel enlargement as well as a redistribution and lack of prominence of interlobu-
lar septal thickening [s, 6].
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CT playsarolein detecting complication of ARDS, such as bacterial pneumonia,
that may otherwise be missed. These pathologies are usually diagnosed post-mor-
tem in up to 70% of patients who die of ARDS. The diffuse air-space consolidation
of ARDS frequently obscures the radiographic abnormalities due to pneumonia.
On CT, the regions of dense nondependent parenchymal opacification are thought
to represent areas of organising pneumonia. In a CT study evaluating ventilator-
associated pneumonia in ARDS patients, nondependent opacities were more com-
mon in patients with pneumonia than is those without infection. Goodman et al.
[10] observed that dense consolidation was more extensive in patients with pulmo-
nary ARDS, while ground-glass opacification predominated in the extra-pulmona-
ry group. Desai et al., however, found that individual CT patterns did not distin-
guish between the two groups [5].

Other aspects frequently observed on CT in patients with ARDS are bronchiec-
tasis, subpleural cysts and bullae. These latter patterns typically appear after the
first week. The development of cysts is highly correlated with prolonged ventila-
tion. The cysts vary in size from few millimetres to several centimetres and are more
common at the lung bases and in other areas of dense parenchymal consolidation
and may persist for many weeks [5-7].

CT also provides a practical method of evaluating extravascular lung water.
Assuming that the density value of 1000 HU corresponds to pure air with no tissue
and that o HU corresponds to 100% water, CT densitometry and area calculations
can be used to determine lung water, weight, density etc., for normal and diseased
lungs [6].

Magnetic resonance imaging (MRI) has also been used successfully to evaluate
the lung water content both qualitatively and quantitatively. These properties can
be used to characterise the microvascular barrier function within the lung. In
hydrostatic pulmonary oedema in rats, the T1 relaxation time was significantly
longer than in normal controls, whereas the T2 relaxation time was not different.
In permeability pulmonary oedema, however, T1 and T2 relaxation times were
significantly longer than in normal controls. Using a three-dimensional gradient-
echo sequence, which is sensitive to water, the entire lung can be covered with a
spatial and temporal resolution sufficient to observe the development of pulmona-
ry oedema in an experimentally induced ARDS. The results indicate that oedema
formation can be imaged regionally and quantified globally, estimating the mis-
match between transcapillary filtration flow and lymph clearance. Although some
MRI diagnostic approaches are already in use, the use of this technique in the
diagnosis of pulmonary oedema has not been established in clinical routine [18].

Pneumothorax

Pneumothorax is a potentially life-threatening complication in the ICU, particu-
larly for patients receiving mechanical ventilation. Some studies [19] demonstrated
that the mortality rates were significantly different in patients with pneumothora-
ces of various aetiologies. Complicating tension pneumothorax and concurrent
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septic shock were also related to a higher risk of mortality. Most pneumothoraces
in the ICU fall into two categories: (1) pneumothorax secondary to barotrauma and
(2) traumatic pneumothorax due to thoracic procedures, blunt chest trauma or
penetrating chest trauma [5, 19-23]. The majority of pneumothoraces that occur in
the ICU are procedure-related, especially thoracentesis and central venus catheter
placement [5, 19].

Barotrauma due to mechanical ventilation is considered to be another major
cause of pneumothorax in critically ill patients. The incidence of pneumothorax in
the ventilated patients varies from 4 to 15% [5]. Often, patients with pneumothorax
due to barotrauma have associated lung diseases, such as pneumonia, COPD, lung
cancer and ARDS [5, 19]. Alveolar overdistention is likely to be the main factor
influencing the escape of alveolar gas. Structural injury, depletion or inactivation
of surfactant, and the stress of repetitive expansion are other factors that might
play arole in barotrauma, and may explain the correlation between pneumothorax
and underlying lung diseases. Tension pneumothorax is another important com-
plication associated with death. Pneumothorax due to barotrauma or tissue necro-
sis might be associated with delayed healing of the pleural defect because of
underlying lung disease. Patients with tension pneumothoraces or pneumothorax
due to barotrauma have a higher risk of mortality, and early investigation by
physical examination or chest radiography may be necessary to improve their
prognosis [19].

The radiological signs of massive pleural air collection, flattening of the cardiac
border, contralateral shift in the mediastinum, and depression of the diaphragm can
suggest a tension pneumothorax also in the presence of a pleural drainage tube.
However, the size of the pneumothorax can correlate poorly with its clinical signi-
ficance, and the radiologist should better recognise the initial, more subtle signs of
baro-and volotrauma before the occurrence of their more harmful consequence.
This awareness is of utmost importance in ventilated patients, in trauma subjects
with pulmonary lacerations, and in patients with emphysema and bullae. The
radiological diagnosis of a small pneumothorax may not be easy because air tends
to collect at the base of the thorax within the anterior costophrenic sulcus (which is
the highest portion of the thorax in supine patients) and in the subpulmonary recess
more than at the apex, where it would be more easily recognised. The alerting signs
are the presence of unexplained basilar lucencies at low chest level with diaphrag-
matic and heart profiles too clearly recognisable, the visibility of the anterior
costophrenic sulcus projected with inferior convexity over the right or left upper
quadrant, and, often, the lateral costophrenic sulcus deeper and more lucent than
normal. Other classic signs include an increased sharpness of the mediastinal lines,
more recognisable distribution of pleural air occurring in the presence of lower
atelectasis because air is forced to also collect posteromedially, and a sharper
visualisation of the azygos vein, the supradiaphragmatic inferior vena cava, and the
mediastinal posterior recesses. When in doubt, it is relatively easy, even in uncoope-
rative subjects, to perform a cross-table lateral chest X-ray or an AP view with the
patient lying on the contralateral side. This manoeuvre allows the detection of very
tiny collections of air within the pleural space [2, 3, 5, 21, 22, 24].
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In the presence of a densely consolidated lung or severe chronic lung disease,
the radiographic appearance and distribution of a pneumothorax will be altered.
In these patients, the lung will often collapse in a nonuniform manner, and areas
of aerated lung may cause the appearance of lung markings lateral to the pleural
margin. A posteromedial pneumothorax is associated with lower lobe pathology,
with air preferentially surrounding the medial aspect of the collapsed lobe. This
appearance may resemble pneumomediastinum as pleural air contours the poste-
rior mediastinal structures. Differentiation relies on identification of mediastinal
air tracking into the abdomen. In patients with pleural adhesions, the pneumotho-
rax may be located in an unusual site [5].

Lung collapse and mediastinal displacement are seen both in a simple pneu-
mothorax and in a tension pneumothorax. Flattening of the cardiac border and of
the superior vena cava is the most specific radiographic sign of a tension pneumot-
horax and reflects the impaired venous return to the heart. Inversion of the
diaphragm, unilateral increase in the rib interspace, and displacement of the
azygo-oesophageal line are supportive features. In patients with severe lung disea-
se, particularly in ARDS, the radiological signs of a tension pneumothorax may not
be obvious. Any new hyperlucency seen in the chest radiograph of a rapidly
deteriorating ventilated ARDS patient should be considered a pneumothorax until
proven otherwise by CT [5].

Unfortunately, the supine chest radiograph misses 20-40% of pneumothora-
ces. A delayed pneumothorax (>24 h post-injury), particularly in blunt chest
trauma, develops in approximately 3% of patients [25].

In the acutely injured patient, supine chest X ray is often obtained because the
patient cannot be placed in an upright position. In the supine patient, free air in
the pleural space accumulates in the anteromedial and subpulmonary recesses
which are the least dependent portions of the pleural cavity [26, 27]. Tocino [28]
found that up to 30% of pneumothoraces are not detected on supine films because
of difficulty in visualising these areas. CT is more accurate in the detection of
pneumothoraces than supine or erect chest radiography and will show smaller
amounts of air. Pneumothoraces seen only on CT have been called “occult” [26, 29].
It is important to remember that subcutaneus emphysema on chest X-ray can
obscure underlying pneumothorax, and sometimes even relatively large pneumot-
horaces are not detected [29]. Moreover, the size of the pneumothorax and the
position of a chest tube are poorly determined from a chest X-ray. Engdahl et al.
[30] studied both a patient group and an artificial lung model and found that chest
X-ray examination of the size of a pneumothorax correlates neither with the size
measured on CT nor with the amount of air aspirated at the time of chest tube
insertion. This is easily explained by the fact that the lung does not collapse
uniformly and therefore must be viewed in three dimensions. Kerns and Gay [31]
illustrated that chest X-ray identifies only 5% of malpositioned chest tubes and
therefore recommended CT as a more accurate modality.

Wolfman et al. [29] devised a classification that divides pneumothoraces seen
on CT into three subgroups: (1) minuscule (<1 cm in greatest thickness), (2)
anterior (>1 cm in greatest thickness, but not extending beyond the midcoronal
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line) and anterolateral (extending beyond the midcoronal line). The authors sugge-
sted the use of this classification system in determining whether a pneumothorax
seen on CT should be initially treated with percutaneus tube thoracostomy or
whether the patient should only be observed without definitive treatment. Patients
with a small pneumothorax, as shown by CT, were managed without percutaneous
tube thoracostomy; none developed complications. Management of anterior pneu-
mothorax not extending beyond the midcoronal line depends on the clinical situa-
tion, while anterolateral pneumothoraces, extending beyond the midcoronal line,
are always treated with a percutaneous thoracostomy tube [29].
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Chapter 5

Assessment of pain

D. Caristi, A. GALZERANO, M. P1va

Effective pain relief is very important not only for humanitarian and ethical
reasons, but also in order to avoid postoperative complications and to obtain a
faster recovery from surgery and an earlier discharge from hospital. Good pain
management in the peri- and postoperative period helps to ensure the best outcome
for the patient [1].

Pain relief per se does not significantly improve postoperative outcome, with
the exception of patient satisfaction and pulmonary complications. Thus, posto-
perative morbidity and hospital stays are dependent on multiple factors, including
preoperative information, quality of analgesia and existing programs for postope-
rative care and rehabilitation, including orders for mobilisation, oral nutrition and
discharge criteria [2].

Surveys in the 1980s showed that as high as 30-70% of patents received inade-
quate pain treatment [3, 4]. Most patients, physicians, surgeon and nurses still
consider moderate to severe pain to be an acceptable consequence of surgical
interventions.

The key points for improving acute pain management are: (1) safe and simple
analgesic methods, in order to accommodate increasing demands of quality assu-
rance in pain and patient satisfaction; (2) regular pain assessment and documen-
tation; (3) evidence-based decision making; (4) appropriate choice of drugs and
their route, mode of delivery and (5) an interdisciplinary approach to the post-sur-
gical patient.

Acute pain service

The recognition that unrelieved pain contributes to preoperative morbidity and
mortality has led many institutions to develop an Acute Pain Service (APS) in an
attempt to provide effective postoperative relief. Immediate and sustained formal
support for APSs and the recommendations of various medical and health care
organisations, has promoted their widespread introduction [5-15]. The introduc-
tion of APSs has led to the successful and safe implementation of multi-modal pain
management strategies [16] and an increase in the use of specialised pain relief
methods, such as patient-controlled analgesia (PCA) and epidural infusions oflocal
anaesthetics/opiod mixtures, in surgical wards. These methods represent real
advances in improving patient well-being and reducing postoperative morbidity
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[1, 17]. Furthermore, provision of an APS is presently a prerequisite for accredita-
tion for training by the Royal College of Anaesthetists and the Australian and New
Zealand College of Anaesthetists. In-service education and training is another
important aspect of the APS. The introduction of an APS into a hospital leads to
improved knowledge and understanding of pain assessment and control by both
staff and patients. Education of the patients and their families at the time of the
pre-anaesthetic evaluation is pivotal in facilitating the optimal care of patients, who
should be fully informed preoperatively about the range of treatments available
and their adverse effects [18]. Patient ignorance and fear of what to expect with
regard to postoperative pain and its control can increase both patient dissatisfac-
tion and the degree of pain experienced in the postoperative period. A proportion
of patients may not wish to be faced with options but would instead welcome
guidance on the best form of pain control available. For those patients who wish to
receive information, the discussion should include what pain to expect, what
treatment is available for pain and nausea or vomiting, and its risks and side effects.
Patient awareness of pain and the ability to control pain are important components
of pain assessment.

The Association of Anaesthetists guidance on risk management [19] recom-
mends the provision of information leaflets or videos describing the process of
anaesthesia, and it may be added that this should include advice on postoperative
pain and emetic control.

The role of pain assessment

Pain is invisible on most hospital wards. Severity of pain is not assessed and
consequently cannot be effectively treated. The intensity of postoperative pain after
surgery is often under-estimated and therefore under-treated by healthcare provi-
ders.

One of the key points in improving postoperative pain is to introduce pain
assessment as the fifth vital sign (after temperature, pulse, blood pressure and
respiratory rate). Monitoring the management of postoperative pain is important
to ensure its safety and effectiveness. There is solid consensus [20] that acute pain
and the effects of its management (the patient’s verbal ratings of pain, the nurses’
rating of sedation, and the breathing rate) should be recorded routinely along with
the other postoperative vital signs. An educational programme specifically for
nurses strongly increases the use of regular pain assessment and may contribute
to an improvement in postoperative analgesia [21].

Anaesthesiologists in collaboration with others should use pain assessment
instruments to facilitate the regular evaluation and documentation of pain, the
effects of pain therapy and side effects caused by the therapy. Pain score at rest and
on movement, sedation level, blood pressure, breathing rate and urine output are
all essential.

Pain should be assessed and documented: (1) preoperatively; (2) routinely at
regular intervals postoperatively, as determined by the surgery and subsequent
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severity of the pain; (3) with each new report of pain. Most important, the team
should evaluate immediately each instance of unexpected intense pain, particularly
if sudden or associated with oliguria or altered vital signs - such as hypotension,
tachycardia, or fever - and consider new diagnoses including wound dehiscence,
infection, or deep venous thrombosis. Not all observations need to be undertaken
at the same frequency and no consensus exists regarding the optimal frequency of
observations, which will be higher at first and then decrease over time.

Hospital guidelines describing the type and the frequency of observation to be
performed and documented are necessary. The target for best practice should be
that less than 7% of postoperative patients should experience a failure of analgesia
in the first 24 h. In the absence of a nationally agreed upon pain scoring system, a
score above 50% of the pain scale at two or more four-hourly recordings in the first
24 h constitutes a failure of analgesia [22].

Assessment of pain severity in adults

Postoperative pain is usually characterized by abrupt onset, variable intensity and
duration of less than 7 days. It varies in different patients and even in the same
patient over time. This variability depends not only on the pre-existing diseases,
its location, and the type of surgery, but also and sometimes mainly on the factors
resulting from the pain/tissue injury ratio, which is associated with cultural, reli-
gious, socio-economic and racial aspects and depends on the patient’s history and
his or her previous experience of pain.

Pain measurement is mandatory in the postoperative period to assess pain
intensity, to control the efficacy of analgesic treatment and to ensure a confident
relationship between the patient and the medical team [23]. Preoperative prepara-
tion of patients (and families, when appropriate) assists patients in understanding
their responsibility in pain management.

A comprehensive approach to postoperative pain assessment requires evalua-
tion of: patient perceptions, physiological responses, behavioural responses and
cognitive attempts by the patient to manage pain. Physiological responses, such as
heart rate, blood pressure, and respiratory rate, provide critical information in the
immediate postoperative period. Once the patient has recovered from anaesthesia,
the mainstay of pain assessment should be the patient’s self-report to assess pain
perceptions (including description, location, intensity-severity, and aggravating
and relieving factors) and cognitive response. Patient self-report is the single most
reliable indicator of the existence and intensity of acute pain and any concomitant
affective discomfort or distress [5]. Neither behaviour nor vital signs can substitute
for a self-report.

Self-assessment using unidimensional methods, which measure only the sen-
sory component of the painful experience, has been validated in acute pain mana-
gement; it reduces the risk of under- or over-assessment of pain by nurses.

Pain severity is usually assessed by using rating scales. These methods, either
words or numbers, are simple and can be readily understood.
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The visual analogue scale (VAS) is considered the gold standard method for
postoperative pain assessment. It consists of a line, most often 100-mm long, with
two descriptors representing extremes of pain intensity (e.g. no pain and the worst
imaginable pain) at each end. Patients rate their pain intensity by making a mark
somewhere on the line, and the VAS is scored by measuring the distance from the
“no pain” end of the line. It has been shown to be reliable and valid and it is useful
in assessing the degree of improvement following intervention. Nevertheless, in
some clinical situations, this method may not be reliable [24]. The VAS is not easy
to use in the immediate postoperative period because of residual anaesthesia,
blurred vision, or nausea, and some patients may require additional instructions to
complete the assessment. In using the VAS for treatment decision, or for the
measurement of the effects of pharmacological interventions, it should be noted that
this it has an imprecision of about +20 mm. The numerical rating scale (NRS)
consists of a series of numbers ranging from o “no pain” and 10 (or 100) “the worst
imaginable pain”; the patient chooses the number that best corresponds to the
intensity of his or her pain. Another often-used measurement of postoperative pain
is the five-point verbal rating scale (VRS). The patient reads a list of verbal pain
descriptors and chooses one word (Table 1); a score is assigned to each descriptor
(no pain=o0, mild pain=1, moderate pain=2, severe pain=3, and unbearable pain=4).

Table 1. Verbal Rating Scale (VRS)

No pain

Mild pain
Moderate pain
Severe pain
Unbearable pain

AW N~ O

For each of these scales, the clinician should request the patient’s self-report, not
only with the patient at rest but also during routine activity, such as coughing, deep
breathing, or moving (e.g. turning in bed). Pain on movement may be recorded
separately from pain at rest, being amenable to different types of treatment. Furt-
hermore, the patient should be observed for behaviours that often indicate pain,
such as splinting the operative site, distorted posture, impaired mobility, insomnia,
anxiety, attention seeking, and depression. Questions like “where does it hurt?” and
“what does it feel like?” may allow a qualitative evaluation of pain.

The use of a unidimensional quantitative scale is questionable in view of the
belief, overwhelmingly supported by clinical experience as well as by empirical
evidence from multidimensional scaling and other sources, that pain has at least
two dimensions: sensory qualities and affect [25]. The patient’s score on an unidi-
mensional pain intensity scales reflects the emotional qualities of pain much more
than its sensory intensity or other qualities. Accordingly, such scales may be poor
indicators of analgesic requirement and patient’s postoperative anxiety and de-
pression may thus be inadequately treated.

Another issue concerns the clinical significance of a change in the VAS score.
How much of a decrease is necessary before it is noticed by patients? How much is
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necessary for such a change to be deemed significant and meaningful by the patient?
Unfortunately, relatively little research has examined the question of clinical mea-
ningfulness of changes in pain ratings. Some surveys suggest that a 33% decrease
in pain represents a reasonable standard for determining that a change in pain is
meaningful from the patient’s perspective [26]. Occasionally, apparent discrepan-
cies between behaviours and the patient’s self-report of pain may occur. For
example, patients may describe pain as having a score of 8 of 10 on a pain scale
while smiling and walking freely, or as 2 out of 10, while tachycardic, splinting, and
sweating. Discrepancies between behaviour and a patient’s self-report may result
from excellent coping skills. The patient who uses distraction and relaxation
techniques may engage in diversionary activities while still experiencing severe
pain. Patients may deny severe pain for a variety of reasons including fear of
inadequate pain control or a perception that stoicism is expected or rewarded.

When discussing pain assessment and control with patients, members of the
pain care team should emphasise the importance of a factual report, thereby
avoiding both stoicism and exaggeration.

The multidimensional qualitative scales, such as McGill Pain Questionnaire
(MPQ), Brief Pain Inventory (BPI) and Memorial Pain Assessment Card, evaluate
pain more widely but require more time and are often difficult for the patient. The
MPQ is a checklist of 82 items divided into 20 subclasses, describing the patient’s
symptoms, and it provides a quantitative profile of three mayor psychological
dimensions of pain: sensory-discriminative, motivational-affective and cognitive-
evaluative. It has been successfully employed to evaluate chronic post-surgical pain
[27] but it is not routinely recommended for assessing acute postoperative pain,
because it requires about 20 min to complete. In patients with acute pain, frequent
and fast evaluations are mandatory to obtain a good quality of analgesia.

A psychologist’s behavioural assessment of the patient, including the character
and frequency of verbal complaints and an awareness of nonverbal complaints
(moaning, grimacing, posturing), may be a helpful addition to psychological te-
sting. A psychological interview helps evaluate the degree of psychological distress
associated with the patient’s pain.

Behavioural scales are helpful when a patient with cognitive defect or a residual
anaesthesia cannot answer to or understand self-reporting scales but they are
influenced by the patient’s personality. Furthermore, they provide an indirect
(objective) measurement of pain intensity, an under-estimation of pain intensity
and have a poor correlation with direct (subjective) evaluation scales.

Patients unable to communicate effectively with staff require special conside-
rations for pain assessment, e.g. neonates and children, developmentally delayed
persons, psychotic patients, patients with dementia, and foreign patients. Children
and cognitively impaired patients require simpler or modified pain measurements
scales and assessment approaches (see section on pain in children). The staff should
work with both the patient and parent or guardian pre- and postoperatively. Staff
should endeavour to find a translator for the foreign patient, at least one, to
determine a convenient way to assess pain.
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Assessment of pain in children

Ithas been reported that the management of pain in children tends to be inadequa-
te. It is now well established that failure to manage pain may have immediate
deleterious physiological, biochemical and behavioural effects and longer-term
consequences.

As with adults, pain assessment presents a mayor challenge. Several attempts
have been made to develop observational scales that could be useful to assess pain
in children. The Facial Pain Scale (Smiley Analogue Scale) is a self-evaluation
unidimensional test available for children more than 5-years-old (Fig. 1). It consists
of a series of faces with various expressions ranging from sad to happy. The child
is asked to select the face that depicts how he or she feels. A colour Scale is also valid
in younger children.

Behavioural scales are necessary in children less than 5 years of age because a
self-evaluation test is usually impossible to perform. The Children’s Hospital of
Eastern Ontario Postoperative Scale (CHEOPS) is the most popular (Table 2) It is
based on sixitems (crying, facial expressions, verbalisation, body posture, attempts
to touch surgical wounds, legs’ posture), with three or four points for every item.
The total score ranges from 3 to 14 and is correlated with the intensity of pain.

Table 2. Children’s Hospital of Eastern Ontario Pain Scale (CHEOPS)

Crying None, moaning, crying, screaming

Facial Composed, grimace, smiling

Verbal None, other, pain, both, positive

Torso Neutral, shifting, tense, shivering upright, restrained
Touch None, reach, touch, grab, restrained

Legs Neutral, squirming, drawn-up, standing, restrained
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Fig. 1. Facial Pain Scale
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The Comfort Behaviour Scale consists of six items (alertness, calmness, muscle
tone, physical movements, facial tension and respiratory behaviour or crying) on
afive-pointscale ranging from1to 5 (total score ranging from 6 to 30). Physiological
scales help to assess pain intensity and the effect of rescue therapy in releasing pain
by monitoring vital signs (respiratory rate, heart rate, blood pressure).

Of all the nonverbal acute pain indicators, facial expression appears to be the
most prominent. Not only do facial expressions differentiate pain from anger and
sadness, for caregivers and nurses they are also more consistent and salient than
crying, body movements or heart rate.

The importance of the face has been acknowledged in all multidimensional pain
instruments. Neonatal Facial Coding System (NFCS) is an anatomically based
measure in which the occurrence of ten different facial actions is individually coded
[28, 29]. It has been validated for use in premature neonates, term-born neonates
and infants up 18 months of age. It differentiates between noxious (e.g. heel stick)
and non-noxious (e.g. heel swab) stimuli. Although the NCFS consists of ten facial
actions, some investigators have suggested that the three most commonly observed
facial actions (brow bulge, eye squeeze and nasolabial furrow) suffice for pain
assessment. The other facial actions are: open lips, horizontal mouth stretch,
vertical mouth stretch, taut tongue, pursed lips, chin quiver and tongue protrusion.
Tongue protrusion is associated with acute pain in pre-term neonates less than 32
weeks old but not in term-born infants.

The Objective Pain Scale (OPS) is a four-item example of an integrated scale
and is particularly useful in children from one month to 3 years (Table 3). In
children from 7- to 16-years-old, either CHEOPS or VAS scales may be used.
Options are summarized in Table 4.

Table 3. Objective Pain Scale (OPS)

Blood pressure (increment)  <10%, 10-20%, >10% Score 0,1, 2
Crying None, consolable cry, inconsolable cry

Movement None, restlessness, convulsed

Agitation Asleep, mild, severe and continuous

Table 4. Pain assessment in infants

Children 3 years OPS, CHEOPS, parent’s report, nurse’s report, physiologic
measurements, NFCS

Children 3-6 years Faces Pain Scale, Oucher Scale, Poker Hip Tool, VAS,
observation tools, parent’s report, nurse’s report

Children 6-7 years Self-report (VAS, NRS), observation scales, parent’s report,
nurse’s report
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Assessment of side effects

Pain severity measurement is not the only assessment in postoperative analgesic
care. Studies consistently report the overall incidence of postoperative nausea and
vomiting (PONV) to be 36%. These problems can lead to aspiration, electrolyte
imbalance, wound dehiscence, impairment of oral absorption of drugs and nutri-
tion and delayed recovery. Furthermore, it has been shown that the patient’s
memory of PONV is greater than that of the pain experienced after surgery [30].
Research evidence suggests that guidelines should be developed for anti-emetic
prescriptions, risk factors should be identified, anti-emetic drugs should be pre-
scribed for every patient, the PONV score should be included on the regular
observation chart and ward nurses educated to treat PONV actively.

Close attention should be paid to the fluid balance and urine output of patients
on NSAIDs. With intravenous or epidural opioids, the breathing rate should be
frequently monitored.

Postoperative sedation should be assessed using a sedation scale, for example
a five-point modified scale (o=alert and orientated, 1=awake but drowsy, 2=slee-
ping but arousable by verbal commands, 3=sleeping but arousable by tactile
stimuli, and 4=comatose).

With epidural analgesia, evaluation of motor blockade (Bromage scale) is
necessary.

Our clinical experience

Without an organized process by which pain can be recognized, documented,
assessed and reassessed on a regular basis, staff efforts to treat pain may become
sporadic and ineffectual. For this reason, since 1998, our APS at Cattinara Hospital
in Trieste (Italy) has provided 24-h coverage of postoperative pain management.
The program consists of a nurse- and resident-anaesthesiologist-based, anaesthe-
siologist on duty-supervised model, and it is a variation of the nurse-based low-cost
model of Rawal [31].

The APS provides postoperative pain management for general, orthopaedic,
vascular, urological, thoracic, ear-nose-throat, plastic and neurosurgical patients
after elective and acute interventions. The section anaesthetist selects the modality
of analgesia among standard protocols, taking into account the type of surgery, the
severity of postoperative pain and patients’ co-morbidities. Pain intensity meas-
urements at rest and on movement (by VAS or NRS and VRS) heart rate, blood
pressure, respiratory rate, sedation level, nausea and vomiting and other side
effects are assessed and recorded on a postoperative chart by a specially trained
acute-pain nurse every hour during the first 3 h and three to four times daily for
3-4 days postoperatively. If VAS (or NRS) values are higher than 3 or if a side effect
due to the analgesic technique occurs, the anaesthesiologist is called to give a
rescue-dose or to change the analgesic treatment, respectively

Periodic evaluation studies should be conducted to monitor the effectiveness
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of pain assessment and management procedures. In 2003, our APS followed up 1186
surgical patients. The expected postoperative pain was mild (12.6 %), moderate-se-
vere (55.88%) and severe (31.31%). Patients received intravenous (84.75 %), epidural
(12.55 %) and intrathecal (2.70 %) analgesia. The pain assessments of the acute-pain
nurse and the anaesthetist were 11892 and 2309, respectively. A rescue dose of
analgesic drug was necessary in 25.8 % of patients. Side effects were present in 8.6
%, most often hypotension (4.89%), nausea or vomiting (3.54%), followed by
confusion, hallucinations and itching. The overall trend of VAS both at rest and on
movement was always below 3 (Fig. 2).
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Fig. 2. The overall trend of VAS in 2003 at Cattinara Universtity Hospital of Trieste

The studies of Jamison et al. [32] indicated that low pain-intensity ratings are a
good predictor of satisfaction with pain management and the helpfulness of treat-
ment.

Audits are very important to assess the quality of pain management. Thus, a
four-point pain satisfaction questionnaire (1=very dissatisfied, 2=somewhat dissa-
tisfied, 3=somewhat satisfied, 4=very satisfied) was utilised to investigate patient
satisfaction before discharge from hospital. Most patients (71.2%) expected pain of
moderate to severe intensity and 49.5% reported to have experienced such pain
levels. In spite of this, the satisfaction level was high: 86% of patients were very
satisfied, 4% were somewhat satisfied and only 10% were somewhat dissatisfied.
The majority of patients, if they would have needed surgery again, would like to
have been treated in the same way (93%). Furthermore, patients were asked what
they would change in their pain management: 10.8% requested more information
about their analgesic treatment, 5.8% a better analgesia and 83.4% would not
change anything. Since most patients claimed to have experienced moderate to
severe pain in the postoperative period, it is surprising to note that the majority of
patients were nonetheless satisfied with the pain management provided. Intere-
stingly, Ready [33], in a retrospective report, stated that there did not seem to be
any relation between the experienced severity of incident pain and the satisfaction
score. Nevertheless, a number of organizations have suggested that measures of
patient satisfaction should be included in quality or outcome assessment of pain
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management, although the relevance has been a matter of debate. The observed
discrepancy between actually experienced pain and patient satisfaction indicates
that clinical pain management from the patient’s point of view may not be as poor
as pain intensity measurements suggest. It could be [34] that the pattern of pain
relief, rather than pain severity as such, is be a critical determinant of satisfaction.
Most probably, satisfaction depends more on the quality of communication be-
tween physician and patient than on the analgesic efficacy. Thus, patient ratings of
satisfaction, as a measure of APS’ efficacy, have to be evaluated cautiously [35].

Conclusions

One of the key points in improving postoperative pain management is the regular
assessment and documentation of pain. The “golden rule” of pain assessment is:
“Do not forget to ask the patient!” Self-assessment, in fact, is the single most reliable
indicator of the existence and the intensity of pain and the efficacy of treatment.

Acute Pain Services have an important role in improving knowledge and
understanding of pain assessment in staff and patients. Low pain intensity may be
a good predictor of patient satisfaction. However, communication between APS
staff and patients appears to be just as important as analgesic efficacy in determi-
ning patient satisfaction. Patients rate their satisfaction according to the care
received, their pain control and their overall hospital experience.
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Chapter 6

Titration of opioids for acute pain management

Y. LEYKIN

The International Association for the Study of Pain describes pain as “an unplea-
sant sensory and emotional experience associated with actual or potential tissue
damage or described in terms of such damage” [1]. The relief of pain has always
been central to medicine, and opioids have played an important part in this.

Opioids are drugs derived from opium and include morphine, codeine and a
wide variety of related alkaloids, and synthetic peptides that bind to opioid recep-
tors. Ancient writings and archaeological data indicate that the Sumerians cultiva-
ted poppies and isolated opium from their seed capsules at the end of the Third
Millennium BC [2].

Opioid receptors and opioid peptides are located not only in the CNS but also
in the peripheral nervous system, which includes dorsal root ganglia, spinal cord
and brain stem [3]. The term ‘opioid’ describes all substances binding to these
receptors, while the term ‘opiate’ is confined to the natural derivatives of morphine.

Opioids are the most broadly effective analgesics available, possibly a reflection
of their supraspinal, spinal and peripheral sites of action. These drugs produce a
dose- and concentration-dependent reduction in the intensity of acute pain as well
as other short-term effects such as:

1. Respiratory depression

2. Sedation

3. Euphoria

4. Vasodilatation

5. Bradycardia

6. Cough suppression

7. Mitosis

8. Nausea and vomiting

9. Skeletal muscle hypertonia
10. Constipation

11. Urinary retention
12. Biliary spasm
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Interindividual variability in opioid requirement

Numerous factors contribute to interindividual variability in opioid requirement
for analgesia:

The location and intensity of the pain stimulus

Psychological factors

Therapeutic drug interactions

Age

Certain pathophysiological conditions

Hepatic and renal dysfunction

Sex

Genetic differences

Psychological factors. Previous positive or negative experiences with analgesics
can influence subsequent responses.

Therapeutic drug interactions. Treatments with other analgesics or sedati-
ve/hypnotic drugs and alcohol ingestion can reliably potentiate opioid analgesia
and increase the risk of toxicity.

Age. Because of pharmacokinetic changes, elderly patients are more sensitive
to opioids, although some older patients may require high doses for adequate
analgesia [5].

Pathophysiologic conditions. Hypothyroidism or pre-existing CNS disease can
increase opioid sensitivity. In asthmatic patients decreased cough reflex or deep
breathing caused by opioids can lead to inspissation of secretions and broncho-
spasm.

Hepatic and renal dysfunction. Dysfunction of the liver or kidney can lead to
accumulation of parent drug or active metabolites, but CNS sensitivity does not
appear to be greatly altered [6, 7].

Sex differences. There are sex-related differences in the ventilatory responses to
a given concentration of morphine [8].

Genetic differences. Colombian Indians are more sensitive to the respiratory
depressant effects of morphine and have a lower capability to form morphine
glucuronides than white or Latino patients [9]. About 10% of whites and most
Chinese have less CYP2D6 enzyme and are poor metabolisers of codeine with an
inadequate analgesic effect [10].

oW oV s N

Acute pain

Postoperative pain
Acute trauma
Myocardial infarction
Biliary colic

Renal colic

USRS
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Postoperative pain

Postoperative pain is the most common form of acute pain; 50-70% of patients
experience severe, and 20-40% moderate pain after surgery [11]. The ideal drug for
postoperative analgesia should have a wide therapeutic range with minimal car-
diovascular and respiratory depression and the lowest possible incidence of
unpleasant side effects such as nausea, emesis, sedation and dysphoria. It should
be possible to antagonise the agent in an emergency [11]. The available opioids offer
different compromises, all of which are less than ideal. The greater the analgesic
effect of the agent, the greater is the risk of side effects.

Postoperative pain is caused by a tissue lesion and by neuronal activation in the
surrounding area [12]. These sensitive areas come about as a result of changes both
to the neurons positioned at the back of the spinal cord and to the tissue surroun-
ding the nervous system, regardless of the area damaged [13]. Sensitive and hype-
raesthetic reactions are associated with the cortical sensitisation that determines
stress-related responses [14-16].

The damage done to the tissue during surgery creates two different types of
pain: the first is a direct consequence of the damage done during the operation,
while the second is a result of an inflammatory reaction to the tissue damage that
persists throughout the healing process [17]. The best form of analgesic treatment
must therefore be able to eliminate both the first and the second phases of the
hyperexciting stimulant.

Therapeutic success

Success depends on:

1. Appreciation of the unpredictability of postoperative pain
2. Rational choice of opioids

3. Appropriate route of administration

4. Interindividual variability

Unpredictability of postoperative pain

The correlation between intensity of postoperative pain and type of operation is
poor, contrary to common belief [11]. The reason for this situation is based on the
fact that the final pain results from the combination of: the interindividual varia-
bility in sensitivity among patients, the type of premedication, the anaesthetic
technique and the surgery. Therefore, the first step in supplying adequate posto-
perative pain relief to patients is the appropriate appraisal of their analgesic
requirements, which is obtained by observation of pain behaviour in the immediate
postoperative period [11].
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Routes and methods of administration

The routes and methods of administering the opioids have a relevant role in the
overall outcome of the treatment given. The administration routes include:
Intramuscular

Intermittent subcutaneous

Oral

Intermittent intravenous

Continuous intravenous

Rectal

Transdermal

Transmucosal

Regional

©eN oV AWy

The methods of administration are:
Intermittent boluses

Titration

Continuous infusion
Patient-controlled analgesia (PCA)
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Intramuscular. The intramuscular route has become the most common route
of administration. Traditionally i.m. opioids have been prescribed 4-hourly, but its
half-life is about 3 hours!! After absorption from the injection, therefore, the first
dose may result in a blood level that only just enters the ‘analgesic corridor’ for the
patient, leading to very little pain relief if any at all.

The second two doses may result in higher blood levels and better pain relief
for longer periods. Fourth and subsequent doses may increase blood concentra-
tions to a level that starts to produce side effects as well as giving pain relief.

It is better to avoid this route for postoperative analgesia treatment. Further-
more, the minimum effective analgesic concentration (MEAC) varies by between
four-fold and five-fold for some patients, and therefore the best way to achieve good
pain relief is to titrate the dose to the individual needs of each patient. This requires
the prescription of an appropriate initial dose and dose interval, followed by moni-
toring of the effectiveness of analgesia and the signs of an excessive dose [18, 19].

Intermittent subcutaneous. Opioids are often given by intermittent subcuta-
neous administration in the treatment of cancer pain, and this route has become
increasingly popular in the management of acute pain. A smallintravenous cannula
is inserted into the subcutaneous tissue, often just below the clavicle in the upper
anterior aspect of the arm and covered with a transparent dressing. The injection
can be administered through a cap or one-way valve on the indwelling needle. The
advantages of this route over the i.m. route include improved patient comfort, as
the number of skin punctures is decreased, and a reduced risk of needlestick injury.

If injection through the indwelling needle is painful it may be that the rate of
injection is too rapid or that the needle has been inserted too superficially. The
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insertion site should be changed if pain on injection persists or if any redness or
swelling develops at the site. Normally the indwelling needle will only need to be
replaced every 3-4 days. Morphine is the drug most commonly given by intermit-
tent subcutaneous injection. Subcutaneous opioids should be given in a solution
that is sufficiently concentrated to avoid the need for large volumes, as these can
be another source of tissue irritation [20].

Oral. Delays in gastric emptying are common after surgery and injury. Because
of this and the possibility of postoperative nausea and vomiting, the use of oral
opioids for the treatment of moderate to severe acute pain has not been common
practice. If gastric emptying is delayed the opioids will not pass through to the small
intestine when they are absorbed. The doses required when opioids are given orally
are larger than the doses required for parenteral administration because of the
first-pass effect.

Oral opioids are titrated in a very similar to i.m. and s.c. opioids. Doses for oral
opioids should be based on the age of the patient. Ifa dose appears to have no effect,
a delay in gastric emptying should be suspected and a return to parenteral opioids
should be considered. The onset of action is a little slower with oral opioids than
with intermittent i.m./s.c. injections, and the dose interval is 4 hours. Pain scores,
sedation scores and respiratory rate should be monitored.

Intermittent intravenous. This regimen can result in wide variations in the
blood concentration of the drug and is not a particularly effective way of admini-
stering opioids. If sustained pain relief is to be obtained without side effects, much
smaller doses have to be given much more often. Pain medication is managed by
nursing staff, usually in postanaesthetic recovery areas or other specialised areas.
There is no limit to the total amount of opioid that can be given. The smaller the
dose the more often it can be administered, the less variation there will be in the
blood levels of the drug and the easier it will be to titrate the drug to suit each patient
and different pain stimuli. This is the rationale behind patient-controlled analgesia
(PCA) and one of the reasons why PCA has been so effective. This method of
analgesia is not recommended for routine maintenance of pain relief in general
wards, because it would cause major logistical and staffing problems. This techni-
que is, however, the best way to obtain rapid analgesia and should be used to:

1. Obtain initial pain relief (immediately after an operation), and load the patient
so that blood levels rapidly reach the MEAC for the patient;

2. Provide analgesia for patients who are hypovolaemic or hypotensive, when
uptake of drug from muscle or subcutaneous tissue is poor;

3. Cover episodes of incident pain or inadequate analgesia.

Dose ranges should be based on the age of the patient. The dose interval is 15
min, but it is too long if analgesia is to be obtained rapidly. A reasonable balance
between absolute safety and efficacy is to use a dose interval of 3-5 min.

Continuous intravenous. In an attempt to avoid the ‘peaks and troughs’ in blood
concentration associated with intermittent administration, continuous i.v. infu-
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sions of opioids are sometimes used in the management of acute pain. While it may
be possible to maintain a reasonably constant blood level with this technique, it is
difficult to predict what the level will need to be for a particular patient or what dose
is needed to achieve it. It must also be borne in mind that acute pain is not constant
and the amount of drugs required by a patient will vary with differing pain stimuli.

During continuous infusion of an opioid with a half-life of 3 h (e.g. morphine
and meperidine), analgesia is obtained within 3 h of the start of an infusion. If this
infusion continues at the same rate, the blood concentration will continue to rise
for some hours and side effects may result. Equipment used for continuous infusion
of opioids will continue to deliver the drug regardless of whether the patient is
sedated or not. For this reason, continuous i.v. opioid infusions are probably the
least safe way to administer opioids in a general ward.

Rectal. The submucosal venous plexus of the rectum drains into the superior
middle and inferior rectal veins. Drug absorbed from the lower half of the rectum
will pass into these veins and into the inferior vena cava, thus bypassing the portal
vein and the first-pass metabolism in the liver. This is one of the advantages of this
route of administration.

Rectal absorption is often variable owing to differences in the site of placement
of the drug, the contents of the rectum and the blood supply to the rectum. In
addition, patient - and indeed staff - acceptance of this route of administration
there is not always widespread.

Transdermal. Opioids that are very highly lipid soluble (e.g. fentanyl) can be
absorbed through the skin. However, skin permeability can be affected by anumber
of factors, such as age, skin temperature, body area and ethnic group: these factors
can lead to unpredictable rates of drug transfer across the skin. To minimise the
influence of variable skin transfers, the transdermal fentanyl delivery system
currently available incorporates a membrane thatis much less permeable than skin,
which ensures a more predictable rate of drug transfer. The deeper layers of the
skin act as a reservoir for fentanyl before it is absorbed into the bloodstream. Once
the patch is placed on the patient there is a rapid absorption of the drug from the
patch into the skin reservoir because of the large concentration gradient between
the two. The drug is then released from the skin more slowly, and it may be 14-28
h before the peak blood concentration is reached. Fentanyl patches are usually
replaced every 72 h. They are not suitable for routine acute pain management. The
slow onset of action does not allow easy titration of analgesic effect, and the
incidence of significant side effects is reported to be high, besides which these side
effects may persist for some time even after the patch is removed. A newer method
of transdermal delivery, called iontophoresis, effects a more rapid transfer of drug
through the skin by application of an external electric field. It is not yet in common
clinical use [21].

Transmucosal. Transmucosal drug administration refers to drug delivery
through nasal, oral or pulmonary mucosal membranes. It is particularly suited to
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the more highly lipid-soluble opioids, such as fentanyl, sufentanyl, alfentanyl,
diamorphine and meperidine. It has the advantage of avoiding first-pass metabo-
lism. Mean times for achieving maximum serum concentration vary from s to 50
min, while the mean bioavailability vary from 46% to 71%. Mean onset times vary
from 12 to 22 min and times to peak effect, from 24 to 60 min. There is a considerable
interindividual variation of pharmacokineties and clinical outcome. Patient-con-
trolled nasal analgesia is an effective alternative to i.v. PCA. Adverse effects are
mainly those related to opioids themselves, rather than to nasal administration.
This kind of opioid administration has promising features, but it is still in its
infancy [22].

Patient-controlled analgesia. PCA is not restricted to a single route or method
of analgesic administration or a single class of analgesic drug, but means that
patients can determine when and how much analgesic they receive. PCA has
generally been associated with better pain relief and greater patient satisfaction
than intermittent opioid injections. The reasons for this include:

1. Small and frequent intravenous bolus doses of opioid can be given whenever
the patient becomes uncomfortable, enabling individual titration of pain relief
and maintenance of blood concentration of opioid within their therapeutic
range;

2. This flexibility helps to overcome the wide interpatient variation in opioids
requirements in each age group;

3. The intensity of acute pain is rarely constant and PCA means that the amount
of opioid delivery can be rapidly titrated if pain increases and higher blood
levels of drug are required;

4. Patients are able to titrate the amount of opioid delivered against dose related
side effects.

The patients who benefit most from PCA are those who have had major surgery
and are not permitted oral fluid, those with marked incident pain and those who
cannot be given i.m. injections even for a short time (e.g. haemophilic patients or
patients taking anticoagulants) [23].

Contraindications. The contraindications are:

1. Untrained nursing and medical staff: in fact inadequate understanding of the
PCA mechanism, drugs and doses used, monitoring requirements and mana-
gement of common problems can increase the risk of complications. Nursing
education and accreditation programmes that have to be completed by each
nurse before he or she can take responsibility for a patient with PCA are
recommended.

2. Patient rejection: the majority of patients appreciate the control that PCA gives
them and the ability to titrate their own analgesia rapidly and to balance pain
relief against the severity of any side effects that may occur. On the other hand
some patients may not want this technique, preferring the nursing and medical
staff to manage their pain relief.

3. Inability to comprehend the technique: for PCA to be used both safely and
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effectively the patient must be able to understand the technique, and have no
mental impairment or language barrier. If staff feel that patient does not
understand PCA, an alternative method of pain relief will be needed. Patients
who are confused are often not offered PCA, and when any become confused
PCA may have to be discontinued.

4. Patient age: the technique has been successfully used in patient of almost all
ages. It is enough if they understand the explanation given and are willing to be
active participants in their own care. In the case of paediatric patients the PCA
can be used when they are over 6 years of age.

Loading dose. PCA is a maintenance therapy. Itis a good way to maintain patient
comfort, but is an ineffective way of achieving that comfort in the first place. This
means that to make the patient comfortable before PCA is started a loading dose
of opioid is needed. It may be better to individualise this dose for each patient,
because of the possible individual variation.

Incremental dose. The bolus dose is the amount of opioid that the PCA machine
will deliver when the demand button is pressed. Opioids with a very short or a very
long duration of action are not usually recommended. Partial agonist or ago-
nist-antagonist opioids are used less commonly than pure opioid agonists.

The size of the incremental dose, along with the lock-out interval, can determi-
nate the effectiveness of PCA. The optimal incremental dose for each patient is one
that results in appreciable analgesia without side effects. The dose of opioid
prescribed should be reduced as the age of the patient increases. As patients with
PCA can vary the total daily dose according to the number of demands they make,
a progressive decrease in dose with increasing age is not necessary. Therefore it is
reasonable to start with a smaller PCA incremental dose in patients over 70 years.

Lock-out interval. The lock-out interval is designed to increase the safety of
PCA by allowing the patient to feel the effect of one dose before receiving the next.
In practice, lock-out intervals of 5-8 min are commonly prescribed. A longer
lock-out reduces the patient’s capacity for rapid titration of the amount of opioid
required, decreasing the effectiveness of PCA. Lock-out intervals of 5-8 min mean
that a patient could demand and receive up to ten doses of opioid each hour. If
analgesia is inadequate it may be preferable to increase the size of the bolus dose
rather than shorten the lock-out interval or instruct the patient to press the button
more often.

Continuous infusion. Most PCA machines can deliver a continuous infusion
when used at a low rate in addition to the PCA mode; it was hoped that in this way
a constant but subanalgesic blood concentration could be maintained. Therefore,
it was thought, when a bolus dose of opioid was delivered the blood level would
reach the analgesic corridor more rapidly. It was also hoped that a continuous
infusion would enable patients to make fewer demands, sleep for longer periods
and wake in less pain.
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Unfortunately, experience has shown that a continuous infusion:

Does not always reduce the number of demands made by the patient.

May increase the total amount of opioid delivered.

Has been shown to increase the risk of side effects.

Does not always result in better analgesia.

Does not always result in improved sleep patterns.

Continuous infusion reduced the inherent safety of the PCA technique, and
routine use of a background infusion is not therefore recommended.

I S

Concentration. For consistency and safety the volume delivered following each
demand should be no less than 0.5 ml.

Hourly limits. Large interpatient variations in opioid requirements make it
impossible to predict the safe limit for each patient. The setting of a limit could give
staff a false sense of security and cannot compensate for any shortcomings in
monitoring.

Complications. Complications of PCA may be related to the equipment (mal-
function, operator error, inappropriate patient or nonpatient use, tempering), the
side effects of the opioids (nausea and vomiting, which make an appropriate
antiemetic drug necessary, itching that can be treated with antihistamines, which
may add to the risk of sedation and respiratory depression), sedation and respira-
tory depression (if a patient has a sedation score of 2 a reduction in the size of the
PCA bolus dose is indicated; if a patient has a sedation score of 2 and a respiratory
rate below 8 breaths per minute the administration of a small dose of naloxone can
also be considered, in addition to a reduction in the size of bolus dose), urinary
retention (PCA need be discontinued), inhibition of bowel motility (patients
should be encouraged to mobilise).

Inadequate analgesia. The analgesia achieved may be inadequate for a number
of reasons, including inadequate dose, inappropriate patient use, presence of side
effects and ineffective PCA prescription.

1. Inadequate loading dose: ‘reloading’ may be needed.

2. Inappropriate patient use: patients are unaware that they can press the button

as often as required.

Presence of side effects: an antiemetic therapy is necessary.

4. Ineffective PCA prescription: if the number of doses is fewer than three per
hour, further instruction is needed and the patient should be encouraged to use
PCA more often. On the other hand, if the patient receives four or more doses
per hour the size of bolus may need to be increased by 50-100%.

had

Morphine titration in PACU

In the postanaesthesia care unit (PACU) the use of titrated doses of morphine is
often the first step in postoperative pain treatment [24]. Morphine by titration
requires initial assessment of pain but provides rapid analgesia and the ability to
adapt the dose to individual requirements [25]. Intravenous administration of
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boluses of morphine requires regular assessment of pain and sedation. Dahmani
et al. concluded that ethnicity (Caucasians), emergency surgery, major surgery,
duration of surgery (in excess of 100 min) and pain score on arrival in PACU are
predictive factors in morphine requirements in the early postoperative period [24].

Peroperative titration of morphine. The transition between anaesthesia and
adequate analgesia in awake patients is sometimes difficult to manage. One possi-
bility is to start administering analgesia before the end of surgery. Pico et al. studied
the influence of preoperative administration of titrated morphine on quality of
postoperative pain control when morphine doses were adjusted according to the
respiratory rate reduction in patients emerging from anaesthesia. Morphine was
titrated at the end of surgery (3 mg i.v. every 5-10 min) in spontaneously breathing
intubated patients until the respiratory rate decreased. There respiratory rate
decrease was correlated with a lesser need for morphine in the PACU and with a
less pronounced respiratory depression [26].

Postoperative titration of intravenous morphine in the elderly patients. Elderly
patients have been noted to be more susceptible to the effects of opioid analgesic
than younger patients [27]. Some phases of pharmacokinetics are affected in
ageing, including distribution, metabolism and elimination [28]. In elderly pa-
tients, the morphine volume of distribution is approximately half that of young
patients. The smaller central compartment distribution is thought to be attributa-
ble, at least in part, to decreased cardiac output.

However, because of the extraordinary variation in dose requirements for pain
managements in the PACU and because titration adapts the dose strictly to pain,
there is no evidence that a titration protocol also needs to take account of the age
of patients. Aubrun et al. have demonstrated that i.v. morphine titration can be
safely administered to elderly patients. Because titration is adapted to individual
pain, the same protocol can be applied to both young and elderly patients [29]. The
authors used i.v. morphine titration as a bolus of 2 (body weight < 60 kg) or 3 (body
weight > 60 kg) mg. There was no limitation on the number of boluses given until
pain relief was achieved or a severe adverse effect occurred. The total dose of
morphine administered per kilogram of body weight did not differ significantly
between young and elderly groups [29].

Acute pain of other origin

The principles discussed for postoperative pain with reference to unpredictability,
route of administration and advantage of individual titration apply to all types of
acute pain [11]. Ideally, the analgesic management of acute trauma involves titrating
i.v.-administered pure agonists against the patient’s pain. Pain from myocardial
infarction needs immediate treatment, because the sympathetic stimulation caused
by pain results in unfavourable haemodynamic responses, which may increase
myocardial ischaemia. The intravenous titration of morphine seems to be a very
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reasonable approach. Treatment of the pain of renal or biliary colic presents a
special problem. In these cases pain might even be increased by the use of opioids,
which cause contraction of smooth muscles. Pethidine, with its specific spasmolytic
effect, seems to be the only useful opioid [11].

Conclusions

The most outstanding feature of the clinical use of opioids is the extraordinary
variation in dose requirements for pain management [4]. The wide interindividual
variation in opioid requirement makes it clear why opioids need to be titrated to
give the optimal analgesic effects and to reduce the possible side effects.
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Chapter 7

Neonatal Mechanical Ventilation

A. BOUGATEF

The application of mechanical ventilation to neonates with respiratory disorders
is one of the many breakthroughs in the history of neonatal care.

For more than 40 years, neonates with respiratory failure have been treated by
assisted mechanical ventilation. In 1962, researchers and pioneer physicians began
to intubate pronounced-dead babies using a Cole rubber tube and a Bird Mark VIII
ventilator with the infant J circuit system (to extend his function in neonatal
application) at the Toronto Hospital for Sick Children. The acquired experience
and the incorporation of cardiopulmonary resuscitation with intubation and ven-
tilation, are crowned with success in 1963 when the first newborn survived without
air leak or cerebral abnormalities, albeit with chronic lung disease. The introduc-
tionin 1969 of the “Babybird” respirator, time cycled, pressure limited, IMV device,
has allowed the survival of innumerable neonates with respiratory distress syndro-
mes, stimulating the development of a new era in neonatology. However, this
increase in survival and the widespread availability of mechanical ventilation were
associated with an advent of short- and long-term pulmonary morbidity.

During the most of this time, intermittent mandatory ventilation (IMV) has
been the mainstay of neonatal ventilatory support, using time cycled pressure-li-
mited devices.

With the IMV system, the baby breaths spontaneously, between breaths from
continuous flow in the respirator circuit, and receives support by positive end
expiratory pressure (PEEP). This form of ventilation is easy to use and leaves all
parameters to the clinician’s discretion. However, IMV has been associated with
asynchronous breathing between patient and respiratory device, leading to com-
plications as the air-leak syndrome, instable cerebral blood flow (which results in
intraventricular haemorrhage and periventricular leukomalacia), and chroniclung
disease.

Thanks to advanced technology, respiratory devices became more sophistica-
ted, and new modes and forms of mechanical ventilation were introduced for the
treatment of the newborn with respiratory disorders [1]. While efforts are devoted
to find and develop the optimal ventilation strategy, the goals of mechanical
ventilation in neonates should be to achieve adequate pulmonary gas exchange, to
minimise the risk of lung injury, and to reduce the infant’s work of breathing [2].
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Physiologic concepts

Neonates increase their ventilation in response to increased PaCO, or hypoxia.
Preterm infants have a blunted PaCO, response and a depression of respiration
during hypoxia. This decline in respiratory drive is an important cause of hypo-
ventilation or apnoea in the newborn period. It is also important to consider, in
neonates undergoing conventional mechanical ventilation (CMV), the Hering-
Breuer reflex, which is defined as a brief period of decreased or absent respiratory
effort immediately following inflation. Due to the Hering-Breuer reflex, lung infla-
tion during inspiration shortens the duration of inspiration, whereas lung inflation
during expiration prolongs the duration of expiration itself. Therefore, synchroni-
sation of IMV with spontaneous breathing is difficult, because lung inflation during
inspiration tends to reduce spontaneous inspiratory time, and inflation during
expiration tends to prolong the expiratory time.

Newborns have a higher vulnerability to impaired gas exchange owing to their
high metabolic rate, decreased functional residual capacity, and decreased com-
pliance. They also may develop right-to-left shunting through the ductus arteriosus
or foramen ovale. Hypercapnia or hypoxaemia occur during respiratory failure.
Hypercapnia is usually caused by hypoventilation or ventilation-perfusion mi-
smatching. Carbon dioxide elimination is directly proportional to minute ventila-
tion. Usually hypoxaemia is a result of ventilation-perfusion mismatching or
shunting, of diffusion abnormalities and hypoventilation. Oxygenation is determi-
ned by FiO, levels, and by mean airway pressure. However, a high mean airway
pressure may cause overdistension leading to intrapulmonary shunt, while an
increase in intrathoracic pressure results in a decrease in cardiac output.

Continuous positive airway pressure (CPAP)

CPAP was applied in the mid-1930s to treat pulmonary oedema and asthma in adult
patients. In 1970, Gregory et al reported the use of endotracheal-tube CPAP in the
treatment of respiratory distress in the newborn. Originally, CPAP was administe-
red via head box or endotracheal tube. However, in 1973 Agostino et al. reported of
a low birth-weight newborn with respiratory distress syndrome (RDS), who was
successfully treated with nasal CPAP. Over the years, a variety of different non-na-
sal CPAP devices were developed, including a pressurised plastic bag fitted over
the patient’s head, face chambers, face masks. More recently, CPAP is usually
applied by nasal prongs. It is used in spontaneously breathing newborns to prevent
alveolar collapse and to decrease the work of breathing.

Among its physiological effects, CPAP is believed to result in progressive
alveolar recruitment and stability, to inflate collapsed alveoli, and to reduce intra-
pulmonary shunt. Some of the effects of CPAP have been measured. First of all,
CPAP increases lung volume. When functional residual capacity increases, gas
exchanges improves, PaO, increases and PaCO, decreases, resulting in a decrease
in pulmonary vascular resistance, an increase in pulmonary blood flow, and a
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decrease in intrapulmonary shunts. However, an excessive CPAP can lead to the
air-leak syndrome, to an increase in intrathoracic pressure, which may decrease
venous return to the heart, and to cardiac output.

Clinical investigations in neonates using nasal CPAP shortly after birth, demon-
strated a reduction in the need of mechanical ventilation, and part of them noted a
reduction in the incidence of chronic lung disease. Other data suggest that nasal
CPAP following mechanical ventilation, reduces the incidence of extubation failure.

An ideal CPAP delivery system should include a patient-system capable of
producing stable pressures at the desired levels, with minimal dead space and low
resistance to breathing, easily applicable, non-traumatic to the patient. It appears
that all CPAP devices are not equivalent, and further studies need to focus on the
most-effective nasal CPAP interface and the best mode of pressure generation for
the delivery of nasal CPAP.

Conventional mechanical ventilation (CMV)

Based on better knowledge of pulmonary mechanics and principles of gas exchan-
ge, strategies for optimizing CMV have been developed. Also, a new generation of
microprocessor-based ventilators with sophisticated, sensitive transducers were
developed. Currently, new ventilators offer a continuous graphic display of pres-
sure, flow, and volume, as well as numerical values of pressure tidal volume and
flow. The objective is a better assessment of neonates to improve their management
and to offer recommendations in general neonatal care. However, because of the
great variability of the results obtained from the same patient and between patients,
these technological developments in the assessment and treatment of newborn
patients bring poor contributions.

Intermittent mandatory ventilation (IMV)

IMV was virtually the only mode used with newborns for more than two decades.
The clinician sets a rate at which the ventilator will deliver mechanical breaths,
which cycle at regular intervals. The patient may breathe between mechanical
breaths but, unfortunately, infants often breathe asynchronously with the ventila-
tor. Asynchrony results in inefficient gas exchange, but is associated with irregu-
larities in arterial blood pressure, cerebral blood flow, and risks of intraventricular
haemorrhage in premature babies.

Synchronised intermittent mandatory ventilation (SIMV)

SIMV represents an improvement over IMV. This mechanical ventilation techni-
que attempts to link the onset of the delivered breath to the onset of spontaneous
patient breath. The clinician selects the ventilator rate, but the mandatory breaths
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are held within a timing window until initiation of a patient breath, to which it is
then synchronised. If the infant breaths within this timing window, a mechanical
breath will be matched to the onset of spontaneous breathing Although the onset
ofinspiration is synchronised, expiratory asynchrony may occur if the infant’s own
inspiratory time is shorter than that chosen by clinician, as the baby will begin to
exhale while positive pressure is still being applied by the ventilator. If the infant
fails to breath, the ventilator will cycle on schedule. The patient is free to breath
spontaneously between mechanical breaths and is supported by positive end-ex-
piratory pressure (PEEP).

Assist/control ventilation (A/C)

As a time-cycled, pressure-limited ventilation, A/C is characterised by continuous
flow and adjustable inspiratory time, which result in a constant inspiratory pres-
sure. With A/C, the synchronised breaths are delivered with each spontaneous
breath meeting preset threshold criteria. In the event of apnoea or insufficient
effort, mechanical breaths are provided at a rate set by the clinician. Moreover,
every spontaneous breath is assisted; therefore ventilator peak inspiratory pressure
and inspiratory time should be minimised. To reduce the risk of barotraumas, the
weaning is accomplished by reducing the peak inspiratory pressure first. Most
clinicians prefer SIMV to ventilate neonates because the ventilation rate is adjusta-
ble and the infant does not receive ventilator breaths with every spontaneous
breath.

Pressure support ventilation (PSV)

Usually applied in conjunction with SIMV, PSV provides an inspiratory pressure
assist to the patient’s spontaneous breaths. PSV is primarily a weaning mode, in
which spontaneous breaths receive an inspiratory boost to reduce the work of
breathing and unload the respiratory musculature. Also, PSV has a variable inspi-
ratory flow, which is proportional to patient effort and helpful in overcoming
increased resistance. In PSV, the patient initiates an inspiratory effort that results
in a deflection of pressure below a baseline. Spontaneous breaths can be fully
supported, partially supported, or minimally supported. The clinician sets trigger
sensitivity at maximum; once the breath is triggered, flow is delivered to the
patient’s airway, and pressure rises to the preselected pressure support setting.

Patient-triggered ventilation (PTV)

SIMV, A/C, and PSV are all forms of patient-triggered ventilation, in which a
mechanical breath is provided in response to measured or presumed respiratory
efforts by the patient. There are various form of trigger signals used with infants,
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including a change in airway pressure or flow, abdominal motion, and thoracic
impedance. The important feature of PTV is the response time, also referred to as
trigger delay.

Most clinical trials comparing any form of PTV to IMV have demonstrated
superiority of patient-triggered ventilation [3, 4].

Pressure control ventilation (PCV)

PCV is a pressure-limited form of ventilation. With PCV, during inspiration
pressure is constant and the flow rate is variable depending upon patient effort.
Initially, flow delivery is rapid, and it is followed by a deceleration, while peak
inspiratory pressure remains stable. Some ventilators offer an adjustable rise time,
which enables the clinician to alter the slope of the pressure waveform as the
patient’s status changes. The flow variability during PCV reduces the patient’s
inspiratory muscle workload, disables lower peak inspiratory pressure, and impro-
ves gas distribution, ventilation-perfusion matching, and oxygenation.

Proportional assisted ventilation (PAV)

PAV is a ventilation technique in which the amount of ventilatory support is
continuously proportional to the patient’s respiratory effort throughout the respi-
ratory cycle. The PAV system measures the respiratory system compliance and
resistance, and calculates the amount of ventilatory assistance needed to improve
the patient’s work of breathing. The patient has complete control of all aspects of
the breathing pattern (inspiratory and expiratory duration, tidal volume, and flow
rate). Pressure delivered at the airway increases in proportion to the patient’s
instantaneous effort, and the proportionality applies from breath to breath, as well
as continuously throughout each inspiration. This means that the principal disad-
vantages of PAV are a dependence on the patient’s spontaneous effort, a possible
change in the patient’s breathing pattern, or an increase in the potential for
ventilatory instability. Clinical trials on PAV resulted in increased comfort, lower
mean airway pressure and fraction of inspired oxygen, improvement in minute
ventilation, and decreased work of breathing. Further trial is needed to confirm
these preliminary results.

Volume-controlled ventilation (VCV)

In this form of ventilation, the clinician chooses a specific tidal volume to be
delivered to the patient while allowing the pressure required to deliver that volume
to be variable, although the pressure may be limited for safety [5]. Because there is
always air leak around the endotracheal tube (cuffed endotracheal tubes are not
used in newborns), true volume cycling dos not occur. VCV involves a constant
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flow rate. It is important to measure the delivered volume as close to the airway as
possible, and to know the compliance of the ventilator circuit itself. During VCV,
there is a slow rise in peak pressure, and therefore the distribution of ventilation
may not be optimised, particularly if lung disease is heterogeneous. The set flow
rate may not match the patient’s demand, resulting in small tidal volumes and a
condition referred to as “flow starvation”. There can also be an increased muscle
workload, which can compromise patient comfort and gas exchange. The advan-
tage of this technique is that it automatically weans the peak inspiratory pressure
as compliance improves, thus decreasing the risk of hyperinflation. When patient
compliance is low, pressure will be high, but as compliance improves, the ventilator
will automatically wean peak inspiratory pressure to deliver the same tidal volume,
and thus it may be more effective in conditions characterised by rapid changes in
compliance, such as after surfactant administration.

Pressure regulated volume control (PRVC)

This ventilation technique produces a variable decelerating flow pattern, resulting
in time-cycled breaths. The inspiratory pressure is regulated based on the pressu-
re-volume calculation of the previous breath and compared to a target tidal volume.
The ventilator continuously adapts the inspiratory pressure in response to chan-
ging compliance and resistance in order to maintain the target tidal volume.
However, tidal volume is measured distally and not at the patient airway; thus there
may be differences between the actual and measured delivered tidal volumes.

Volume assured pressure support (VAPS)

This is a hybrid ventilation technique, which combines the best features of pressu-
re-limited and volume control ventilation. The ventilator delivers a breath to a set
pressure limit. If the target volume has not been delivered to the patient at this
pressure, the breath will be prolonged to guarantee delivery of tidal volume.
Inspiratory time and peak inspiratory pressure are increased, and the guaranteed
volume is provided on the current breath without the need for previous breath
averaging. VAPS looks like a variable flow-volume ventilation. It measures the flow
and pressure continuously, and calculates the delivered volume. During the VAPS
breath, the decision-point is made when flow decelerates to the lowest level set. If
the targeted tidal volume has been delivered, inspiration is terminated and the
breath is flow-cycled. If the preset tidal volume has not been achieved, the set flow
will persist until the desired volume has been reached. Thus, the breath changes
from being flow-cycled to being volume-targeted. VAPS may be useful for patients
requiring a substantial level of ventilatory support, despite having a vigorous
ventilatory drive to improve gas distribution and synchrony. Also, it may be
beneficial for patients with unstable ventilatory drive but who have been weaned
from the ventilator. Potential benefits of VAPS are decreased work of breathing,
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lower peak airway pressure, better gas distribution, enhanced patient comfort, and
less need for sedation.

High Frequency Ventilation (HFV)

High frequency ventilation was conceived to improve patient outcome using tidal
volumes lower than the patient’s anatomical dead-space, with high intrapulmonary
delivery rates to affect pulmonary gas exchange, at lower alveolar pressures than
traditional CMV. Introduced into neonatal practice in the early 1980s, there are few
categories of HFV: High Frequency Oscillatory Ventilation (HFOV), High Frequen-
cy Jet Ventilation (HFJV), and High Frequency Percussive Ventilation (HFPV), a
hybrid form. There are no rigorous scientifically comparisons among the different
devices [6].

Through experimentation on lung models and adjustments of empiric equa-
tions, it is apparent that adequate ventilation and carbon dioxide elimination can
be achieved when tidal volume is less than anatomical dead space volume. It is
difficult to measure the tidal volume during HFV, and changes in tidal volume are
ventilator specific. The tidal volume delivered is dependent on the frequency and
impedance (resistance to air flow) of the respiratory system. As frequency and
impedance decrease, tidal volume delivery increases. The distribution of gas tran-
sport is different during HFV. It is more uniform but affected by tidal volume,
frequency, and lung pathologies.

High Frequency Oscillatory Ventilation (HFOV)

HFOV uses rates of 10 to 15 Hz/ min. Also called continuous distending pressure
(CDP), mean airway pressure is used to inflate the lung to a static volume, the
oscillation affects gas exchange. Animal studies have shown that HFOV is most
effective in reducing lung injury when used immediately after birth rather than
after several hours of CMV [7]. Early human trial comparing HFOV with CMV for
RDS therapy produced disappointing results, but recent studies using HFOV have
been more encouraging [8-12].

High Frequency Jet Ventilation (HFJV)

HFJV uses rates of 5 to 10 Hz/min. It is used in combination with conventional
ventilators, which provide PEEP and optional sigh breaths. High velocity pulses of
gas are injected into the proximal airway using a special connector or a multiple
lumen endotracheal tube. Ventilator settings are the same as CMV: peak pressure
and PEEP control the amplitude. The first prospective randomised multicenter
clinical trial demonstrated the superiority of HFJV to conventional mechanical
ventilation in resolving pulmonary interstitial emphysema in premature infants
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[13]. However, management of infants on HFJV is complicated and requires expe-
rience.

High Frequency Percussive Ventilation (HFPV)

HFPV is a hybrid form of high frequency ventilation. It is a pneumatically powered
and controlled, time cycled, pressure limited ventilator. High frequency pulses of
gas are delivered to the patient through a nongated sliding Venturi connected to
the endotracheal tube. The sliding Venturi operates as inspiratory, expiratory, and
PEEP valves all in one. There are two gas flows originating from the ventilator. The
first is the pressurised pulse flow delivered into the sliding Venturi. The second is
a continuous flow of gas to power the nebuliser, which in turn provides humidifi-
cation. Gas from the nebuliser travels to the Venturi where, due to the Bernoulli
and Venturi effects, it can be entrained or vented to the atmosphere. The typical
proximal airway pressure tracing is characterised by a progressive accumulation
of subtidal volume breaths that build to a set of pressure during inspiration,
followed by passive exhalation.

Conclusions

Itis quite impossible to force a diseased lung to comply to a constant high flow-rate
of gas, and expect optimal alveolar distribution. Ideally, the medical respirator
must have a flow-variable function, served by the back pressure as pulmonary
structures are dilated by the inspiratory pressure producing the proximal-distal
flow gradient into the lung.

Therefore, the development of ventilation and oxygen-exposure strategies to
minimise lung injury is a priority for improving patient outcome. Moreover, good
knowledge in basic pathophysiology remains the cornerstone to enable clinicians
to design strategies with the aim of improving the management of patient-ventila-
tor interaction.
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Chapter 8

Extracorporeal circulation in the intensive care unit

V. GaSrAROVIC, M. MERKLER

Extracorporeal circulation is now an important supportive procedure in critically
ill patients. Usually, one of the dialysis or haemofiltration procedures, plasmaphe-
resis and haemoperfusion, is selected. In haemodialysis water-soluble solutes are
eliminated according to concentration gradients, whilst in the case of haemofiltra-
tion solutes are swept across the membrane. In plasmapheresis we eliminate
protein structures, and in haemoperfusion liposoluble substances, from the blood.
Haemodialysis and haemofiltration are safe procedures that can be applied in
patients in acute renal failure and in multiple organ failure. In renal failure sup-
portive procedures are used both to control electrolyte and water disturbances and
to control azotaemia. In applying the most recent haemofiltration procedures we
try to interfere with septic process, which is the most common factor in the
aetiology of acute renal failure (ARF). Multiple organ failure (MOF) is a clinical
syndrome characterised by failure of two or more organs and a high mortality rate.
Numerous attempts have been made to improve survival in this condition, such as
various ventilation strategies, some drug treatments, vasoactive substances, bio-
compatible membranes and high flux. Nevertheless, the death rate remains high
[1]. ARF, on the other hand, is mostly one part of MOF and it is rare for it to occur
in isolation as an independent clinical situation. As is already known, with increa-
sing number of organs in failure the mortality rate will also be higher [2]. Pla-
smapheresis, other important extracorporeal procedure, is a very useful procedure
in critically ill patients with hyperviscosity. Clearance of protein structures will
normalise the viscosity of the blood and improve the clinical picture of critically ill
patients. Other indications for plasmapheresis in critically ill patients are various
immunology disorders (Goodpasture syndrome, Wegener granulomatosis, Guil-
lain-Barré polyradiculoneuritis, LE glomerulonephritis, etc.). Haemoperfusion is
indicated in some cases of severe poisoning and in vital indications when liposo-
luble substances can be eliminated by this procedure.

Discussion

In this article we will try to explain the role of different extracorporeal procedures
in critically ill patients in the settings in which they are most commonly applied.
Extracorporeal circulation is a supportive therapy usually used to correct distur-
bances of body electrolytes, fluid overload, acidosis and azotaemia in organ failure.
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MOF is a clinical syndrome that has a high mortality rate. It is well known that the
death rate rises with an increasing number of organs in failure. Failure of one organ
results in a death rate of 25-30%, of two organs, 50-60%, of three organs 80% or
more, and of four organs, 100%. As pointed out in the Introduction, evaluation of
the role of a supportive procedure is hampered by the fact that the principal
indicator of outcome is the underlying disease itself. Since sepsis is the most
frequent cause of MOF in both surgical and medical intensive care, only control of
sepsis allows evaluation of the procedure of extracorporeal circulation [3-5]. In the
current literature there is no prospective randomised study showing better patient
survival with continuous than with intermittent procedures. Nonetheless, the
majority of intensive care specialists advocate this technique of renal function
replacement, because it is generally accepted that it has less effect on the circulation
of patients who are already haemodynamically unstable [6-8]. In oral communi-
cations it is not uncommon to hear that it is “probably better”. To determine the
procedure of choice in critically ill patients, it is necessary to eliminate certain
forms of intermittent haemodialysis, which are themselves beset with frequent
problems during extracorporeal circulation. Since the machines with controlled
ultrafiltration and bicarbonate dialysate imply a lower incidence of complications,
only these devices can be considered comparable with continuous haemofiltration.
A meta-analysis of a number of studies that compared biocompatible and bioin-
compatible membranes indicates thata biocompatible membrane is better: we used
machines with controlled ultrafiltration, bicarbonate dialysate solution and a
biocompatible polysulfone membrane in our study. There is no doubt that haemo-
dialysis can take effect on hypercalcaemia and volume excess faster, and it disperses
the acute threat of electrolyte and water imbalances more rapidly. The weekly dose
of haemodialysis in CRF is defined mainly by the quotient Kt/V>1.2. The required
dose of extracorporeal elimination in ARF is not sufficiently well defined, but it
does not differ in essence from the said quotient. The duration of the intermittent
procedure sessions is also not well defined. They mostly last 3-4 hours, but some
specialists have used prolonged intermittent dialysis lasting 9 hours without obtai-
ning different survival rates than obtained with continuous procedures. It has been
well established that cytokines affect the severity of the septic process. According
to some recent publications, continuous renal replacement therapy (CRRT) might
play a significant role in the elimination of proinflammatory cytokines, in addition
to clearing nitrogen products and other large and medium-sized molecules. The
possible removal of proinflammatory mediators may permit a blockade of systemic
inflammation and a modulation of the altered immune response in these patients,
and it may lead to partial or total restoration of the lost homeostasis [9-13]. A
statistically significant reduction in heart rate and an increase in systemic vascular
resistance and systolic blood pressure were documented in the group of patients
who underwent CRRT [14, 15]. On the other hand, according to the meta-analysis
of published and unpublished trials in any language, CRRT does not improve
survival or renal recovery over those achieved with IHD in unselected critically ill
patients with ARF [16]. On the other hand, continuous haemofiltration has less
effect on the stability of circulation. Comparison of the values achieved with
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intermittent haemodialysis and with continuous haemofiltration should therefore
be considered in the light of this. In our prospective randomised study with 104
patients, we also did not observe any difference between the two treatment modali-
ties in 28-day survival or total survival rate or in the frequency of circulatory
instability. Even in a subgroup of 8o patients with sepsis and septic shock there was
no difference in survival. Sepsis was the underlying disorder in 52 and septic shock
in 28 patients out of 104 analysed in this study. The statistical evaluation of the data
obtained revealed no significant difference in patient outcome between the two
methods of renal replacement therapy under scrutiny [17, 18]. These data are
corroborated by the data available in the literature. The number of hypotensive
attacks defined by declines in blood pressure by over 10 mmHg was not significantly
smaller in our group of patients undergoing continuous procedures. However, in
one randomised prospective study survival was better with high-volume haemofil-
tration (35 ml kg™ h™") than with low-volume ultrafiltration in which a volume of
25 lis replaced in 24 hours [19]. We were not able to validate this difference. When
choosing the method of extracorporeal circulation, even though prospective rando-
mised studies have not documented better survival with any of them, intensive care
specialists are advised to use the method with fewer side effects and the greater
benefit in any given case. Our prospective randomised study did not show a statisti-
cally significant difference between the two methods of renal replacement therapy.
Survival rates were not affected and neither was the incidence of haemodynamic
instability. We therefore believe that management of the underlying condition
outweighs the choice of the procedure of renal replacement. Currently, the use of
these methods in different parts of the world. Almost all intensive care units in
England use continuous methods. In USA intermittent procedures are used more
commonly than continuous ones, which is similar to the situation currently found
in Croatia. We believe that the two methods are complementary: IHD being benefi-
cial in terms of faster elimination of electrolytes and elimination of waste products
and CRRT in terms of regulation of higher calorie requirements and for haemodyna-
mically unstable patients. The expectation that one method would prove superior
in terms of better survival have not been corroborated by the data currently available
in the literature. The choice of method should be individualised, because both
methods have advantages and disadvantages. ARF, which is an integral part of MOF,
is a problem frequently encountered in critically ill patients treated in the ICU, but
the outcome of these patients depends heavily on control of basic event. Evaluation
of each of the supportive procedures is therefore hampered by the fact that it is the
underlying disease that has the crucial effect on survival and not so much the type
of supportive procedure applied. It is our opinion that these patients are more likely
to be treated by continuous methods by appropriately trained ICU personnel.
Plasmapheresis is extracorporeal procedure in which the plasma eliminated is
substituted with isotonic 5% human albumin solution. The indications for this are
hyperviscosity syndrome and different immunology disorders in which elimina-
tion of toxic factors from the plasma can improve the clinical picture in critically
ill patients. The elimination of specific antibodies such as those present in Goodpa-
sture syndrome, Wegener granulomatosis, systemic lupus and ascending polyra-
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diculoneuritis is important for clinical improvement. The only indication for
plasma, as a substitution, in plasmapheresis is thrombotic thrombocytopenic
purpura (TTP). TTP is a disease affecting small blood vessels and characterised by
thrombotic occlusive lesions, haemolysis, fragmented erythrocytes, thrombocyto-
penia, dysfunction of the CNS and kidneys, and fever. In TTP patients the deficiency
of von Willebrand factor (vWF)-cleaving protease results in low clearance of large
multimers of vWF from plasma. The presence of unusually large multimers of vVWF
in plasma leads to platelet clumping in the microcirculation, with the development
of microangiopathic disorders in TTP patients. The acquired deficiency of vWE-
cleaving protease is mediated by an antibody to vWF-cleaving protease, while in
patients with familial TTP there is complete deficiency of vWF-cleaving protease
with the absence of an inhibitor.

Different extracorporeal procedures such as haemodialysis, haemofiltration,
haemoperfusion and plasmapheresis are very helpful in some severely ill patients,
depending on the basic illness. In most cases these procedures are forms of
supportive therapy, but in some new indications and conception these procedures
are used to influence the basic disease by means of immunoregulation. In the next
few years extracorporeal procedures may help significantly not only in the regula-
tion of electrolyte and water disturbances and the correction of acidosis but also in
immunomodulation in severely ill septic patients.
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Chapter 9

Clinical decision-making in the management of sepsis
and septic shock

F. BAraTTO

Background

The incidence of sepsis remains high despite the increasing array of powerful
antibiotics. Septic shock is the most common type of shock encountered by inter-
nists, and it is still a growing cause of death in the United States and Europe,
affecting 18 million people worldwide every year, with each case costing an average
of more than € 22, 000 to treat [1]. In the United States, there is a valued annual
incidence of more than 750, 000 cases: the most important cause of death in
intensive care units (ICUs) that is not related to cardiac pathologies [2-3]. In an
Italian study [4], mortality rates were 36% in patients with sepsis, 52% in those with
severe sepsis and 81.8% in those with septic shock. Despite progress in this field of
medicine, severe sepsis is still related to a death rate difficult to tolerate, especially
if we consider that mortality due to sepsis has an infective start point and is not due
to incurable disease (like advanced cancer). The incidence of sepsis is increasing,
not just in the ageing of population but also because of the development of
antibiotics resistance. Even with successful treatment, the effects of sepsis can be
long-lasting, with a significantly lower quality oflife for survivors. Considered from
the pathophysiologal viewpoint, sepsis can be seen as the pro-inflammatory and
pro-coagulative response to an external agent, leading to the destabilisation of both
functions. Sepsis can be defined as the sum of clinical conditions originating from
the immune response to an infective process or trauma. The inflammation and
coagulation systems interact in a chaotic way that leads to systemic derangement
of coagulation and fibrinolysis. The result is an important pro-coagulative impulse
and disseminated microthrombosis causing severe alteration of the microcircula-
tion and organ failure.

In 1992, a consensus conference by the American College of Chest Physicians
and the Society of Critical Care Medicine recognised three steps in the hierarchy of
the inflammatory response to infections, with a progressive increase in the risk of
organ-insufficiency and death: (1) sepsis, (2) severe sepsis and (3) septic shock.
Patients who have infections and two or more SIRS elements meet the “sepsis”
standards; those who also have organ dysfunction or hypoperfusion are considered
to have a “severe sepsis”; and those with hypotension not responsive to fluid
resuscitation belong to the “septic shock” group [s, 6].
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An increasing amount of information to aid in clinical decision-making has
become available due to the increased sophistication of diagnostic technology;
paradoxically, however, this has not always been to the advantage of the clinician.
This is also the case when monitoring septic syndrome. While more is known about
sepsis, its origin and development, the complexity of the immune response, the
importance of genetic factors, etc., if this abundance of information is poorly
organised many clinical errors can be made [7].

There is a strong need to improve the quality of health care through increased
awareness of proper management techniques for septic patients. One of the most
common problems faced by physicians is deciding which therapeutic intervention
is the most appropriate for their patients. Clinical decision-making for the mana-
gement of patients with sepsis and septic shock is very challenging, beginning with
the diagnosis, which is often not clear-cut. ICU physicians often miss the diagnosis
of sepsis and too much time is lost when sepsis is misdiagnosed. Early and accurate
treatment are essential for increasing a person’s chances of recovery. Other aspects
faced by clinicians are the choice of diagnostic procedure as well as the type of
therapy, which frequently requires a multidisciplinary approach.

The situation of a life-threatening illness not being properly treated because
clinicians could not identify it or did not identify it until it reached an advanced
stage is often the case when it comes to sepsis. In 2002, The Society of Critical Care
Medicine (SCCM) and the European Society of Intensive Care Medicine (ESICM)
conducted an international survey among physicians to discover their views on
sepsis and, in particular, their satisfaction with the current definition. Telephone
interviews were conducted with 1,050 physicians from France, Germany, Italy,
Spain, United Kingdom and United States. The results showed that 67% of doctors
were worried by alack of a common definition for sepsis; 83% were concerned that
the lack of common definition is, atleast in part, responsible for misdiagnosis; 81%
agreed that a common definition for the global medical community would be a
significant step toward better treatment; 87% agreed that the pathogenesis of sepsis
is not completely understood; and 82% agreed that the symptoms of sepsis can
easily be attributed to other conditions [8]. In this setting, it is clear that a correct
medical decision-making procedure would not only increase recognition of the
septic condition but also reduce the incidence of errors and decrease the interval
between diagnosis and therapy.

The tools that can be used in the decision-making procedure are, syntheti-
cally, the following.

Evidence-based medicine

There is no doubt that the “best available evidence” is an important component of
medical decision-making, and evidence-based medicine should be seen as a power-
ful method to identify this evidence [9]. Evidence-based medicine (EBM) is an
approach to caring for patients that involves use of the clinical research literature
combined with an understanding of pathophysiology and a recognition of clinical
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experience. Enthusiasm for EBM has grown at a time of increasingly overt econo-
mic constraints in healthcare.

The EBM approach may improve clinical decision-making by:

1. Incorporating the best available scientific literature.

2. Reducing the bias that occurs when medical decisions are based on most recent
patients.

3. Explicity balancing the risks and benefits of a clinical decision.

EBM is an important strategy for assessing the vast amounts of published data
and applying the conclusions drawn from them to patients. However, in intensive
care medicine, there is often a shortage of “gold standard” randomised controlled
trial evidence to support specific therapeutic or diagnostic decisions [10].

EBM is widely used in internal medicine, but there is a great need to apply it to
critical care medicine as well. Clinical decision-making may be improved by
encouraging physicians to explain their medical decision-making, including cita-
tion of the literature on which their decisions were based.

Alarge number of important clinical trials focusing on critically ill patients have
been concluded in the last few years [11]. Positive strides have been made in clinical
trials, where it was shown that an increased number of interventions results in
better outcomes. Most of these studies have focused on patients with severe sepsis,
because this population has been the source of frequent mortality and augmented
hospital costs. These trials have been among the first critical-care clinical trials to
demonstrate reduced mortality in the critically ill. As in any adaptation of EBM, it
is essential to strongly examine the trials and to verify whether the benefits can be
translated to the individual patient. Some of the interventions, such as small tidal
volume mechanical ventilation in patients with acute lung injury or the admini-
stration of low-dose corticosteroids to patients with septic shock, are cost-effective
and relatively simple to put into practice. Others, such as use of activated protein
C in patients with severe sepsis or “tight” glycaemic control in patients with
hyperglycaemia, require either significant pharmaceutical expenditure or, possi-
bly, additional health care staff. Nevertheless, the trials represent substantial ad-
vances in the field of critical care medicine and should at least be considered for
implementation in all ICUs.

EBM-oriented intensive-care physicians face four tasks:

1. To use evidence summaries in clinical practice.

2. To update selected systematic reviews or evidence-based guidelines in their
field.

3. To enrol patients in studies of treatment, diagnosis and prognosis on which
medical practice is based.

4. Notto consider EBM as a tool to avoid health-care changes that may benefit the
patient but which are uncomfortable or challenge the established order.
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Guidelines

Clinical guidelines describe how a medical practitioner should respond under
certain circumstances for certain patients. Application of such guidelines requires
a specialist to collect and interpret the clinical data, apply standard therapeutic or
diagnostic programmes and revise them if necessary.

For the management of sepsis and septic shock, a priceless instrument is
available: the "Surviving Sepsis Campaign" (SCC) guidelines, which are a product
of the collaboration of three major intensive-care organisations: the European
Society of Intensive Care Medicine (ESICM), the Society of Critical Care Medicine
(SCCM), and the International Sepsis Forum (ISF) [12]. The initial funding for the
campaign was provided by the Eli Lilly Company, with subsequent contributions
from both Baxter and Edwards Lifesciences. The evidence-based guidelines are
aimed at treating sepsis and are of practical utility at the bedside. They are listed
by category and not by importance or hierarchy and originate from a systematic
examination of scientific literature of the last 10 years. Using a modified Delphi
method (expert agreement), the consensus conference made five recommenda-
tions, from A to E, with A being derived from studies of more scientific relevance
(Table 1).

Table 1. Grading system for SCC guidelines

Grading of recommendation
L Supported by at least two level I investigation
II. Supported by one level I investigation
III. Supported by level II investigation only
IV.  Supported by at least one level III investigation
V. Supported by level IV or V evidence

Grading of evidence

L. Large, randomised trials with clear-cut results

II. Small, randomised trial with uncertain results

III. Nonrandomised, contemporaneous controls

Iv. Nonrandomised, historical controls and expert opinion
V. Case series, uncontrolled studies and expert opinion

Thanks to the SCC, a very useful tool to aid in the therapy of sepsis has been
provided. These recommendations regard each aspect of the acute management of
severe sepsis and septic shock [13]: initial resuscitation with the correct use of fluids,
vasopressors and inotropes; an aetiologic diagnosis; a definitive therapy, such as
source control and antimicrobials; adjunctive therapy, including steroids and the
use of recombinant human activated protein C; nutritional strategies; the correct
use of haemoderivatives; metabolic control; respiratory strategies; sedation-anal-
gaesia protocols; and deep-vein thrombosis and stress-ulcer prophylaxis (Table 2).
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Table 2. Arguments of SCC guidelines

A. Initial resuscitation

B. Diagnosis

C. Antibiotic therapy

D. Source control

E. Fluid therapy

F. Vasopressors

G. Inotropic therapy

H. Steroids

L Recombinant human activated protein C

]. Blood-products administration

K. Mechanical ventilation of sepsis-induced ALI/ARDS

L. Sedation, analgesia and neuromuscular blockade in sepsis

M. Glucose control

N. Renal replacement

0. Bicarbonate therapy

P. Deep-vein thrombosis prophylaxis

Q. Stress-ulcer prophylaxis

R. Consideration for limitation of support
The SCC action plan is based on six points:

1. Increase the awareness of health-care professionals, governments, health and
funding agencies and the public of the high frequency and mortality associated
with sepsis.

2. Improve early and accurate diagnosis by providing a clear definition of sepsis.

3. Increase the use of appropriate treatment, urging its timely use.

4. Encourage the education of all health-care professional who manage septic
patients.

5. Provide a framework for improving and accelerating access to post-ICU care
and counselling for sepsis patients.

6. Recognise the need for clear referral guidelines that are accepted and adopted

atalocallevel in all countries by initiating the development of global guidelines.
The hope is to increase awareness and improve outcome for the critically ill

patient. The SCC guidelines are not a formally static document: their impact will
be tested and the recommendations will be updated almost annually as important
new knowledge becomes available.

Although the SCC campaign aims to provide guidance for the clinical care of a

patient with severe sepsis or septic shock, the recommendations are not applicable
to all patients and should not be implemented indiscriminately. They cannot
replace the clinician’s common sense and decision-making capability when he or
she is confronted with a patient’s unique set of clinical variables.
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Local protocols

The role of medical protocols is becoming increasingly important in intensive care
medicine as a mean to support both diagnosis and treatment. Their importance is
due to the potential to promote high-quality medical practice and reduce variations
in care while improving cost-effectiveness. For this aim, protocols need to be
optimised, that is, without ambiguity and incompleteness. It is necessary to keep
in mind that the need for a rapid clinical decision may complicate application of
EBM in the ICU setting. In fact, in the ICU, decisions must be much more rapid
than in the normal care setting of hospitalised patients. In such cases, pre-scripted
information may be extremely effective.

It is becoming generally accepted that implementation of the latest evidence-
based research in clinical practice, in the form of protocols, can improve the quality,
consistency and cost-effectiveness of health care. It should be noted that medical
protocols presume its users to have a certain background knowledge, and that it is
unnecessary to explain in complete detail.

New telematic technologies offer great potential in streamlining guideline
development and updating activities by supporting remote collaborations in re-
views of the literature and the setting of guidelines and by enabling hypermedia
versions of literature reviews [14].

The referral guidelines must be accepted and adopted at a local level, and
transformed into local protocols, which are instruments of more practical applica-
tion than generalised guidelines. Local protocols provide a patient approach that
is well-known to the entire intensive-care staff, which thereby forms a single
instrument to care for the patient. They also act as a reusable skeletal plan that can
be refined when applied to a particular patient. Local protocols must be obtained
by adapting and eventually adjusting the generalised guidelines to the local reality,
(which can be very different from country to country or from region to region),
with its organisational problems, its personal practices and limits. The resulting
protocols, usually written in text combined with some additional formats, e.g.
tables, flow-charts and graphs, can greatly improve patient outcome based on
improvements in the quality of care and in methodology [15].

The most advantageous characteristics of a local protocol are: it is defined by
the physician and under appropriate medical direction; it is easily modifiable (not
beinga static document, it has to be reviewed periodically); itis clearly stated, easily
intelligible and easily accessed by all components of the health-care staff .

Mortality risk prediction in sepsis

Clinical judgment remains a major part of medical decision-making. The prognosis
of the septic patient can actually influence the strategies that can be applied, the
correct evaluation of risk/benefits assessment of treating patients with particular
devices or drugs, and lastly (but not applicable to all countries) withholding or
withdrawing life support from critically ill patients.



Clinical decision-making in the management of sepsis and septic shock 95

Mortality risk prediction in sepsis has evolved from identification of risk factors
and a simple count of organ failure to sophisticated techniques that mathematically
transform a raw score into a predicted risk of death that is made depending on the
expression of specific biomarkers that reflect the septic course of action and its
severity [16].

llness scoring systems

Although early scoring systems were designed only for comparing observed and
expected outcomes, some second and third generation scoring systems have been
promoted as methods to guide clinical care and treatment, for example, when to
withdraw treatment or when to discharge a patient. While the subject of consider-
able debate, these scoring systems have been shown to be as good as clinical
experience in predicting survival. However, current scoring systems only provide
probabilities and do not accurately predict whether an individual will survive.
Therefore, they should not be used alone to influence clinical decisions about the
septic patient and do not replace common sense, which must remain a key aspect
of decision-making.

The use of severity-of-illness scoring systems in treating patients with sepsis or
septic shock has mainly been aimed at stratifying the numbers in clinical trials or
evaluating the performance of the ICU. Few studies have determined whether a
scoring system can be used at the onset of sepsis to predict the mortality of a patient
who fulfils the sepsis criteria [17].

The first generic physiological scoring system developed to quantify severity of
illness according to patient characteristics was the Acute Physiology and Chronic
Health Evaluation (APACHE) method. Since the original system was too complex
and time-consuming to be used routinely, two derivations were developed: the
Simplified Acute Physiology Score (SAPS) and the APACHE II system. These were
both subsequently updated to APACHE III and SAPS II [18-19]. At almost the same
time, several intensive care scores were developed for the evaluation and quantifi-
cation of organ failure: Multiple Organ Dysfunction Score (MODS) and the Sequen-
tial Organ Failure Assessment (SOFA) [20]. These scoring systems are aimed more
at patient description than at outcome prediction. Based on a review of the litera-
ture comparing various severity-of-illness scoring systems (APACHE I & III, MPM
Ilo & MPM 1124, SAPS II, SOFA), it can be assumed that APACHE II is the most
widely used and perhaps the most appropriate [21]. It is probably therefore also
important to calculate SAPS II and SOFA in order to be assured of the validity of
the results and their reliability in assisting in clinical decision-making.

Biomarkers

A biomarker is a specific biochemical in the human body with molecular feature
useful for measuring the progress of disease or the effects of treatment. Since sepsis
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involves complex molecular changes, the identification of specific and sensitive
molecular markers is of utmost importance. Modern sepsis research focuses on the
inflammatory/immunologic host response to the infection, although the best bio-
marker of sepsis remains to be determined.

Calcitonin precursors, especially procalcitonin (PCT), is a reliable markers for
diagnosing sepsis in critically ill patients. In fact, it may be even more accurate than
established markers such as C-reactive protein, lactate, and leukocyte count [22-23].
Elevated PCT concentration appears to be a promising indicator of prognosis,
although itslow specificity prevents it from being 100% reliable. This is because there
are many causes of increased procalcitonin, and only one of these is sepsis; however,
a low procalcitonin level makes the diagnosis of sepsis much less likely [24].

Interleukin (IL)-6 levels correlate well with prognosis: patients who die earlier
have higher IL-6 levels at baseline than those who die later or who eventually
survive. Nonetheless, the pattern is not uniform, since biosynthesis is triggered in
both infectious and non-infectious processes [25].

Septic shock and multiple organ failure are associated with coagulation activa-
tion, disseminated fibrin formation, and consumption of coagulation inhibitors,
such as antithrombin III and protein C. Antithrombin III activity decreases from
normal baseline levels and is significantly lower in the group of patients who
progress to septic shock than in those who develop severe sepsis. In this sense, it
can be a sensitive (but not specific) marker of an unfavourable outcome [26].

Protein C (PrC) is the zymogene of activated protein C (APC), an enzyme that
plays an important role in the regulation of haemostasis. This property derives
from its ability to inactivate factors Va and VIIIa, with consequent inhibition of
thrombin formation. The activation of PC to APC occurs locally and through the
thrombin/thrombomodulin complex at the level of receptors (EPCR) located on
the endothelial surface [27]. The activated form (APC) becomes linked to protein
S on the surface of activated cells, where it can induce anticoagulant and fibrinolytic
functions (by directly blocking the inhibitor of fibrinolysis, PAI-1) as well as
anti-inflammatory functions (through reduced production of thrombin and direct
inhibition of NF-kB, an important nuclear transcriptor of inflammatory cytokines)
leading to the inhibition of cytokine responses to endotoxin. The reduction in PC
concentration may play a central role in the development of disseminated mi-
crothrombosis and organ failure in sepsis. The plasma PC level has been shown to
be a valid index of severity in sepsis [28]. Furthermore, PC levels at the start of
sepsis seem to be highly predictive of outcome within that phase, with an inversely
proportional correlation between plasma levels and mortality. Severe PC deficiency
(<40% of the level of PC in pooled normal human plasma) and continued PC
deficiency are associated with mortality resulting predominantly from refractory
shock and multiple organ dysfunction [29].

Age, underlying co-morbidities, and level of disability are predictive of overall
outcome but do not differentiate between early and late death, the latter being
primarily the result of non-sepsis-related events. The findings suggest that hospital
survival may be dependent on the interplay between the extent of the host response
to infection and the patient’s physiologic reserve. The latter is the basis on which
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abnormalities in biomarkers of inflammation and coagulation are related to disease
severity and mortality outcome in patients with severe sepsis.

Personal clinical experience

Human factors are essential in the process of decision-making. There is little use
in knowing that an intervention is supported by high-grade evidence if the clinical
expertise to treat the individual patient is lacking. In this sense, the importance of
good teamwork (doctors, nurses, and physiotherapists) emerges. It must be re-
membered that not every patient is the same, that randomised controlled studies
do not give the answer for individual patients and that the clinical profile of each
patient is important [30].

Clinical decision-making capability based on personal experiences embraces a
three-phase hierarchy (Fig. 1]):
1. Hypothetical/deductive synthetic thought (originate a solution, diagnosis or

treatment for patients for whom no obvious pattern or rules fit the case).

Use of rules (rules, algorithms, clinical pathways, heuristics).
3. Patternrecognition (recognise patterns of symptoms, signs and diagnostic tests

to reach a diagnosis or treatment strategy).

It is important to remark that medical decision-making cannot be based on
most recent or most significant patients; this can lead to a hazardous bias and
erroneous conclusions. In addition, during the management of a septic patient

Novice Hypothetical/deductive Maximal mental effort

Synthetic thought

Originate a novel solution diagnosis or treat-
ment plan for patient presentations where no
obvious patterns or rules “fit” the case

Using Rules

Use rules, algorithm, protocols, clinical
pathways chat “fit” the case

Pattern-Recognition

Recognize (without conscious thought) pat-
terns of symptoms, signs, and diagnostic test
results that “fit” the case J

v 4

Expert Minimal Mental Effort

Fig. 1. Clinical decision-making hierarchy
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relevant decisions often have to be made without the aid of pre-written protocols
and guidelines and without clear indications from the literature. These decisions
are made on the base of competence and common sense, by understanding the
nature and the consequences of different options, with the aim of making an
accurate choice among options using a best risk/benefit assessment. Examples of
such situations include the decision to transfer the patient from the emergency
room or normal care rooms to the ICU, and vice-versa; which broad-spectrum
antibiotic therapy is indicated, based on our hypothesis regarding the source of the
infection; or when a surgical intervention is indicated for the source control of
infection. Other points to consider are the indication for a continuous or intermit-
tent renal replacement, the need for haemodynamic invasive monitoring, and when
to perform a tracheostomy to protect airways from prolonged intubation.

Some studies have indicated that the presence of a properly skilled critical-care
physician can have a significant impact on outcome [31]. Rounds at the bedside
may also result in better outcomes. To increase the value of bedside rounds, a
sequence of questions should be raised systematically in front of each patient, for
example, whether the patient is mechanically ventilated, can he/she be weaned
from mechanical ventilation? Is nutrition adequate? Is the head of the bed elevated?

Conclusions

Many residents prefer to work in the ICU. The units are almost continuously active,
require rapid decision-making and have the aura of life and death. Nevertheless
working in ICU is extremely stressful, and there is not always time enough for each
patient. In addition, potential tension with the patient’s family may lead to their
lack of trust in health-care providers, anger, hostility, and litigation. In this land-
scape, clinical decision-making requires particular attention as well as strategies
for reducing errors to a minimum or even zero. It is not possible (and perhaps it is
not the “gold standard”) to remain a coolly dispassionate, hyper-rational physician
systematically considering well defined options on the basis of careful weighing of
the evidence [32].

The optimal decision-making strategy in the management of a critically ill
patient with severe sepsis or septic shock can be summarised as follows:
1. Sit at the patient’s bedside to collect a thorough history and perform an

uninterrupted physical exam.
2. Collect data to exclude or confirm the diagnosis of sepsis, keeping in mind
widely accepted definitions.
Assess, if possible, the gravity of sepsis and its prognosis.
Use guidelines and protocols.
Allow 2-3 min of uninterrupted time to mentally process each patient.
Avoid decision-making when overly stressed or angry.
Call for help if the decision is exceptionally difficult.
The use of guidelines and protocols for specific diagnostic or therapeutic
decision conserves mental energies while on duty. The clinician should use EBM

Nooaw p o
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techniques to substantiate decisions with facts — while understanding the limits of
the evidence - and to consider specific issues, such as the utility of diagnostic tests,
the risk/benefit of a therapy, the proper management plan and disease prognosis.
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Chapter 10

Intracranial haemorrhage: the solution offered by recombinant factor Vila

G. MicieLl, A. CAVALLINI, S. MARCHESELLI

Intracranial haemorrhage (ICH) occurs as a result of bleeding into the brain
parenchyma with formation of a focal haematoma. It accounts for approximately
10-15% of all strokes and is associated with the highest mortality rate of any type
of stroke, a 1-year survival rate lower than 50% and a higher degree of disability
among the survivors than is calculated for all strokes. ICH is twice as common as
subarachnoid haemorrhage, and primary ICH, accounting for more than 75% of
cases, originates from spontaneous rupture of small vessels damaged by chronic
hypertension or amyloid angiopathy. Secondary ICH occurs in a minority of
patients in association with vascular abnormalities, tumours, or impaired coagu-
lation. Anatomical, aetiological and clinical features make it possible to distinguish
between deep, typical ICH (30-50%) and superficial, atypical ICH (30%), but
transitional forms are also possible [1]. Computed tomography of the brain allows
accurate definition of the site and size of haematoma, surrounding oedema, midli-
ne shift and ventricular invasion. Possible sites of bleeding are the basal ganglia
(35-44%), the thalamus (10-15%), the cerebellum (5-10%), cerebral lobes (19-25%),
the pons (5-9%) and the medulla (rare).

In contrast to large amount of evidence derived from randomised clinical trials
of treatment in acute ischaemic stroke, the data available from randomised surgical
vs medical trials in intracerebral haemorrhage are sparse. In the latter, neither
surgical nor medical treatment has been definitely shown to be effective in patients
with ICH. Increasing attention is being devoted to the development of new treat-
ment that will hopefully make it possible to prevent the deterioration of neurolo-
gical function after an ICH.

Several agents (fresh-frozen plasma, human and recombinant factors VII and
IX, cryoprecipitate, aminocaproic acid, tranexamic acid, aprotinin and activated
recombinant factor VII) could theoretically be used. Activated recombinant factor
VII seems to be the best candidate for limitation of early haemorrhage growth, since
it acts primarily on the endothelial disruption and vascular injury site and has a
relatively short half-life, contributing to reduction of the high risk from continued
bleeding in acute ICH patients [2].
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Epidemiology and risk factors

ICH shows an incidence of 37-52 per 100,000, increasing with age (in people over
80 years of age the risk is 25 times that in the general population), although it occurs
earlier and with a higher risk of fatality than cerebral infarction. The incidence of
ICH varies with ethnicity as well as with age, being higher in Japan than in Europe,
although Japanese men who emigrate to live in America subsequently have lower
ICH rates than those who remain living in Japan [3]. African Americans have a
significantly higher risk of ICH then whites, while Hispanic persons living in New
Mexico and New York City seem to have higher rates of ICH than do whites living
in the same areas [4, 5]. One recent cohort study found that the increased relative
risk for stroke in blacks was reduced after data adjustment hypertension and
educational level, while there is indirect evidence that the higher rate of ICH in
Hispanic people living in New Mexico might be due to an increased prevalence of
cavernous haemangiomas in that population [6]. The 30-day case-fatality rate in
the L’Aquila register in Italy was 47.6% and the 1-year case-fatality rate, 56.8%. In
subjects under 45 years of age primary ICH accounted for 20% of the first-ever
stroke cases, with a crude annual incidence rate of 2 per 100,000 [7].

The types and causes of intracerebral haematomas are reported in Tables 1 and 2.

Table 1. Types of intracerebral haematomas (From [8])

Spontaneous Traumatic
Hypertensive Head injury
Nonhypertensive Amyloid angiopathy Postoperative

Haemorrhage into cerebral

infarction (‘red infarct’)

Coagulopathy (including iatrogenic)
Vascular disease (aneurysm, arteriovenous
malformation, vasculitis, etc.)

Haemorrhage into brain tumour

Drug abuse (cocaine, amphetamines, alcohol)

Table 2. Common causes of intracerebral haematomas by age (From [8])

Young adulthood Middle age Old age

Vascular malformation Vascular malformation Amyloid angiopathy

Ruptured aneurysm Haemorrhage into brain tumour Hypertensive

Drug abuse Ruptured aneurysm Haemorrhage into
brain tumour or
infarct

The presence of risk factors also greatly increases the incidence of intracerebral
haematoma, as do male sex and alcoholism [9].

Degeneration with subsequent rupture of small perforating arteries or arterio-
les (diameter 50-200 pm) caused by sustained hypertension is the most common
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cause (more then 60% of cases) of ICH [2]. ICH attributable to hypertension
typically occurs in the basal ganglia, thalamus, pons and cerebellum; these deep
regions of the brain are frequently affected by lacunar infarctions, and in some
cases both hypertensive ICH and lacunar disease are present in the same patient
simultaneously [10].

Many cohort studies started before CT was commonly available in Japan [11, 12]
demonstrated elevated risk and mortality of ICH in people with low (<160 mg/dl)
serum cholesterol levels. The reason for this association, which is also confirmed
by an American cohort study [13], is as yet unknown. The Multiple Risk Factor
Intervention Trial [14] reported an interaction between hypertension and low
cholesterol level, with an increased risk of death due to ICH in the presence of
baseline diastolic blood pressure higher than 9o mmHg; no such interaction has
been demonstrated by the Honolulu Heart Study [15] or the Kaiser Program cohort
[13], butalinkis supported by a recent case-control study [16]. Atleast theoretically,
a deliberate reduction in serum cholesterol to prevent myocardial infarction or
cerebral ischaemia might increase the risk of ICH, because of the possible role of
cholesterol in vessel wall integrity. In the absence of a definite answer derived from
actual data, the association observed between low cholesterol level and ICH needs
further confirmation in larger prospective studies.

A relationship between alcohol consumption and ICH has been emphasised by
case-control and cohort studies [17, 18]. Larger case-control studies have also
yielded a possible J-shaped or U-shaped dose-response relationship between
hypertension, alcohol consumption and risk of ICH [19]. A cut-off for the ‘protec-
tive’ level should fall below 60 g/day of alcohol consumption in each study.

Cerebral amyloid angiopathy (CAA) is characterised by deposition of congo-
philic amyloid-B protein in cerebral cortical and leptomeningeal vessels and has
long been recognised as a common pathological substrate for haemorrhage in the
elderly in the absence of hypertension or coagulopathy. Typically, ICH associated
with CAAislobar, occurringin the cerebral cortex or subcortical white matter. CAA
is now increasingly recognised as a cause of lobar ICH in the elderly, accounting
for approximately 10% of cases [2]. ICH is also a complication of thrombolytic
therapy for acute myocardial infarction, pulmonary embolism, and ischaemic
stroke. There is increasing evidence to suggest that CAA, which itself can cause
haemorrhage, may be a risk factor for thrombolysis-related ICH. CAA and throm-
bolysis-related ICH have some clinical features in common, such as a predilection
for lobar or superficial regions of the brain, multiple haemorrhages, increasing
frequency with age, and an association with dementia [20].

Many studies have demonstrated a significant association between apolipopro-
tein-e4 and haemorrhage with CAA (CAAH); this association is not linked with the
presence of Alzheimer disease. Apoliprotein-g4 seems to increase the likelihood of
vascular amyloid-B protein deposition, whereas apolipoprotein-e2 may elevate the
risk of haemorrhage in patients with CAA through vessel wall degradation [21].

ICH recurs more frequently in the lobar form than in deep haemorrhage, and
the concept of recurrent haemorrhage characterises the definition of CAA. Lobar
ICH exhibits a recurrence rate of 2.4% per year for all cases of ICH, while for
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cerebral infarct the corresponding rate is 3.0% per year [22]. The only predictor of
recurrent ICH is a lobar location, whereas there is a relationship between the
apoliprotein-¢ allele and recurrent ICH.

Medical and surgical therapy

Management of ICH should be initially directed towards stabilising respiration and
circulation. Early intubation might be necessary, mainly in the case of major ICH,
decreased level of consciousness or impairment of the reflexes that protect the
airways. Because of the localised nature of the mass effect, marked elevation of the
intracranial pressure (IP) may be present in patients with massive ICH. Elevated
IP is defined as a pressure over 20 mmHg for more than 5 min. Patients with a
decreasing level of consciousness due to increased IP causing cerebral herniation,
brain stem compression or severe mass effect should be treated medically with
osmotic agents (mannitol or glycerol), steroids, hypovolaemia, controlled hyper-
ventilation, and barbiturate coma in anticipation of surgery (if any) at the most
appropriate time. A search of the medical literature failed to find evidence suppor-
ting the use of mannitol in acute ICH [23], while glycerol did not prove to be
superior to placebo in improving survival and functional outcome in patients with
acute ICH [24]. Only three randomised controlled trials on the use of steroids in
acute ICH have been reported. One of them was terminated prematurely because
of lack of benefit in the presence of more frequent infections, gastrointestinal
haemorrhage and diabetogenic effects than in the placebo group [25]. None of the
remaining medical options had shown definite benefit in acute ICH.

The management of hypertension in acute ICH also remains controversial.
Theoretically, an aggressive reduction of blood pressure could lead to worsening
owing to impairment of perfusion pressure, although two recent studies have been
unable to detect any clear evidence of a ‘penumbra’ of ischaemic tissue close to the
haematoma. This is actually recommended to keep the mean blood pressure below
130 mmHg [26], but therapeutic trials are needed.

As to the surgical approach to treating acute ICH, two recent pilot studies of
craniotomy or stereotactic clot evaluation have emphasised early intervention [27, 28]:
the results in terms of for the evacuation of intraventricular haemorrhage were
promising when urokinase was used to facilitate drainage via a catheter [29].
Standardisation of surgical techniques and early intervention may be the key to
effective management in view of the paucity of the evidence (based on case series
and nonrandomised cohort studies) and the low grade of relevant recommenda-
tions (mainly C) that are also evidenced in the guidelines for ICH management
written by a panel of experts for the America Heart Association [26].
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Ultra-early haemostatic therapy and recombinant factor Vlla

Recently, early haematoma growth has been considered a cause of early neurolo-
gical deterioration after ICH. Bleeding in ICH was classically considered as com-
plete in few minutes, while neurological deterioration occurring during the 1st day
was attributed to cerebral oedema and a mass effect around the haemorrhage. It is
well recognised that early haematoma growth occurs in 18-38% of ICH cases
studied with CT within the first 3 h of onset, and a correlation between this growth
and early clinical deterioration has been established [30, 31].

Only one study has been conducted prospectively in order to evaluate this
phenomenon [30]. A CT scan performed within 3 h of onset in consecutive cases
of ICH demonstrated a significant increase in the volume of intraparenchymal
haemorrhage (>33%) in 26% of patients when rescanned 1 h later. In a further 12%
of cases haematoma growth occurred between the 1-h and the 20-h CT scan. The
38% of ICH patients in whom the haematoma growth phenomenon was observed
also had a higher mortality (44% versus 34%) and worse disability scores 30 days
after onset, although these differences were not statistically significant.

ICH growth has been shown to occur very commonly within 6 h of onset in
retrospective studies. The same studies have also linked early haematoma growth
to early neurological deterioration and increased mortality. This phenomenon has
been attributed to persistent bleeding or rebleeding from a single site of arterial or
arteriolar rupture. However, it can also derive from secondary bleeding into
perilesional tissue in the periphery of the clot (where multiple microscopic and
macroscopic haemorrhages have been revealed), so that ICH growth results from
the confluence of multiple haemorrhages to the periphery of an existing clot in the
perilesional low-flow zone.

Pressure in the local tissue rises and cerebral blood flow (CBF) to the region
decreases, causing subsequent ischaemia. Some researchers have speculated that
reperfusion injury in the first few hours immediately after ICH onset is a major
factor in the development of perilesional ischaemia. However, the alteration in
perilesional blood flow is still only poorly understood. In any case, the secondary
brain injury that develops in the hours immediately after the insult is most often
far more severe than that caused by the haemorrhage itself.

The relevance of early growth haematoma derives from the notion that
haematoma volume represents the single most powerful predictor of 30-day
mortality after ICH, and therefore that the arrest of haematoma growth might
reduce the neurological deterioration related to either early (haematoma
growth) or late (oedema around the haematoma and mass effect) worsening.
When effective, ultra-early haemostatic therapy might also make early evacua-
tion of the haematoma safe. It is important to observe that (according to
extrapolations from the data from Brott et al.) in view of the fact that early
rebleeding could occurs at something midway between a linear and an expo-
nential rate, even if haemostatic intervention is completely effective enlarge-
ment of the haematoma might occur nonetheless in 10%, 17%, or 22% of ICH
cases 15, 30, Or 45 min after the baseline CT scan.
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Besides the well known haemostatic agents (fresh-frozen plasma, factor IX
concentrate, prothrombin complex concentrate, human and recombinant factors
VIII and IX, cryoprecipitate, DDAVP) that are useful in pathologic conditions
(coagulopathy, platelet disorders, etc.) in the normal coagulation process the most
feasible haemostatic therapies include aminocaproic acid, tranexamic acid, apro-
tinin, and activated recombinant factor VII (rFVIIa).

Aminocaproic acid and tranexamic acid are synthetic derivatives of the ami-
noacid lysine. Their primary effect is to inhibit fibrinolysis, and they are more
suitable for clot stabilisation than for the promotion of clot formation. They reduce
the frequency of rebleeding after aneurysmal subarachnoid haemorrhage, but
increase the frequency of delayed cerebral ischaemia and other thrombotic com-
plications, so that the net result is no benefit in outcome. Aprotinin is a polypeptide
that primarily inhibits the initiation of both coagulation and fibrinolysis and for
which the main indication is the need to reduce perioperative bleeding (cardiac
surgery, orthotopic liver transplantation).

Activate recombinant factor VII (rFVIIa), a powerful initiator of haemostasis
approved for the treatment of bleeding in patients with haemophilia, may also
promote haemostasis in patients with normal coagulation [2]. This drug exerts its
primary effects locally in regions of endothelial disruption and vascular injury [32, 33].
In most physiological conditions, triggering of haemostasis is initiated by an
interaction between circulating activated coagulation factor VII (FVIIa) and tissue
factor (TF) following exposure of TF at the site of injury. FVIIa is only proteolyti-
cally active when it forms a complex with TF. TF is normally expressed in the deep
layers of the vessel wall, and is only expressed following injury. This fact ensures
highly localised, and not disseminated, activation of coagulation. TF may also be
exposed after widespread tissue damage, extensive atherosclerotic lesions or sepsis
and is expressed on monocytes; this may predispose the patients thus affected to
adverse events following administration of FVIIa.

The FVIIa-TF complex initiates the conversion of factor X to Xa, which in turn
converts prothrombin to thrombin. Pharmacological doses of rFVIIa amplify this
process and catalyse the conversion of factor X to Xa on the surface of activated
platelets in the absence of TF.

In many years (since 1996) of clinical use for the treatment of haemophilic
patients with inhibitors, rFVIIa has shown a low risk of systemic coagulation or
thromboembolic complications and has a good record in the treatment of ICH.
Preliminary clinical trials indicate that rFVIIa also promotes haemostasis in pa-
tients with normal coagulation systems. Its action is very rapid, and its half-life of
2.5 h corresponds well to the duration of continued bleeding in the acute stage of
ICH. Its safety in ICH patients has been tested in two earlier trials. In the phase ITb
trial recently presented at the Vancouver sth World Stroke Congress (23-26 June
2004), 400 ICH patients have been recruited worldwide (73 centres) and randomi-
sed to receive rFVIIa (Novoseven, Novonordisk) at one of the three doses
(40 mg/kg, 80 mg/kg, 160 mg/kg) or placebo, with 100 patients in each group. ICH
was confirmed by CT scan within 3 h of symptom onset, and treatment consisted
in a single bolus of rFVIIa i.v. within 1 h of the CT scan. To quantify the effect of
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the treatment, the volume of the haematoma was measured on the initial and on
the second CT scan obtained 24 h after treatment. The number of patients dead or
disabled after 9o days was also recorded. In patients who received rFVIIa the
percentage increase in size of the haematoma was smaller at all doses tested than
in those who received placebo. A 35% reduction in mortality was also found, as was
an improved outcome in terms of disability [4]. A total of 17 adverse thromboem-
bolic events, such as myocardial infarction and ischaemic stroke, were recorded
among the subjects treated with the active treatment (as might have been expected
with a drug promoting clotting). Of course, this study, whose final results are to be
published, needs further confirmation, and the realimpact of adverse events should
be studied in order to identify ICH patients who are at risk of side-effects and
determine which can and cannot be treated with rFVIIa [34].

If the results of this study are confirmed, ICH patients may have a real chance
of receiving adequate and effective treatment. As happens with thrombolytic
therapy in ischaemic stroke, this fact might expand the perspective of stroke
neurologists, internists and emergency physicians in treating haemorrhagic stroke
patients also faster and better, improving survival and residual disability.
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Chapter 11

An introduction to Open Source software licensing and use
in anaesthesia department

V. LaNza, M. SAJEVA

The Open Source initiative is a real revolution for the scientific community of
computer science, actually it points straight to the improvement of pure research
to obtain better software usable by the whole community, but still protecting the
intellectual rights. The key point does not mean only access to the source code or
free software, but also the freedom to derive works from the original and to
redistribute or sell them as new software or as component of a bigger project. The
father of this idea is Richard Stallman [1], the founder of the GNU Project; it started
in 1984 to develop a free software operating system named GNU.

GNU is the recursive acronym for “GNU’s Not Unix”, but now, commonly, it
indicates all the software that is developed under the Open Source initiative. One
of the most important software born under the wing of GNU initiative is the Linux
Operative System, which is a real and fully functional Network Operative System
that can be used for server installation instead of commercial software (e.g. Micro-
soft, SUN and Apple solutions). Linux is a Unix-like operative system and it is the
OS (Operative System) most widely used by professionals for server installation.
Most of the Internet server runs on Linux with Apache installed as Web server. The
October 2003 Netcraft Web Server Survey [2] found that more than 64% of the web
sites on the Internet are using Apache, thus making it more widely used than all
other web servers combined.

The use of Open Source software in an anaesthesia department can improve the
work flow, the efficiency and it can drop down the total cost of ownership (TCO)
of the computer installation, requiring much less expenses in software licence. We
will try to give the guidelines to discover what is Open Source software and how to
use it in an anaesthesia department.

Type of licensing

We will introduce the most important kind of software and knowledge licenses

available for the Open Source community. Every license has got pros and cons, and

it is up to the developer to choose the one that fits his needs best.

1. GPL (GNU General Public License) - it is the basic license directly derived from
the GNU project. The main peculiarity of GPL is that any software or library
derived from a GPL project must be released under the GPL license too. It means
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free access to the whole source code, that is no commercial software, with
proprietary parts, can be produced from a GPL project. This means also that
every GPL software will produce Open Source software. It is very restrictive, but
it is conform to the original GNU project.

2. LGPL (Lesser GNU General Public License) — it is similar to the GPL, but it allows
the release of non Open Source software or libraries from other Open Source
project. That means that it is possible to derive commercial protected code from
scientific project for free.

3. BSD (Berkley Software Distribution) - it is the most free and open license, which
means that the developer can do whatever he prefers with binaries (executables)
and with source code, but he has got to include the copyright and the disclaimer
statements. Itis a system that Microsoft and Apple use in their product portions
of code released with BSD license.

4. EDL (Free Documentation License) - the Free Software Foundation has released
a special license to protect the intellectual rights and favourite the release of free
books and manual. The most famous example is the Wikipedia, the Free
Encyclopaedia [3] available on the Internet in more than fifteen languages.
These are only the four most used licenses available under the Open Source

initiative (Fig. 1). There are alot more derived directly and made personal to satisfy

the needs of the developer. It is up to the scientific community to choose the best
for one’s project.
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What is Linux

Linux [4] is one of the most interesting Open Source projects; actually, it is the most
widely used OS for server installation in universities and in enterprises. It was
initially developed by Linus Torvalds, a young student at the University of Helsinki
in Finland. The project started in 1991, but the 1.0 release of the kernel (the very
heart of the OS) only occurred in 1994. The Linux kernel was released under the
GNU General Public License and that allowed other developers to use the source
code to make it better and to develop the rest of the OS. The current kernel version
is 2.6 (released in December 2003), but development continues. The most intere-
sting characteristics of the OS are functionality, adaptability and robustness, that
is why the most important IT companies (IBM, SUN, HP and others) decided to
use and support the development of this project.

The kernel needs other modules and libraries to be used as an OS, like the file
system, the IO system (Input - Output), and so on. But what makes an OS attractive
is the software equipment available to offer services.

The sum of OS plus a software bundle is named a Distribution, or a Distro (as
hackers prefer to say). There are different distros of Linux available on the Internet,
the most widespread is the Red Hat [5], which is a commercial product made
explicitly for intensive server applications. Red Hat has an Open Source project
available to the whole Linux community, named Fedora [6]. The main difference
between Fedora and Red Hat distros is in the technical support offered by the
company.

Fedora is a good distribution, easy to install and administer, and should be kept
in mind for every installation project that does not require official certification. But
this is not the only solution available: there are distro that fit on one floppy disk,
made just to serve as a gateway firewall or as network routers.

Adaptability is the keyword that let Linux be used in every computer project.

Open Source software in anaesthesia

The adoption of Open Source solutions can improve the management and quality
of every computer assisted activity, but it requires an initial investment in training
for the system administrator as well as for the whole staff.

Open Source software can be used in anaesthesia departments easily: the most
common start can be the installation of a Linux server as firewall/gateway to let the
whole computer network share the Internet access in security. This kind of project
only requires an obsolete PC (like an Intel Pentium-based computer) and it can be
used with a single floppy Linux distro (e.g. Coyote Linux [7]). This kind of confi-
guration lets you start a complete and powerful firewall just by using an unused
component: download the distro, load it in a floppy disk and let your PC boot from
the floppy itself. The configuration of the floppy requires some knowledge about
TCP/IP protocols and networking, but not too much in depth.

Another interesting project could be the installation of a fully interactive
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intranet based on a Linux server. Using a full Fedora free distribution, we could use
Apache [8] as a web server with MySQL as database and PHP as script language to
develop a dynamic intranet accessible from the whole department to register and
read, for example, patients data.

If we do not want to become pro in computer and network administration, we
can hire a professional that will install and train our staff to use the system. The
TCO of the whole system will be much lower than buying software licenses that will
need to be renewed every two years.

In the same way, if we want to start the development of a personalised service,
like patient data recording, we can start by using another project under GPL license
and customise it, making it much more comfortable to our needs.

The source for all the Open Source project is the Source Forge web site [10] (Fig. 2),
where it is possible to find all registered projects of the developers community. It
could be interesting to start a research by using the keyword “medical”: we will find
a lot of projects used all over the world in enterprises too.

It could seem a little hard for beginners to start the installation or to plan such
a development of the computer infrastructure, but there could be other ways to
start the approach to Open Source initiatives: for example, one could start to use
OpenOffice instead of other commercial office suite software. OpenOffice [11] is a
software suite made of a word processor, a spreadsheet, a presentation maker (and
many other tools); what must be said is that the tools are very similar to the
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Microsoft Office suite, and the software is also compatible. Making the amount is
simple: consider that every two years it is necessary to renew the license of the
software tools to upgrade them to the latest version, with an estimated amount of
about 500,00 euro per PC.

Introduction to the use of the Open Source solution in an anaesthesia
department

The Open Source software can improve the computer network management in an
anaesthesia department with many positive effects; we will only cite the three
largest: (1) improvement of the system security due to access to the source code;
(2) reduced TCO (Total Cost of Ownership) and reduced licensing fees; and (3)
straight technical support from the scientific community of developers.

The use of the Open Source software in an anaesthesia department can improve
the work flow and the efficiency of the computer network. We will try to give the
guidelines to install a simple intranet server for an anaesthesia department using
Open Source software. Our project supposes that the administrator does not have
Unix or Linux skills; however, he must be a good computer user (we refer as training
level to the ECDL, basic level) and he must have a small computer network working
on the basis of the TCP/IP protocol (which is common in the Microsoft Windows
environment). This knowledge will be enough to let him install and set-up a simple
intranet server based on Linux, the most famous Open Source Operative System,
with Apache as web server. This article could be helpful to the management too:
actually, it shows how, with a very little economical investment, we can install a
powerful intranet based on Open Source software, that is without spending money
in software license.

Choosing the right software

The adoption of Open Source software in an anaesthesia department does not
require specific skills for the system administrator; first of all, we have to plan the
computer network infrastructure. In our example, we will plan to implement a
small intranet server based on Linux and Apache as web server. We will suppose
the existence of a small computer network based on the ethernet standard (IEEE
802.3) using the TCP/IP protocol; we will add a simple server to this system to offer
advanced services as, for example, a simple web server.

Before talking about Linux, let us go back to the concept of distros. An OS is
made by the kernel, the very heart of the OS itself, plus a subset of other software
pieces that let the kernel “talk” to the other hardware components. For example,
the file system is the software that lets the kernel access the storage peripherals and
write data in files. Once we have a full OS running, like Linux, we need application
programmes to offer services to our users. For example, if we want to offer an
intranet service based on a web browser, we need a web server application running
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on our server. Users will access the server using a common web browser, like
Microsoft Internet Explorer o Netscape Navigator. In the same way, if we want a
database to share information on our ICU patients, we will need to run an RDBMS
server application to let our user access shared data.

A distro is the sum of the OS itself plus a set of software programmes. There are
alot of distributions available on the Internet, some commercial, and some for free.

We will base our installation on Fedora Core 1 [1], which is the Open Source
distribution (completely free) of Red Hat Linux [2] and Apache [3] as web server
(included in the Fedora distro) to distribute hypertext documents over the network.

To start the implementation of our project we need a personal computer
equipped with at least 64 megabyte of RAM, an Intel Celeron class processor, and
anetwork interface card. This is the typical computer that we cannot use any more,
not even to write down a document in WinWord, but this will be perfect as a server,
if powered by Linux. If you have a better machine, it will run even better and you
will have a faster server. The hard disk has to be 4 gigabytes at least: the full
installation of Fedora needs about 4 gigabytes plus at least one gigabyte for virtual
memory (swap partition) and user’s data. All the software we need to do the
installation is downloadable from the Internet, or may be obtained from several
technical newspapers.

The installation of Fedora is quite simple: insert the first CD-ROM and let it
boot up from the CD itself, then follow the screenshots. In Fig. 3, the disk partitio-
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ning setup is shown; we can select the “Automatically partition” option to let the
installation software choose the best partition for our hard disk. The most impor-
tant part is the setup of the NIC (Network Interface Card). We will use the TCP/IP
protocol to let hosts in the network share data and talk to each other. Each host has
aunique codename, named IP address: we will give the server a private subnet class
C address, 192.168.0.1, with 255.255.255.0 as netmask. Enter this data in the form
shown in Fig. 4,and do not forget to disable any firewall option that willbe proposed
in the next screenshot.

After a few screenshots that let you choose the language, the time zone and
password for the root, and the administrator of the server, the real installation of
files in your PC will start.

At the end, the system will reboot and you will be asked to login entering your
username (root) and password. The installation of the system is done, now we need
only to setup the web server to start our anaesthesia intranet.

The web server installation

Apache is the most used web server [3] on the Internet and we are going to set it up
for our anaesthesia intranet service. The setup itself is very simple although the
configuration file of Apache is quite long: more than 1050 rows. Actually, we have
to change the content of just one row to make it work.

Most of the configuration files in Linux can be found in the directory /etc. The
Apache configuration files are in the directory /etc/httpd/conf. We will use a text
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Sl Modfiea  Mmslma Prefert Stamenti 2

et = 3 (%] @B (| Jcoa o e prefenn g tibmede ) iz -

bt 197, 153.0.1] | Eva  cokganens *

Test Page

This page 13 uzed to teat the proper speration of the Apache Wes serrer atter it has been installed [Fyeu can read tis page, it means that the Apache Wek sanmner
mstalled af fhis site 13 weoskng properdy.

If vou are the administrator of this website:
You may now add cosent to this deectory, and reglace fhis page. Mote that unsl you <o so. people wisiting your website will ses this page, and net your contsat.

T wou have uparaded from Fed it Tinee & 2 and earkier, then you are sesing this pags because te defall DocumentRaot set
=1 fece/ntopdfcont/ hotpd. cant has changed. Any subdiectorses which emisted under /howe/ hetpd should now be tooved 1o frar/one Alternanvely, the

coatents of fvaz/ wen zan be moved 7o/ heme/ bt pd, and the configuranon file can be updated accordingy

If you are a member of the general public:
The fact that you ars sesing this pags indicases that the wrsbats wou just wisited i= sither expeniencing problems, or is wdergoing rovine mambenance

If gou wreuld b o let the adremistratars of tae wrebaeite kacie that you've aeen e pege matead of the page yea expected, you shonld send them e-mal In
general, mal seat to the name “arcbmaster” and dwected to the webatte = domnan sheuld reach te appreprate persan.

Tor exzample, if you evperienzed probizms whils wisitng wene exampde com, Fou showld send e-mail to "wsbmastsr@example com”

Fig. 4. The manual setting of the NIC let you choose the host name and the IP adress
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editor to modify the configuration file: if you feel more comfortable with a GUI
(Graphic User Interface), just click on the RedHat icon in the lower left corner and
choose an editor, otherwise open a console window and use VI, the command line
editor.

The use of VI could be harder at the beginning, but is a very powerful tool for
the system administrator. Open up a command line editor and from the prompt
type the following command:

1# vi /etc/httpd/conf/httpd.conf

the output should be similar to what is shown in Fig. 5. As we see, the length of the
configuration file is more than 1050 rows, but we need to change only one statement.

VI has got three working modes, but we only need to know two of them: the
command mode and the insert mode. When we load it, VI is in command mode;
whatever key we press is intended as a command. The “/” key is the search
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command, whatever string we type after it is used as the pattern-matching text. Let
us type

/ServerName
the screenshot should change and it should show the following text marked:
# ServerName new.host.name:80

The “#” character is the remark command; it means that whatever is written
after it is not evaluated by the Apache server. We have to delete the “#” character
and type, instead of “new.host.name:80”, the real name of the host or its IP address.
If preferred, we can add the listening port; the default port for HTTP (the Web’s
protocol) is TCP 80, so we will not change it. To change the text, we have to switch
the working mode of VI from command mode to insert mode, which allows us to
edit the text. Let us move the cursor, with the arrow keys, near the ServerName
command and type the letter “I’; now we should be able to read “--INSERT--" in
the lower part of the screen. Change the statement as following

ServerName 192.168.0.1

To save the configuration file, we change the VI mode back to command, by
typing once on the ESC key (we do not see the “--INSERT--” text in the lower part
of the screen any longer). Let us type the following command:

wq

which means write the file and then quit the editor. If we wanted to quit without
saving our work, we can type

:q!

which means, just quit.
To be sure that the web server is running with the configuration file we just
modified, we have to restart it:

1# service httpd restart

Stopping httpd:[ FAILED ]
Starting httpd:[ OK ]

The first row of the message means that the web server was not running, the
second confirms that now the server is working.

To test that everything is correctly working we can open a web browser, like
Motzilla if we are working on the same PC, or IE if we are working on another PC
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of the network and type as URL the IP address of the server 192.168.0.1. The output
should be similar to the one in Fig. 6.

To publish HTML documents on the intranet, all we have to do is to put them
in the Document Root of the web server, the default Document Root is
/var/www/html. Whatever file will be moved to that directory, will be available for
all the user on the LAN. The best way to make files easily available is to create an
index.htm file to include links to the other files. A simple example of the index.htm
file could be the following:

<html>
<head>
<title>ICU Intranet Home Pagetitle
</head>
<body>
<hl>Welcome in the ICU Intranethl
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Fig. 6. This is what your browser will show if the conFig.tion of Apache is working good
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here you will find the most updated documents and
draft sheets.<br>

<a href="cover.doc">Cover example for reportsa - a
WinWord cover to use in reports.<br>

<a href="timetable.xls">The official timetablea</a>
<br>
<br>
<a href="mailto:sajevalanza@icu.it">Need any help? Wri-
te us an email!</a>
<hr>

</body>

</html>

We have to copy all the text in a file and save it as index.htm in the
/var/www/html directory. If we do not feel comfortable with HTML tags language,
we can use an editor like Macromedia Dreamweaver or Microsoft FrontPage that
is much more user-friendly and will help us in writing the code.

Conclusions

EU member states are supporting the Open Source initiative suggesting the adop-
tion of free software in government installation instead of commercial software.
The latest national laws suggest adoption of Open Source solutions in educational
structures as well, such as in schools and universities. It is clear that imprisoning
knowledge with license fees does not allow any improvement nor any growth.

The project proposed in this article aims to show how simple the installation of
an intranet based on Open Source OS could be. The use of Open Source does not
require financial investments in either hardware or software, but only investments
in the training of people to improve their computer skills. Hardware and software
get obsolete very quickly. That does not happen with investments in training: Open
Source is the key to improve the quality of our technical staff and of our computer
environment.
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Chapter 12

Lessons we have learnt from microdialysis in animals
and humans

C.H. NoRDSTROM

Microdialysis provides the opportunity for simple and continuous monitoring of
metabolic changes in tissues before they are reflected in the peripheral blood
chemistry or in systemic physiological parameters. The method was developed
more than 30 years ago for monitoring chemical events in the animal brain [1, 2]
and has become an accepted scientific standard technique with more than g9ooo
published studies. In the late 1980s the possibilities for monitoring the human brain
were first explored [3], and since then the technique has been used for biochemical
monitoring of most human tissues. However, the clinical usefulness of the techni-
que was delayed owing to lack of instruments suitable for clinical routine use,
including bedside monitoring of relevant biochemical variables.

In 1995 CMA Microdialysis (Stockholm, Sweden) introduced a sterile micro-
dialysis catheter, a simple microdialysis pump and a bedside biochemical analyser.
The instrumentation was originally intended for subcutaneous and intramuscular
use, but after slight modification the microdialysis catheter has also been used
intracerebrally as an integrated part of routine multimodality monitoring. In this
short review I will briefly discuss some principles and limitations of the microdialy-
sis technique and present data from experimental studies in animals and clinical
experience collected in various human tissues.

The microdialysis technique

The basic idea of microdialysis is to mimic the function of a blood capillary by
positioning a thin dialysis tube in the tissue. The membranous wall of the tube
allows free diffusion of water and solutes between the surrounding interstitial fluid
and the perfused solution (perfusate). The concentration gradients between the
interstitial fluid and the perfusate constitute the driving force for diffusion. The
molecular weight of the molecules being sampled is limited by the pore size of the
dialysis membrane (cut-off). The perfusate flows along the dialysis membrane
slowly and at a constant speed, and the sample (dialysate) is collected and analysed
biochemically.

The concentration of analytes achieved in the dialysate is dependent on the
degree of equilibration between the perfusate and the interstitial fluid. This is
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termed ‘relative recovery’ (recovery) and is defined as the dialysate/interstitial
concentration ratio expressed as percentage [4]. Accordingly, the microdialysis
technique does not give the absolute concentration of the biochemical variables
studied unless it is calibrated in vivo. When clinical microdialysis is performed as
a standardised routine technique (see below) this limitation is usually not signifi-
cant. However, there are some underlying factors that it is important to recognise.

Factors affecting recovery in vivo

The three most important factors affecting recovery during clinical routine condi-
tions are the area of the semipermeable membrane, the perfusion flow rate and the
diffusion in the surrounding interstitial fluid. As expected, the recovery increases
in proportion to the dialysis membrane area [8]. Compared with dialysis membra-
nes used in most experimental studies the microdialysis catheters intended for
clinical purposes are very large. The CMA/60 catheter, which is used in for example
in subcutaneous tissue, has a 30-mm-long dialysis membrane and the CMA/70
catheter used in the brain, a membrane length of 10 mm. The diameter of both
probes is about 0.6 mm, and the standard cut-off of the dialysis membrane (during
clinical routine) is 20 kDa.

The standard perfusion flow rate used during clinical routine is 0.3 ml/min,
which allows sampling every 30 min. Owing to the slow perfusion rate and the large
dialysis membranes recovery is high: in vivo recovery for the intracerebral
(CMA/70) catheter is approximately 70% for the biochemical variables used rou-
tinely (see below) [9]. (For the longer CMA/catheter it is approaching 90%.) If the
perfusion rate is increased to permit more frequent sampling recovery decreases
to about 30% at 1 ml/min [9].

The diffusion rate in the surrounding interstitial space is important and varies
with the molecular weight of the studied analytes and size and tortuosity (prolon-
gation of diffusion pathways due to cell membranes) of the interstitium. The
recovery may thus vary between tissues and changes with the pathophysiological
conditions. The problem has no significance for clinical routine, but is very rele-
vant, for example when microdialysis is used for quantitative pharmacokinetic
studies [10, 11]. The importance of the limitation imposed on diffusion by the
surrounding interstitial space also explains why it is useless to perform in vitro
calibration to compensate for the recovery in vivo.

Biochemical variables monitored during clinical routine

The biochemical variables used for routine monitoring during clinical conditions
are chosen to cover important aspects of cerebral energy metabolism and to give
indications of degradation of cellular membranes (Fig. 1). In normal conditions
glucose is the sole substrate for cerebral energy metabolism. In the cytosol it is
degraded to pyruvate (glycolysis) with a net yield of 2 ATP for each molecule of
glucose. Owing to the redox conditions part of the pyruvate (py) is converted to
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lactate (la). The la/py ratio reflects cytoplasmatic redox state, which can be expres-
sed in terms of the lactate dehydrogenase equilibrium:

[NADH] [H*] _  [Lactate]
[NAD'] [Pyruvate]

x KLpu

The la/py ratio thus gives information of tissue oxygenation. The major part of
pyruvate enters the citric acid cycle in the mitochondria with a net yield of another
36 ATP. The relation between the citric acid cycle and the important excitatory
transmitter glutamate is shown in Fig. 1. However, the glutamate level obtained by
microdialysis does not reflect liberation of the transmitter exclusively. The intra-
cellular concentration of glutamate is high and the concentration in the interstitial
fluid probably often reflects release from leaky cells.

Since the brain does not contain any triglycerides (TG) a high level of intrace-
rebral glycerol is considered to be a reliable indicator of degradation of the glyce-
ropospholipids of cellular membranes and cell damage [5, 6]. In other tissues, and
in particular in fat tissue, glycerol is mainly obtained from degradation of TG.
Lipolysis is under sympathetic control through catecholamine receptors on the
adipocytes, which are stimulated both by circulating catecholamines and by local

Glucose

F-1,6DP
DHAR BA-3P o
NALH
bod FFA l Citrate
G-3-P Pyruvate cycle
ADP NADH
Glycero-
atp Phospholipids —— a-KG

/ (TG) N
Glycerol Lactate Glutamate

Fig. 1. Simplified diagram of intermediary metabolism of the glycolytic chain and its relation
to the formation of glyceroland glycerophospholipids and to the citric acid cycle. Underlined
metabolites are measured at the bedside with enzymatic techniques (F-1,6-DP fructose-1,6-
diposphate, DHAP dihydroxyacetone-phophate, GA-3P glyceraldehyde-3-phosphate, G-3-P
glycerol-3-phosphate, FFA free fatty acids, TG triglycerides, a-KG a-ketoglutarate)
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noradrenergic nerve endings. The glycerol level in subcutaneous fat tissue may be
used as an indicator of physical and of mental stress [7].

During clinical routine the biochemical variables are analysed with a CMA 600
Microdialysis Analyser (CMA Microdialysis, Stockholm, Sweden). This analyser
uses enzymatic and colorimetric techniques. The reagent enzymatically oxidises
the substrate, and hydrogen peroxide is formed. Peroxidase then catalyses the
reaction between the hydrogen peroxide, 4-amino-antipyrine and phenol (3,5-di-
chloro-2-hydroxy-benzene sulfonic acid in the case of glycerol, and N-ethyl-N-(2-
hydroxy-3-sulfonylpropyl)-m-toluidine in the case of pyruvate) to form red-violet
quinoneimine or quinonediimine. The rate of coloured substance formation is
proportional to the substrate concentration, which is photometrically measured at
a wavelength of 546 nm.

Clinical microdialysis

The microdialysis technique has been used in most human tissues, as shown in Fig.
2. At this point I will here only briefly review some data from the tissues surrounded
by frames in Fig. 2. Since microdialysis is an invasive technique, the tissue damage
caused by the catheter and the possible complications are of great importance.
These risks may be most obvious during intracerebral microdialysis, and the brain
is also the organ in which we have most clinical experience.

Clinical microdialysis
[Brain]

&

L Head & neck im. |
: Breast tissue

Heart

: Intravenous
Liver
Irtestine Subcutaneous |

Intacutaneous

Intra- _

erifoneal Bone tissue
Intra- Femoral i.m. & s.c.
uterine

Tibial i.m. & s.c.

Achilles tendon |

Fig. 2. Human tissues that have been studied with the microdialysis technique. Tissues within
frames are discussed in the text
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It is essential that the blood-brain barrier (BBB) remains intact during micro-
dialysis, and many experimental studies have shown that this is the case [12, 13].
The initial tissue damage causes a disruption of the BBB that is visible <10 min after
insertion, but the BBB appears to be intact again after 30 min [14]. Histological
examinations have described the tissue reactions in the rat brain surrounding the
microdialysis probe [15]. Within the first 2 days the neuropil is normal and only
occasional haemorrhage surrounds the probe. On the 3rd day an astrocytic reaction
is seen, using antiserum against glial fibrillary acidic protein. Fourteen days after
implantation there are layers of reticulin-positive fibres surrounding the dialysis
membrane. Similar reactions may occur in the human brain, but it should be
underlined that, in contrast to the experimental situation, catheter insertion and
all surgical procedures are performed under sterile conditions in the clinical
situation. In addition, the relation between the sizes of the brain and of the probe
is very different for rat and for human, and wide species variations exist, for
example in the proportions of neurons to astrocytes.

We have used intracerebral microdialysis as a routine clinical monitoring
technique in almost 300 patients (most of them with multiple intracerebral cathe-
ters), and we have not observed any complications of this technique.

Subcutaneous and myocutaneous microdialysis

Since the glucose concentration in the extracellular space of the subcutaneous
adipose tissue closely mirrors the blood glucose concentration, microdialysis
might be an ideal technique for frequent analysis of the glucose level. Subcutaneous
or myocutaneous microdialysis may also be used for tissue monitoring after plastic
surgery.

Subcutaneous

A reliable method for long-term, continuous in vivo monitoring of blood glucose
concentrations in insulin-dependent diabetes has been sought for several decades.
In 1993 Bolinder et al. [16] suggested subcutaneous microdialysis as a solution to
this problem. Their studies showed that microdialysis could be used for conti-
nuous, long-term monitoring in diabetic patients during ordinary daily life and
that the daily glucose profiles could be used for tailoring insulin therapy. In a
follow-up study it was shown that the true diurnal variability was too great to be
accurately reflected even by frequent self-monitoring of the blood glucose level [17].

The importance of careful control of the blood glucose level was recently
emphasised by the observation that maintenance of a blood glucose level below 6
mmol/l significantly reduced mortality in intensive care patients [18, 19]. To inve-
stigate whether the subcutaneous glucose level also accurately reflect blood glucose
levels during intensive care, we performed a study in 62 severely head-injured
patients (2434 simultaneous analyses of glucose concentration in arterial blood and
subcutaneous adipose tissue) [20]. With the techniques used in the study (perfu-
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sion flow 0.3 pl/min; membrane length 30 mm), the recovery of glucose from
subcutaneous adipose tissue has been shown to be between 0.79 [21] and 0.9 [22].
Since the ratio blood/plasma glucose concentration is approximately 0.9, we would
expect that in ideal circumstances the interstitial glucose concentration would be
equal to blood glucose concentration divided by 0.9 and, since recovery for glucose
with the present technique is approximately 0.8, the glucose s.c./glucose blood ratio
obtained would be close to 0.9. In many patients a very good correlation was
obtained, as illustrated by two cases in Fig. 3.

Glucese
mmel/L
Patient 1
20
— 0 — Glucose s.c.
— & — B-glucese
10
Patient 2
20—
— 0 — Glucose s.c.
— & — B-glucose
10—

Fig. 3. Comparison of glucose level in subcutaneous fat tissue obtained by microdialysis and
the simultaneous blood glucose levels in two patients during intensive care after severe
traumatic brain injury

However, comparison of the average glucose concentration in blood
(mean+SEM) and interstitial fluid of subcutaneous adipose tissue (mean+SEM) in
all 62 patients during the first 24 h after start of intensive care (Fig. 4) showed that
the glucose s.c. was significantly higher (P<o.001) during the period 6-7 h after the
start than 1-2 h after the start, although the blood glucose concentration did not
change significantly. The ratio glucose s.c./glucose blood increased slowly during
the first few hours and was approximately 0.85 by 67 h after start of treatment.
The ratio continued to increase slowly and was above 0.90 about 60 h after start
of treatment.
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Fig. 4. Average glucose concentration (mean valuexSEM) in blood (B-glucose) and intersti-
tial fluid of subcutaneous adipose tissue (Glucose s.c.) in 62 patients during the first 24 h
after the start of pharmacological treatment to counteract stress reaction and increased ICP

During the first few hours after trauma many patients were probably under
sympathetic stress with peripheral vasoconstriction although their vital functions
had been secured. We assume that our antistress/antihypertensive treatment pro-
tocol [23] affected the balance between local consumption rate and delivery of
glucose. A close correlation between glucose s.c. and glucose blood, similar to that
obtained in diabetic humans in normal conditions [16, 17], was not obtained until
the initial stress reaction had been treated, as revealed by the decreases in MAP,
lactate s.c. and glycerol s.c. (c.f. [20]).

Myocutaneous

Myocutaneous flaps have been increasingly used in reconstructive surgery. Despite
technical advances and improved surgical skills 1-10% of free flaps fail, which is
commonly due to postoperative thrombosis of the vascular pedicle. R6jdmark et
al. [24] used microdialysis to study the biochemical changes induced during flap
transfer. They defined the biochemical changes observed during ischaemia and
suggested that the technique might be useful in postoperative flap surveillance.
They also conducted a postoperative study of ten women previously treated for
breast cancer who underwent reconstruction with transverse rectus abdominis or
latissimus dorsi flaps [25]. The postoperative biochemical changes were monitored
for 24 h, and the authors concluded that the microdialysis technique seemed to be
well suited for continuous monitoring of tissue metabolism in myocutaneous flaps
of different origin.

Recently, a microdialysis study demonstrated the changes of glucose, lactate,
and pyruvate in an experimental model of microvascular flap during ischaemia and
reperfusion [26]. The authors concluded that decreasing glucose levels and increa-
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sing lactate concentrations were associated with arterial and venous occlusions
from the first hour of ischaemia. In venous ischaemia, lactate concentrations
remained lower than those in arterial ischaemia. The increase in la/py ratio and
lactate/glucose ratio was related to ischaemia and also discriminated between
arterial and venous occlusion.

Microdialysis of the liver

After liver transplantation some degree of clinical and biochemical dysfunction
invariably occurs. Early detection of vascular complications, such as arterial and
portal vein thrombosis, are especially important in the early transplantation pe-
riod. In an experimental study in the pig, Nowak et al. [27] used intrahepatic
microdialysis to study the levels of glucose, pyruvate, lactate and glycerol before
surgery, during cold storage of the liver and during implantation and recirculation.
After cold perfusion glucose, lactate and glycerol levels increased, whereas pyru-
vate rapidly decreased. During cold storage glucose and glycerol levels increased,
lactate remained stable and pyruvate levels were undetectable. After portal reper-
fusion glucose, lactate and glycerol continued to increase for about 60 min, slowly
normalizing thereafter. The la/py ratio calculated initially increased but remained
stable during cold storage. During rewarming it showed an accelerated increase,
but after reperfusion the la/py ratio rapidly normalised.

Knowledge of these metabolic patterns during experimental conditions was
used to interpret changes obtained in ten consecutive patients undergoing whole-
organ orthotopic liver transplantation [28]. The authors concluded that the micro-
dialysis procedure was easy to perform and safe and described the metabolic
profiles reflecting recovery of the liver graft from ischaemia-reperfusion injury.

Intraperitoneal microdialysis

The intestinal tract and the intraperitoneal cavity are of considerable interest
during intensive care. A suitable monitoring technique would be valuable for more
than diagnosis of disorders of the visceral organs and for postsurgical surveillance.
During shock and multiorgan failure splanchnic ischaemia is a major contributory
component. Microdialysis of the intestinal wall has been performed in many
experimental studies and most of these experiences were recently reviewed and the
data extended in a doctoral thesis [28]. However, microdialysis of the intestinal wall
would probably be difficult to perform in clinical conditions.

On the basis of experimental studies, intraperitoneal microdialysis (IPM) was
recently suggested as a possible clinical method [30]. In a pig model, intestinal
ischaemia was induced by occlusion either of the superior mesenteric artery or of
arcus vessels supplying a 30-cm-long small bowel segment. The authors concluded
that IPM might also be a good monitoring technique for the early detection of
intestinal ischaemia in clinical conditions.
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The IPM technique was subsequently introduced for biochemical monitoring
after major abdominal surgery, and the results have been presented in a series of
publications [31-35]. Although the number of patients studied is still limited and
the data must be regarded as preliminary, IPM seems to have the potential for
becoming an important technique in clinical routine monitoring and in further
clinical scientific investigations.

Intracerebral microdialysis

The majority of clinical studies utilising microdialysis have been performed in the
brain. As mentioned above, the biochemical variables used during routine moni-
toring have been chosen to cover important aspects of cerebral energy metabolism
(glucose, pyruvate, lactate), to indicate excessive interstitial levels of excitatory
transmitter substance (glutamate) and to give indications of degradation of cellular
membranes (glycerol). Most basic principles of cerebral energy have been known
for decades [35]. However, it might be useful to review how the levels of these
measured biochemical variables vary during experimental, transient cerebral
ischaemia when the microdialysis technique is used for sampling.

Fig. 5A shows changes in the intracerebral levels of glucose and lactate and in
the la/py ratio after the induction of cerebral ischaemia. In Fig. 5B the changes in
the la/py ratio are compared with the simultaneous changes in the levels of gluta-
mate and glycerol. In this experimental study transient brain ischaemia was indu-
ced in fetal lambs in utero by occlusion of the umbilical cord followed by resusci-
tation after cardiac standstill (Amer-Wahlin et al., paper in preparation). The
microdialysis technique was identical to that used during clinical conditions except
that the perfusion rate was increased (1.0 pl/min) to allow frequent sampling
(which explains the basal levels of the biochemical variables). Induction of ischae-
mia caused an almost instantaneous increase in the la/py ratio shortly afterwards,
followed by an increase in the glutamate level. Glucose, pyruvate, and glutamate
rapidly recovered after resuscitation, but the levels oflactate and glycerol continued
to be elevated.

These data are of importance for the interpretation of our clinical findings. The
la/py ratio, reflecting the redox state of the cytoplasm, will increase immediately
when delivery of oxygen is insufficient and will rapidly return to a near-normal
level on reoxygenation. The lactate level rapidly increases during ischaemia but
remains elevated when circulation is restituted. Glycerol, the indicator of degrada-
tion of cellular membranes, increases relatively slowly during energy failure and
remains elevated for some time when energy metabolism is normalised. The
interstitial glucose level, finally, reflects the balance between delivery from the
blood capillaries and the cellular uptake.

It is important to realise that the microdialysis technique gives biochemical
information only on a small volume surrounding the catheter. However, the
regional differences in blood flow and energy metabolism are considerable in most
pathophysiological conditions, and most adverse secondary events primarily affect
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Fig. 5 Changes in intracerebral biochemistry during transient global cerebral ischaemia
A Levels of glucose and lactate (mean+SD), and the lactate/pyruvate (la/py) ratio
B Ratio of lactate to pyruvate and levels of glutamate and glycerol (mean+SD)

the sensitive penumbra zones surrounding focal lesions [36]. The fact that micro-
dialysis is a regional technique may thus be regarded as an advantage, providing
the positioning of the catheters can be visualised in relation to the focal injuries.
Since the CMA/70 catheter has a thin gold thread placed in the tip of the probe it
can be visualised on routine CT-scanning (Fig. 6). This gold thread does not
interfere with MR scanning (but the perfusion pumps must naturally be discon-
nected and removed during the scan).

Intracerebral microdialysis hasbeen introduced in many neurosurgical centres,
and the number of published scientific studies is approaching 700. In a subsequent
short review I will discuss some of the experience collected in these studies.

Other aspects of clinical microdialysis and the potential for clinical
research

Asillustrated in Fig. 2, microdialysis has been used in various human tissues, most
frequently to investigate or monitor energy metabolism as one part of clinical
routine. However, microdialysis is an open technique, permitting sampling of
practically all stable biochemical compounds provided they can pass the dialysis
membrane. The technique can also be used to deliver substances to the interstitial
fluid from the perfusate. For routine purposes, catheters with a membrane cut-off
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Fig. 6. Postoperative CT scanillustrating positioning of one microdialysis catheter ina ‘worse’
position (1) in the penumbra zone close to superficial contusions after evacuation of an acute
subdural haematoma and removal of the bone flap. One microdialysis catheter is placed in
the contralateral hemisphere - a ‘better’ position (2) - close to the ventricular catheter (v.c.)

of 20 kDa are used, but 100-kDa catheters are available for clinical purposes, and
these also allow the study of larger molecules (e.g. cytokines). When these catheters
are used some technical precautions, such as addition of colloids to the perfusate,
must be taken to avoid interstitial loss of the perfusing fluid [37].

That use of the microdialysis technique can sometimes lead to quite unexpected
clinical discoveries is illustrated by a study of patients with chronic Achilles tendi-
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nosis [38]. In this study the authors found high levels of glutamate but no signs of
inflammation and no increase in prostaglandin E2 in patients with chronic Achilles
tendon pain. Surprisingly, a subsequent study showed that eccentric training relie-
ved the pain but did not decrease the glutamate level in the tendon [39].

The microdialysis technique has great potential for clinical scientific studies.
This fact is illustrated by the possibilities of measuring the interstitial concentra-
tions of various drugs and even performing quantitative pharmacokinetic studies.
The brain may seem to the most difficult tissue for such investigations, but owing
to the BBB and the wide functional differences in different regions, it is perhaps
also the most challenging target. Two recent publications have shown that it is
possible to accomplish such pharmacokinetic studies [10, 11].
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Chapter 13

Secondary brain injury — does microdialysis have a role?

M. SmitH

Traumatic brain injury (TBI) is the leading cause of mortality in the first four
decades of life, and the incidence of significant morbidity, even in milder forms of
injury, is high. TBI is therefore a huge socio-economic problem, because most of
the people it affects are adults in their most productive years and it contributes
massively to the prevalence of long-term disability. There have been marked
improvements in the treatment of patients with severe TBI over the last decade,
which have led to reductions in both mortality and morbidity. Advances in mana-
gement have been achieved in the pre-hospital setting, in the A&E department and
in the intensive care unit, although it is difficult to pinpoint exactly at which points
of the management pathway the advances have made the greatest contribution to
improved outcome. However, secondary brain injury has a significant adverse
effect on outcome and prevention, and its recognition and treatment are crucial to
the successful management of TBI.

Pathophysiology of severe TBI

Head injury is a heterogeneous diagnosis encompassing a wide range of patholo-
gies, including diffuse axonal injury, focal contusions and space-occupying hae-
matomas. Primary brain injury is the direct result of mechanical trauma applied at
the moment of impact and causes variable degrees of irreversible cell damage
attributable to physical disruption of neurones or axons (Table 1). It cannot be
treated by medical intervention, although early evacuation of an expanding intra-
cranial mass lesion reduces morbidity and mortality. Secondary brain injury begins
from the moment of primary traumatic injury and develops during the subsequent
minutes, hours and days, causing further neuronal damage and worsening the
ultimate neurological deficit. It represents additional insults to the ‘at risk’ neuro-
nal tissue and is essentially ischaemic in nature.

Secondary brain injury can usefully be divided into two components - secon-
darybrain damage and secondary brain insults [1]. Secondary brain damage occurs
following activation by the primary injury of an auto-destructive cascade of ionic,
metabolic and immunological changes that render the brain more susceptible to
secondary insults and ultimately results in irreversible neuronal damage or death.
The causes of secondary brain damage include the release of excitotoxic amino
acids such as glutamate and aspartate, production of oxygen free radicals and
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Table 1. Primary and secondary brain injury

Causes of primary brain injury Causes of secondary brain injury
Intracranial Extracranial
Diffuse axonal injury Expanding haematomas Systemic hypotension
Haemorrhagic contusions Brain swelling Hypoxaemia
and lacerations Seizures Hypercapnia
Extradural haematoma and hypocapnia
Subdural haematoma Hyperthermia
Traumatic subarachnoid Hyperglycaemia
haemorrhage and hypoglycaemia
Disturbances of blood
coagulation

increased production of lactate and hydrogen ions [2]. The final common pathway
of these processes is the entry of calcium into cells, with consequent cellular swelling
and cell death. Because the brain is located inside the rigid cranium, such swelling
results in an increase in intracranial pressure (ICP) and a reduction in cerebral
perfusion pressure (CPP). This leads to a further reduction in oxygen delivery and
worsening cerebral ischaemia, causing increased acidosis and further glutamate and
free radical release, thereby setting up a vicious cycle of ischaemic injury.

Secondary brain insults arise from both systemic and intracranial changes
(Table 1) that initiate or propagate pathophysiological processes and cause fatal
damage to neurones already rendered susceptible to injury by the primary insult.
Systemic hypotension and hypoxaemia are major causes of secondary brain injury
and are primary determinants of adverse outcome after TBI [3]. Profound changes
occur in CBF after TBI, and up to one third of patients sustain significant cerebral
hypoperfusion in the first few hours after injury [4]. Pressure autoregulation may
also be obtunded or abolished, making CBF dependent on systemic blood pressure
and rendering the brain susceptible to damage at both high and low pressures. In
particular, systemic hypotension is a potentially lethal complication after TBI [5].
Secondary brain insults are largely preventable or treatable and can be manipulated
by clinicians throughout their course [6].

Secondary brain injury is therefore a major determinant of the cerebral ischae-
mic burden after TBI, which is the dominant factor determining neurological
outcome. Regional and global cerebral ischaemia have been detected after brain
trauma both during intensive care management [7] and, in 90% of patients, at
post-mortem examination [8].
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Intensive care management after TBI

The aim of intensive care management of TBI is to restore and maintain the brain’s
normal physiological environmentin order to prevent or treat secondary ischaemic
brain injury. The vicious cycle of secondary brain damage and secondary insults
develops rapidly, and the goal of treatment is to reverse or prevent cerebral
ischaemia so as to prevent further ischaemic neuronal damage. In the absence of
pharmacological neuroprotective strategies, the maintenance of systemic physio-
logy, which involves ICP- and CPP-guided therapy, is of crucial importance.
Specialist neurocritical care should be available for all patients with severe TBI and
is likely to improve outcome [9].

The delivery of targeted neurocritical care after TBI depends on the ability to
monitor pathophysiological changes at and around the site of injury, and also in
remote regions where compensatory changes may occur. Regional and global
changes in cerebral haemodynamics and oxygenation frequently follow head injury
[7, 8] and often go undetected by many monitoring techniques. A major problem
with conventional monitors is that they are ‘reactive’ or ‘reflective’—i.e. they signal
functional changes after they have occurred, when significant secondary brain
injuryis already established. The challenge for clinicians is to develop and establish
monitoring techniques that deliver relevant ‘predictive’ information within a cli-
nically useful time-scale, so that potential windows for targeted treatment may be
identified and exploited. Early detection of biochemical markers of ischaemia by
microdialysis may offer such potential after TBI.

Cerebral microdialysis and secondary brain injury

Cerebral microdialysis is a well-established laboratory tool that is increasingly used
for bedside monitoring to provide on-line analysis of brain tissue biochemistry
after TBI [10-12]. The cellular pathology that occurs after TBI is reflected in
metabolic changes in brain extracellular fluid (ECF), and microdialysis measures
early biochemical markers of cerebral ischaemia and therefore has the potential to
monitor the processes of secondary injury [13]. It may allow the identification of
patients at risk of developing secondary injury and guide therapy within clinically
useful time-scales, thereby potentially reducing secondary brain damage and im-
proving outcome [14]. Conventional bedside microdialysis with commercially
available equipment (e.g. CMA Microdialysis, Solna, Sweden) allows measurement
of ECF lactate, pyruvate, glucose, glycerol and glutamate concentrations, thus
providing an on-line profile of brain tissue biochemistry at the bedside.

The biochemical changes that accompany cerebral ischaemia have been well
described, and particular importance attaches to the change in the redox state of
the cell as evidenced by changes in the lactate-to-pyruvate ratio (LP ratio). After
TBI, a high LP ratio has been found to be correlated with the severity of clinical
symptoms and fatal outcome [11, 15], and it is a more reliable marker than lactate
concentration alone [16]. The LP ratio is also independent of catheter recovery in
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vivo [17] and is therefore a prime candidate for use as an early biomarker of
ischaemia. Cerebral ischaemia is also paralleled by a decrease in ECF glucose and
an increase in glutamate and glycerol concentrations [18, 19].

Several clinical studies have demonstrated the presence of abnormal LP ratio
and of abnormal glucose, glycerol and glutamate levels following severe TBI, with
wide variations in microdialysis variables not only between different subjects but
also within individual subjects over time [10-12, 15]. An early study reported 25-fold
increases in LP ratio and glutamate concentration after brain injury [10], and it has
since been demonstrated that such variations reflect the high and changing levels
of metabolic activity within the injured brain [20].

As discussed previously, cerebral ischaemia results in failing cellular metabo-
lism and subsequent release of excitotoxic amino acids, production of oxygen free
radical and tissue acidosis. If unchecked, these changes will lead to further cellular
swelling and a vicious circle of worsening cerebral ischaemia causing increasing
tissue acidosis and further excitotoxic and peroxidative damage. Microdialysis
might therefore be expected to detect ischaemia-induced changes in brain bioche-
mistry before changes can be detected by more conventional monitoring techni-
ques. It has recently been demonstrated that, as well as being associated with
intracranial hypertension, a rise in LP ratio often precedes its development [12]. In
other words, the LP ratio not only reflects the cerebral ischaemia that follows
elevations in ICP and reductions in CPP, but also detects biochemical markers of
ischaemia at the cellular level before the onset of intracranial hypertension. Even
in the presence of adequate cerebral perfusion, damaged neurones are unable to
utilise energy substrates adequately, because of mitochondrial failure [21, 22]. In
such circumstances, a high LP ratio might signify the inability of the damaged
mitochondria to utilise the aerobic metabolic pathway fully and so to maximise the
efficient extraction of energy from the available pyruvate, thus reflecting a shift
toward the energy-inefficient fermentation pathway producing lactate. In a recent
study, LP ratio >25 and glycerol >100 pmol/l were able to predict a subsequent rise
in ICP during the next 3 h [12]. Because intracranial hypertension is known to be
associated with poor outcome after TBI, these findings support previous work that
has demonstrated a relationship between abnormal microdialysis variables and
adverse outcome [11]. The site of catheter placement is important. Microdialysis
data from a catheter placed in ‘at risk’ tissue is able to detect biochemical deterio-
ration before an increase in ICP, whereas data from a catheter placed in ‘normal’
brain usually observes biochemical changes after the increase in ICP [15]. The
detection of an abnormal LP ratio by microdialysis in the penumbral region, in the
presence of normal ICP, should not therefore be interpreted exclusively as an
established and irreversible ischaemic change. It might also reflect an early mani-
festation of mitochondrial impairment that precedes, rather than follows, wide-
spread cellular swelling and intracranial hypertension.

Some episodes of intracranial hypertension occur as a result of mechanical
events, such as coughing, nursing interventions, physiotherapy or the expansion
of an intracranial haematoma or hydrocephalus. Obviously such events cannot be
predicted by brain biochemical monitoring and may explain why rises in ICP can
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be positively predicted by high LP ratios in only 53% of cases [12]. Cerebral
microdialysis does not therefore replace the standard investigation of sudden
elevations in ICP, such as CT scanning. However, in the absence of mechanical or
surgically remedial causes of intracranial hypertension, microdialysis demonstra-
tes impending ischaemia after TBI with reasonable specificity [12]. A recent study
in patients with subarachnoid haemorrhage (SAH) showed that microdialysis was
also able to predict the occurrence of a delayed ischaemic deficit with 75-90%
sensitivity and specificity, on average 11 h before its clinical appearance [24].

Despite recent data highlighting the predictive value of microdialysis, one study
found no correlation between interstitial glycerol concentration and secondary
events, such as intracranial hypertension and low CPP, in 15 TBI patients [23].
However, this study did demonstrate that glycerol concentrations <150 pmol/l were
associated with favourable outcomes whilst a peak glycerol concentration >150
pumol/l had a positive predictive value of 100% for unfavourable outcome. The
authors conclude that measuring glycerol is not useful for the early detection of
secondary adverse events, but suggest that the positive predictive value of peak
glycerol 150 pmol/l for an unfavourable outcome is an indicator the severity of
parenchymal damage. A rise in ECF glycerol concentration occurs following break-
down of glycerol-phospholipids in cell membranes and indicates that tissue ischae-
mia has already progressed to cell damage. Although high glycerol values do reflect
the severity of ischaemic damage and indicate that some neurones are already dead,
they should not be interpreted as meaning that there is no scope for intervention
to prevent further damage. If the microdialysis probe is correctly placed in the
penumbra, rises in glycerol concentration whilst the ICP is still normal suggest that
the biochemical damage is spreading outward from the epicentre and is affecting
the area where the probe is implanted. If unchecked, the damage will progressively
extend to neighbouring areas and will eventually result in diffuse swelling detecta-
ble by ICP monitoring. It is therefore possible that rises in glycerol concentration
in the penumbra predict diffuse secondary changeslater occurring on a global level.

Although a recent study has failed to demonstrate a predictive element in
elevation of glutamate concentration after TBI [12], previous work in patients with
SAH has demonstrated that glutamate is a sensitive indicator of impending ischae-
mia [25]. The failure to demonstrate a predictive effect of rises in glutamate
concentrations after TBI might be related to the very wide variation in glutamate
concentrations between and within individuals, as well as to selection of an inap-
propriate threshold value. Glutamate is a well-known marker of ischaemic damage
and has a crucial role in provoking cell death by opening calcium channels.
Intuitively, therefore, it seems it should be an attractive biomarker for prediction
of secondary deterioration after TBI.



144 M. Smith

Novel biomarkers

Cerebral microdialysis is a method that might also allow measurement of proteins,
neurotransmitters, cytokines and other inflammatory markers from brain ECF.
Protein S100B is released following astrocyte disintegration, and changes in plasma
S100B concentration have been correlated with rises in ICP and adverse clinical
outcome after brain injury [26]. It has recently been demonstrated that measure-
ment of brain ECF S100B by microdialysis using conventional microdialysis cathe-
ters is practical and reliable [27]. In this pilot study, brain ECF S100B (eS100B)
concentrations were ‘event related’, and mean daily eS100B concentration was a
sensitive predictor of mortality. Temporal profiles of brain eS100B concentration
might therefore provide additional clinical information, and measurement of
eS100B using microdialysis warrants further investigation as a clinical tool. As well
as having the potential to become a major neuromonitoring tool, microdialysis
might also provide a unique opportunity for clinical neuroscientific research.

Conclusions

Cerebral microdialysis is able to detect changes in brain tissue biochemistry that
are associated with secondary brain injury after TBI. Recent evidence suggests that
it might also have the potential to provide an early warning of secondary cerebral
deterioration, thereby potentially allowing the opportunity to deliver targeted
therapy before irreversible neuronal damage occurs. The measurement of other
biomarkers of brain injury, such as S100B and novel inflammatory markers, might
allownew applications to be developed. Further work on the testing and application
of microdialysis in the clinical arena is warranted but, in the meantime, microdialy-
sis provides useful additional information within the context of multimodality
monitoring after brain injury.
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Chapter 14

Liver graft monitoring with intrahepatic microdialysis

G. Nowak

Liver transplantation has become a standard therapy for many patients with
various liver diseases after the declaration by the National Institutes of Health in
the USA in 1983, that “liver transplantation is a therapeutic modality for end-stage
liver disease that deserves broader application” [1]. In Europe, more than 4000 liver
transplants are performed each year, and already more than 100,000 transplants
have been carried out so far [2, 3]. Despite an improvement in liver preservation
and surgery, the problem of graft dysfunction still persists [4]. In fact, liver function
after transplantation is determined not only by the quality of the donor organ or
recipient-related factors, but also by factors associated with the transplantation
procedure. In general, liver transplantation consists of two operations: liver pro-
curement from the donor and liver implantation in the recipient. Organ procure-
ment has become standardized and is based on in situ organ perfusion, in which
the liver is perfused with cold preservation solution in the donor. The period
between harvesting the organ and transplantation of the graft into the recipient
involves ischaemia since there is no blood and oxygen supply during this period [5].
Two types of ischaemia occur during transplantation: (1) cold ischaemia, when the
liver graft is harvested from the donor and kept cool to reduce its metabolic rate;
and (2) warm ischaemia, during implantation in the warm environment before
proper re-vascularisation of the graft in the recipient. Because of the double blood
supply in the liver (i.e. portal vein and hepatic artery), the process of liver reperfu-
sion can also be divided into two parts, portal and arterial reperfusion.

The ischaemic liver injury that occurs during liver preservation is almost
invariably connected to clinical and biochemical liver dysfunction occurring early
after procurement. At the time of organ reperfusion during the recipient operation,
additional injury occurs to the ischaemic liver, known as reperfusion injury. These
two events are usually referred to as ischaemia-reperfusion injury and contribute
to post-transplant primary graft dysfunction, which ranges from minor, insignifi-
cant abnormalities to primary graft non-function. The incidence of primary graft
non-function varies widely depending on the definition used [6]. Commonly used
definitions of primary graft non-function are death or re-transplantation within 2
weeks after liver transplant [7]. The reported incidence of primary graft dysfunc-
tion, including non-function, after liver transplantation is as high as 23% of patients
[7, 8]. Although patients with primary graft dysfunction usually steadily improve
with conservative treatment, increased morbidity, prolonged intensive care [6],
and an increased incidence of subsequent graft rejections are still observed in these
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patients [9]. Moreover, up to 30% of patients with graft dysfunction need re-tran-
splantation within the first 3 months after transplantation [4, 8,10], which increases
the demand on an already small pool of donor organs. Therefore, early detection
and monitoring of complications such as primary graft non-function is of great
clinical importance [11].

Another major cause of patient morbidity and mortality early after transplan-
tation is caused by vascular complications, such as thrombosis of the hepatic artery
or of the portal vein. Hepatic artery thrombosis occurs in 2-24% of transplanted
patients and is more often observed in children than in adults [12, 15]. The incidence
of this complication depends not only on the surgical technique used but also on
the duration of graft preservation and graft rejection [16, 17]. The clinical presen-
tation of arterial thrombosis may range from fulminating hepatic failure to late
biliary complications [18, 19]. An untreated arterial thrombosis may result in
further complications, such as sepsis, hepatic necrosis, coagulopathy, bile leaks or
biliary abscesses. However, in some instances, especially in children, arterial
thrombosis may occur without any symptoms. Most adult patients require re-tran-
splantation, whereas children often develop arterial collaterals to the liver with
sufficient arterial blood supply [17]. Portal vein thrombosis is a rare complication,
occurring in 1-2% of all patients, but in up to 10% of children [13, 14, 20]. Although
successful surgical intervention with good long-term outcome is possible in case
of vascular thrombosis in the transplanted liver, early detection of these complica-
tions is essential. Therefore, since ischaemia-reperfusion injury and post-tran-
splant vascular complications have an impact on hepatic metabolism, intrahepatic
microdialysis technique may be ideal for monitoring the transplanted liver and
identifying post-transplant complications.

One of the most important aspects of hepatic transplantation is the ability of
the liver to regenerate energy-rich compounds, such as adenosine triphosphate,
after transplantation [21, 22]. The major source of metabolic energy for cells both
in the presence and absence of oxygen is glucose. Under physiological conditions
during glycolysis, glucose is metabolised into pyruvate resulting in energy produc-
tion. In the presence of oxygen, pyruvate enters the citric acid cycle. During
ischaemia lactate is produced from pyruvate in order to maintain anaerobic gly-
colysis with low energy production [23]. Therefore, monitoring of lactate and
pyruvate levels reveals whether aerobic metabolism is occurring or not [24].
Glycerol is an end product of lipolysis in adipose tissue and it is also an indicator
of membrane disintegration during such events as ischaemia [25, 26]. Loss of
energy leads to an influx of calcium and an activation of phospholipases, which
split glycerol away from the cell membrane. Oxygen-derived free radicals also
contribute to this membrane damage [27]. It has been shown that during brain or
skin flap ischaemia, when supplies of glucose and oxygen are diminished, tissue
lactate and glycerol increase, while glucose and pyruvate decrease [26, 28-30].
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Intrahepatic microdialysis technique

Usually, two microdialysis catheters are used, one intrahepatic catheter and one
subcutaneous reference catheter. The reason for using two catheters is to distin-
guish local metabolic changes in the monitored liver (intrahepatic catheter) and
systemic changes (reference catheter reflecting changes in the blood).

The reference catheter is inserted subcutaneously in the adipose tissue over the
left or the right pectoral area. This is done by lifting a skin fold with one hand and
pushing the microdialysis catheter, resting inside a steel slit cannula introducer,
through a hole in the skin made by the needle. The introducer is withdrawn while
the catheter is held firmly in place. The catheter is secured with two thin sutures.
For implantation of intrahepatic microdialysis catheter, a plastic guider with a steel
cannula is used. The point of insertion of this cannula in the liver can differ but
usually includes segment IV. After removal of the steel cannula, the microdialysis
catheter is inserted into the plastic guider, which is then removed by splitting it. A
secure suture is made on the cuff, surrounding the inflow and outflow tube, and
fixed to the falciform ligament or to the margin of the liver to prevent movements
of the membrane. Intrahepatic catheter tubes are led out through the middle
portion of the abdominal incision or via a tunnel in the abdominal wall.

Microdialysis catheters are perfused with perfusion solution (Ringer solution)
using microinfusion pumps at a flow rate of 0.3 pl/min. At least 20-25 min of
perfusion is considered necessary to flush the microdialysis catheter, after which
the collection of samples starts. Microvials are changed at a minimum of 20-min
intervals in order to collect enough fluid for basic analyses, including glucose,
lactate, pyruvate and glycerol. Intrahepatic microdialysis was carried out for over
9 days without the occurrence of any complications related to the technique. The
vials with the collected microdialysis perfusate are placed in an analyser, which
contains spectrophotometric assay. Analyte-specific enzymatic reagents that mix
with the sample and results in oxidative formation of hydrogen peroxide-are used.
The most frequently used method allows measurements of pyruvate between 10
and 1500 pmol/l; therefore concentrations below 10 pmol/l should be recorded as
10 pmol/l. This estimation is made in order to calculate the lactate/pyruvate ratio
during prolonged ischaemia.

Intrahepatic microdialysis was used to monitor metabolic changes in a liver
graft during different stages of transplantation in a pig liver transplantation model
[31]. This study showed that warm ischaemia and subsequent reperfusion seem to
be the most harmful periods for the liver, as reflected by an accelerated increase in
glucose and glycerol levels and an increased lactate/pyruvate ratio. High intrahe-
patic glucose levels during ischaemia appear to be a liver-specific event reflecting
glycogen degradation in hepatocytes. A clinical study with intrahepatic microdialy-
sis monitoring after liver transplantation showed that the procedure is easy to
perform and safe for the patient [32]. Interestingly, the same reported suggested
that intrahepatic microdialysis can aid in the detection of ischaemic complications
early after transplantation. However, our not-published observation of positive
correlation between systemic glucose and intrahepatic lactate/pyruvate ratio indi-
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cates that ischaemia-like changes can also appear under hyperglycaemic condi-
tions during the first 2 days after transplantation.

Methods based on monitoring of liver-graft metabolism are attractive because
liver metabolic recovery after transplantation is considered to be a sensitive indi-
cator of liver function and has a direct correlation with both the survival rate of
liver grafts and good transplant outcome in humans [33, 34]. Primary graft non-
function following liver transplantation is manifested by hepatic cytolysis with
rapidly rising transaminases, absence of bile production, a severe liver-related
coagulation deficit, and high lactate levels. Primary graft dysfunction is a border-
line syndrome with either complete recovery or causing graft complications even-
tually leading to re-transplantation. The prediction of these events at the time of
cold storage, intra-operatively, or as early as possible postoperatively is important.
A wide variety of functional and morphological techniques have been developed
to accomplish this goal [35, 36]. Although blood liver-function tests after transplan-
tation have been studied experimentally and clinically, there are only a limited
number of reports on the metabolic changes in the liver graft itself [37]. Apart from
bile secretion studies, none of the current methods has the ability to monitor liver
metabolism continuously or to monitor the metabolism of the graft without repea-
ted biopsies, patient exposure to X-radiation, or repeated examinations requiring
highly qualified personnel.

There are several advantages to using microdialysis to study liver metabolism
during transplantation. Microdialysis allows changes in metabolites to be studied
directly in the organ, regardless of whether the organ circulation is intact or not.
Moreover, liver-graft monitoring with microdialysis can be started in the donor
before organ as to whether a liver should be accepted for transplantation or not.
Monitoring with microdialysis can also be continued during and after transplan-
tation. This would be of particular interest in the case of marginal livers, such as
fatty livers, old donors, or in a situation in which ischaemic injury has been severe.
Post-transplant monitoring can be easily performed for several days from one
single puncture in the liver graft. Metabolic changes in the tissue may be detected
by microdialysis before they are reflected in peripheral blood chemistry. Bedside
analysis also provides quick information, which could be of crucial importance in
case of early hepatic metabolic failure.

It has been shown that the interstitial glucose concentration indicates the
amount of glucose available in the tissue as a reflection of plasma concentration
[38]. Therefore, glucose concentration in the tissue depends on local blood flow
and glucose uptake into the tissue [38]. This mechanism would explain glucose
decrease in the very early stage of cold ischaemia, since blood flow is interrupted
in the transplant. However, the subsequent increase in glucose levels in the liver
observed during ischaemia appears to be a liver-specific reaction. The increase in
glucose levels at the beginning of cold ischaemia is followed by a stabilization,
which seems to be independent of the length of the cold ischaemia. During warm
ischaemia, the increase in glucose accelerates and is even more pronounced in
livers with a long cold ischaemia. This would indicate not only a difference in the
effect of cold and warm ischaemia on liver metabolism but also the impact of warm
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ischaemia injury during liver implantation. The increase in glucose during ischae-
mia is explained by glycogen degradation, especially during warm ischaemia and
early after reperfusion [39-41].

The post-reperfusion decrease in glucose is most likely due to recovery of the
mechanism controlling glycogenolysis or utilization of glucose by the cells. How-
ever, the decrease could also be explained in part by a simple wash-out effect, in
which the intrahepatic glucose is flushed to the systemic circulation when blood
flow is restored [42]. In clinical studies, this has been described as a post-reperfu-
sion hyperglycaemia and is seen early after reperfusion [43]. Interestingly, the
described decrease in intrahepatic glucose levels occurs approximately at the time
of the liver-graft re-arterialisation and underlines the importance of oxygenation
in the recovery process. Therefore, a more rapid arterialisation of the transplanted
liver might reduce glucose leakage from the hepatocytes during transplantation.
However, further studies on the effect of the sequence of arterial and portal
reperfusion, are necessary.

In relation to glucose metabolism, a commonly used indicator of tissue ischae-
mia is lactate. During cold ischaemia, aerobic and anaerobic glycolysis seems to be
halted, as reflected by low and stable lactate levels and undetectable pyruvate levels.
During warm ischaemia, an increase in lactate concentration is observed with
undetectable pyruvate levels indicating anaerobic glucose metabolism. After portal
reperfusion, there is an increase in lactate levels, which together with low pyruvate
levels indicates continuous anaerobic glycolysis. The aerobic glucose metabolism
seems to increase at the time of liver arterialisation, as reflected by decreasing
lactate and increasing pyruvate levels. During the anhepatic time, lactate levels in
the reference tissue increase followed by a decrease and normalization after arterial
reperfusion. These findings in the reference tissue correspond to the lactate meas-
urements in the blood, which are commonly used to monitor liver-metabolism
recovery after liver transplantation.

Despite the use of lactate as an indicator of metabolism, it is important to
emphasize that lactate alone is probably not a good marker of ischaemia. Lactate
levels may not only be related to hypoxia and ischaemia but also to hypermetabo-
lism [24]. In fact, hypermetabolism is seen after reperfusion, as indicated by higher
levels of pyruvate early after arterial reperfusion than before cold perfusion.
Interestingly, higher pyruvate levels are also observed in the reference tissue after
the anhepatic phase, with normalization after arterial reperfusion. Thus, since
hypermetabolism results in an increase in both lactate and pyruvate levels, the
lactate/pyruvate ratio seems to be a more appropriate marker of ischaemia. During
cold ischaemia, there is a rapid increase in the lactate/pyruvate ratio followed by
stabilization. This has been interpreted as a short period of anaerobic glycolysis,
which then is effectively inhibited by cooling. During warm ischaemia, the anaerobic
glycolysis increases again, as demonstrated by the increased lactate/pyruvate ratio.
However, the rapid decrease after reperfusion implies restoration of aerobic condi-
tions, even if the decrease in the lactate level is delayed. This decrease is observed at
the time of portal reperfusion in livers with short cold ischaemia, and with a 40-min
delay corresponding to arterial reperfusion in livers after long cold ischaemia.
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Previous studies in other tissues have shown that not only the lactate/pyruvate
ratio but also the levels of glycerol are good markers of ischaemia [44, 45]. The most
likely source of glycerol is from damaged cell membranes; another possible source
is the intracellular fat. However, this seems to be less likely, since hypoxia results
in accumulation of intracellular fat in hepatocytes. A constant increase of intrahe-
patic glycerol during cold storage indicates a continuous time-dependent injury to
the cell membranes. Once warm ischaemia starts, the cell damage accelerates since
glycerol increases more rapidly. This acceleration is more pronounced during a
long cold-ischaemia time. Thus, the events at warm ischaemia and reperfusion are,
to a large extent, the result of damage during cold ischaemia. This supports the
theory that cold preservation increases the sensitivity of the liver to warm-ischae-
mia injury in a time-dependent manner [46-49].

In summary, studies with intrahepatic microdialysis during liver transplanta-
tion strongly demonstrate the need to keep both cold- and warm-ischaemia times
as short as possible due to continuous injury to the liver during cold ischaemia and
acceleration of this injury during warm ischaemia. Since warm ischaemia is an
unavoidable step in liver transplantation, other protective methods must be intro-
duced, such as isolation of the liver graft from the surrounding warm environment
during implantation or keeping temperatures low by continuous cold perfusion of
the graft. The changes in glucose metabolism during transplantation provide
evidence that arterial reperfusion may be important to improve the recovery of
oxidative glycolysis. Therefore, liver-graft arterialisation before portal reperfusion
should be considered, especially in livers with a long cold-ischaemia time. Moreo-
ver, microdialysis is a useful tool for experimental and clinical studies on ischae-
mia-reperfusion injury as well as for evaluation of new preservation solutions and
different pretreatment protocols. Microdialysis is a safe and reliable method to
clinically monitor liver function for several days after liver transplantation. How-
ever, further studies are necessary for better evaluation of microdialysis as a
method for detection and monitoring of post-transplant complications, such as
arterial and portal thrombosis.
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Chapter 15

Myocardial metabolism during open heart surgery,
assessed with microdialysis

L. BAHLMANN, J. POLING, S. KLAUS

Worldwide nearly 1 million patients per year undergo coronary artery bypass
grafting. As revealed by several outcome studies [1, 2], most patients benefit from
this procedure. However, in a growing subset of patients the course after surgery
is prolonged and mortality is rather high, at 30-35%; nearly 50% of the costs related
to all cardiac surgery are accounted for by this subset [2]. Consequently, this type
of surgery is a heavy burden on the healthcare system, and methods of early
detection and - ideally - rapid treatment of patients at risk of developing compli-
cations are of pivotal importance. There is no doubt that the myocardium and the
surgical procedure - especially the use of cardiopulmonary bypass - have key roles
in the development of postoperative organ dysfunction [3]. But in most cir-
cumstances, monitoring is focused on global myocardial function and systemic
haemodynamics. While the use of transoesophageal echocardiography allows as-
sessment of functional changes in contractility [4, 5] and a pulmonary artery
catheter may give additional and continuous information on cardiac output and
mixed venous saturation, little is known about what happens in the myocardium.
In a few centres a coronary sinus catheter is placed, but owing to variations in
myocardial venous drainage [6] analysis of coronary sinus blood is a rather
unspecific method of determining metabolism in an area of interest, and especially
in regions that are subjected to revascularisation. We were interested to find
whether it was possible to monitor myocardial metabolism in the specific area of
revascularisation during open coronary artery bypass graft (CABG) procedures
using the microdialyis technique. A commercially available microdialysis catheter
(CMA 70, CMA/Microdialysis AB, Sweden) was placed in the apical region of the
beating heart for direct assessment of the distal area of the left descending artery
[7, 8]. We chose to analyse the course of myocardial metabolism in patients
undergoing standard CABG procedures with CBP (on-pump) and in patients
scheduled for CABG without extracorporeal circulation (off-pump). Myocardial
lactate and pyruvate concentrations were analysed semicontinuously, and the
lactate-to-pyruvate ratio (LP ratio) - as a marker of the myocardial redox or
oxygenation status - was calculated [9]; these were compared with the metabolite
concentrations in the systemic circulation.
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Methods

Patients

Following approval by the local ethical committee and provision of informed,
written consent, 29 patients (mean age 64t8 years) with coronary artery disease
(CAD) and a left ventricular ejection fraction (LVEF) of more than 40% were
enrolled in the study. Twelve of the patients had a history of myocardial infarction.
Cardiovascular risk factors were: hypertension (n=17), diabetes mellitus (n=8),
former or current smoking habit (n=12), hypercholesterolaemia (n=10) and family
history of cardiovascular diseases (n=8). Demographic data and cardiovascular
risk factors did not differ between the two groups. Patients underwent CABG with
one to three venous grafts and the left internal mammary artery (LIMA) for
revascularisation of the left anterior descending coronary artery (LAD). On-pump
procedures were performed in 17 patients and off-pump procedures, in 12.

Anaesthesia

Anaesthesia was induced with etomidate (0.3-0.5 mg-kg ') and sufentanil (0.5-1
pg-kg ) and maintained with continuous infusions of propofol (5-8 mg-kg *h ™)
and sufentanil (0.5-1 ug-kg " h ™). Muscle relaxation was achieved with pancuro-
nium bromide (0.1 mg-kg ™). All patients were mechanically ventilated in a pres-
sure-controlled mode (PEEP = 5 cmH>0, with level of pressure control = 15 cmH,O0,
FiO, = 0.5). The respiratory rate was adjusted until normocapnia was achieved.

In the on-pump group pure oxygen was given immediately before CPB. During
CPB ventilation was stopped. After CPB a lung recruitment manoeuvre (two 20-s
inflations to give 45 mmHg) was performed and ventilation was restarted in the
same mode as before CPB. The patients in the off-pump group were continuously
ventilated according to the pressure-controlled mode described above.

Each patient was equipped with a radial arterial line, a central venous line, and
an automated pulmonary artery catheter for continuous determination of mixed
venous oxygen saturation and semicontinuous measurement of cardiac output and
right ventricular ejection fraction (Vigilance; Edwards Lifescience, Baxter, Un-
terschleissheim, Germany). Intraoperative fluid management was adjusted so as to
achieve and maintain central venous pressure between 8 and 12 mmHg and a
pulmonary artery capillary occlusion pressure (PAOP) between 15 and 18 mmHg.
Volume replacement was performed with Ringer’s solution and gelatin polysucci-
nate, as appropriate. Arterial blood samples were collected during the observation
period for blood gas analysis and microdialysis measurements. Nasopharyngeal
and rectal temperature were measured continuously throughout the observation
period. Routine cardiopulmonary bypass grafting was performed in moderate
hypothermia (32°C nasopharyngeal) with a membrane oxygenator (Hilite; Medos,
Stolberg, Germany) and a roller pump (Stockert, Munich, Germany). The pump
was primed with 1,430 ml Ringer’s solution, 250 ml 20% mannitol and 20 ml 8.4%
(1M) sodium bicarbonate. Patients were completely heparinised according to body
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weight, the dose being 300 IU/kg body weight. Activated clotting time was kept
longer than 450 s. Aortic and two-stage venous cannulation was performed, and
after cross-clamping the heart was arrested using antegrade blood cardioplegia
(cold induction) as described by Buckberg [10, 11], which was repeated every 20
min (cold reinfusion) and followed by a ‘hot shot’ for 3 min before the cross-clamp
was removed. Mean arterial blood pressure (MAP) during CPB was maintained at
60-80 mmHg. Vasopressors (norepinephrine) were administered if necessary.

Surgical and microdialysis procedure

After a median sternotomy a longitudinal pericardotomy was performed. Before
preparation of the LIMA the myocardial microdialysis catheter (CMA 70, CMA/Mi-
crodialysis AB, Sweden) was inserted almost parallel to the LAD in the apical region
on the beating heart. To this end, a venous cannula was inserted tangentially
through the myocardial wall. The tip of the microdialysis catheter was then inserted
into the distal end of the cannula, and retraction of the cannula made it possible to
place the catheter tip in its final position in the myocardium, where it was sutured
with 5/0 prolene. The inlet of this double-lumen microdialysis catheter was con-
nected to a battery-driven infusion pump (CMA 107 pump, CMA/Microdialysis AB,
Sweden) and constantly perfused with lactate-free Ringer’s solution at a flow rate
of 2 pl/min. The microdialysis probes used had a membrane length of 10 mm and
a molecular cut-off of 20 kDa. Interstitial fluid was sampled via the outlet in
microvials, and stored at -75°C for subsequent analysis of lactate and pyruvate.

Experimental design

In the on-pump group, microvials were changed every 15 min until the start of CPB.
The last vial was changed directly before cross-clamping of the aorta. During CPB,
interstitial fluid was sampled at the end of each 20-min cardioplegia period and
immediately before removal of the cross-clamp. After CPB, microvials were again
changed every 15 min. In the off-pump group, before the anastomosis was con-
structed microvials were also changed at 15-min intervals. The last vial was changed
immediately before the LAD was reopened. During reperfusion, vials were changed
in the same 15-min mode as before. Microdialysis catheters were removed before
chest closure and inspected for blood dryness before the patient was transferred to
the intensive care unit.

Statistical analysis

Results are presented as mean+SEM. Data were analysed nonparametrically by the
Wilcoxon signed-rank test for within-group differences and differences between
myocardium and systemic metabolites. A p-value under o.05 was considered
statistically significant.
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Results

Use of the microdialysis catheters involved no such