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Editor’s key points

† With increasing blood loss
the systemic arterial pressure
(SAP) is at first maintained
and then decreases.

† The SAP response to
haemorrhage may be altered
by musculoskeletal and blast
injury.

† Protracted hypotensive
resuscitation may be
associated with the
development of severe
acidosis.

† Morphine modifies the
response to haemorrhage in
some species and this is
currently being investigated
in man.

Trauma is the leading cause of death during the first four decades of life in the developed
countries. Its haemodynamic response underpins the patient’s initial ability to survive,
and the response to treatment and subsequent morbidity and resolution. Trauma
causes a number of insults including haemorrhage, tissue injury (nociception) and,
predominantly, in military casualties, blast from explosions. This article discusses aspects
of the haemodynamic responses to these insults and subsequent treatment. ‘Simple’
haemorrhage (blood loss without significant volume of tissue damage) causes a biphasic
response: mean arterial blood pressure (MBP) is initially maintained by the baroreflex
(tachycardia and increased vascular resistance, Phase 1), followed by a sudden decrease
in MAP initiated by a second reflex (decrease in vascular resistance and bradycardia,
Phase 2). Phase 2 may be protective. The response to tissue injury attenuates Phase 2
and may cause a deleterious haemodynamic redistribution that compromises blood flow
to some vital organs. In contrast, thoracic blast exposure augments Phase 2 of the
response to haemorrhage. However, hypoxaemia from lung injury limits the effectiveness
of hypotensive resuscitation by augmenting the attendant shock state. An alternative
strategy (‘hybrid resuscitation’) whereby tissue perfusion is increased after the first
hour of hypotensive resuscitation by adopting a revised normotensive target may
ameliorate these problems. Finally, morphine also attenuates Phase 2 of the response to
haemorrhage in some, but not all, species and this is associated with poor outcome.
The impact on human patients is currently unknown and is the subject of a current
physiological investigation.

Keywords: haemodynamics; wounds and injuries

Trauma is the leading cause of death in the first four decades of
life in the developed countries.1 2 Haemorrhage is the leading
cause of trauma-related death in the military setting3 and is
the second leading cause of death (after traumatic brain
injury) in the civilian setting.4 In military battlefield casualties,
explosions are currently the primary mechanism of trauma,5

while in civilian practice non-blast blunt and penetrating injur-
ies account for most trauma. A trauma casualty therefore
suffers a number of insults that often include severe blood
loss (and haemorrhagic shock), tissue injury and, in the case
of military casualties, blast injuries. All of these insults lead
to specific haemodynamic responses, components of which
interact to provide physiological challenges for the casualty
and impact on responses to treatment such as resuscitation.
The aim of this article is to discuss aspects of the haemo-
dynamic responses to haemorrhage and injury, and their im-
pact on the response to resuscitation.

Response to haemorrhage
Cardiovascular response to haemorrhage alone

Haemorrhage in the absence of major amounts of tissue
damage is defined as ‘simple haemorrhage’. Although it is

uncommon in trauma, it is seen clinically in other circum-
stances (e.g. obstetric bleeding or the result of ruptured oe-
sophageal varices).6 7 Examining the response to simple
haemorrhage provides a convenient starting point before pro-
gressing to a discussion of how it is altered by concomitant
insults such as nociception in trauma and the effects of drug
treatment on the response.

The initiating event is a reduction in venous return because
of blood loss, which leads to reduced cardiac filling and a de-
crease in cardiac stroke volume that in turn causes a decrease
in arterial pulse pressure. This reduction in pulse pressure ef-
fectively unloads the arterial baroreceptors, which at normal
or reduced pressures are sensitive to the rate of change of
blood pressure within a pulse and also the absolute level of
pressure.8 The pattern of physiological responses to pro-
gressive simple haemorrhage is biphasic.9 The baroreceptor
unloading leads to an initial reflex tachycardia (as a result of
vagal inhibition and an activation of sympathetic efferent ac-
tivity), increase in peripheral vascular resistance and hence
maintenance of blood pressure.6 10 However, as haemorrhage
progresses, and blood loss exceeds 20–30% of total blood
volume, a depressor phase becomes apparent. This involves
a vagally mediated bradycardia [inhibited by atropine,10 a
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reduction in peripheral vascular resistance9 11 12 and a marked
decrease in arterial blood pressure (Fig. 1)]. This second phase
is not because of a failure of the baroreflex, because the latter’s
sensitivity is increased at this stage,13 nor is it a pre-terminal
event,7 14 but rather it is because of the activation of additional
reflexes. The identity of the afferent limbs of these reflexes is
uncertain,15 16 although the cardiac afferent C-fibres may be
involved.17 The end result in a conscious patient is pre-syncope
followed by syncope. It is now thought that this second phase
of the response to haemorrhage confers some degree of pro-
tection because the bradycardia increases diastolic filling
time resulting in a small increase in stroke volume and
improved coronary perfusion which principally occurs during
diastole, although urgent action to restore venous return to
some degree is needed for these casualties as they are
nearing the end of their ability to compensate. Indeed, some
studies have advocated boosting venous return by increasing
the effects of the ‘respiratory pump’ using an inspiratory im-
pedance device as a short-term measure to limit the decrease
in cardiac output during haemorrhage.18

Simulated blood loss in volunteers

Progressive application of lower body negative pressure (LBNP)
is a well-established technique used to simulate haemor-
rhage19 – 21 and also a range of other conditions including
syncope associated with orthostasis.22 23 Its use as a model
of haemorrhage has recently been confirmed in a study com-
paring directly the responses with LBNP and actual haemor-
rhage, concluding that the haemodynamic responses to
LBNP and haemorrhage are similar.24 In the LNBP technique
a subject is asked to lie supine with the lower portion of the
body (from the waist down) sealed in a chamber. The pressure
within the chamber is reduced to sub-atmospheric levels (ap-
plication of LBNP), which results in blood pooling in the veins
of the legs and pelvis. As the LBNP is gradually increased
(made more negative with respect to atmospheric), progressive-
ly greater amounts of blood are trapped in the lower body and
there is a corresponding decrease in venous return to the
heart, simulating the effects of haemorrhage. Using this tech-
nique it is possible to elicit both the initial compensatory re-
sponse to haemorrhage (tachycardia while blood pressure is
maintained) and the later depressor phase (reflex bradycardia
and hypotension) leading to pre-syncope and then syncope.22 23

It has long since been recognized by physiologists, anaesthe-
tists, and intensivists that decreases in mean arterial blood pres-
sure (onset of hypotension) are a poor measure of the degree
of haemorrhage, principally because the baroreflex maintains
blood pressure until blood loss is severe. The situation is further
complicated by the interaction of additional reflexes and re-
sponses when various forms of injury are superimposed on the
blood loss (see below). Several groups have postulated that mea-
sures of global blood flow (such as stroke volume or cardiac
output),25 tissue perfusion, or oxygenation26–30 may give a more
timely warning of hidden haemorrhage, because the former are
part of the initial effect of haemorrhage while the latter change
in response to the physiological alterations (see above) that
delay the overt decreases in arterial blood pressure. An interesting
suggestion,particularlyrelevanttothesubjectofthisarticle, isthat
alterations in arterial blood pressure waveforms and beat-to-beat
pressure variability might also be informative during progressive
hypovolaemia. Many anaesthetists and intensivists would empir-
ically view an increasing variability in arterial pressure waveform
as a potential indicator of an ‘empty’ circulation in the absence
of any other obvious cause. This principle has been developed
further in studies utilizing LBNP to derive a ‘compensatory
reserve index’ (CRI), which has been shown to be of value in pre-
dicting when a subject nears the point of decompensation
(Phase 2 of the response to simulated blood loss).31 32 It will be
interesting to see how this index performs when the response to
haemorrhage is complicated by other responses seen in trauma.
If CRIcontinues to be successful, then it may provide an important
method of assessing ongoing haemorrhage in casualties.

Early systemic response to musculoskeletal
injury
The neural nociceptive barrage initiated by musculoskeletal
injury causes profound changes in cardiovascular control

Fig 1 Effects of a progressive ‘simple’ haemorrhage in a male vol-
unteer showing a biphasic response. Blood was withdrawn by vene-
section until the subject fainted. TPR, total peripheral resistance;
HR, heart rate; BP, arterial blood pressure; RAP, right atrial (auricu-
lar) pressure (central venous pressure); CO, cardiac output. Repro-
duced from Barcroft and colleagues, with permission from
Elsevier.9
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resulting in alterations in arterial blood pressure, regional
oxygen delivery, and the response to any concomitant haem-
orrhage, all of which have important implications for morbidity
and mortality.

Blood pressure, heart rate, and underlying neural
mechanisms

Tissue injury or ischaemia produces an increase in arterial
blood pressure accompanied by a tachycardia.33 The increase
in arterial blood pressure that accompanies injury is largely
mediated by an increase in sympathetic outflow to the vascu-
lature and a consequent increase in total peripheral resistance.
This intense sympathetically mediated vasoconstriction
induced by injury could lead to a reduction in blood flow to
vital organs such as the gut and kidney and possibly lead to is-
chaemic damage of these organs,34 hence contributing to the
pathophysiologyof the response to injuryand its sequelae such
as multiple organ failure.

Oxygen transport

The injury-induced diversion of blood supply away from vital
organs has important implications for whole body utilization
of the available oxygen delivery (DO2) and a concept known
as ‘critical oxygen delivery’. When cardiac output, and hence
whole body DO2, is progressively reduced (e.g. because of
haemorrhage), the body as a whole responds by extracting
more oxygen from the available blood flow to maintain
oxygen consumption (VO2). However, this process cannot be
extended indefinitely and there comes a point when VO2

starts to decrease as DO2 is reduced further. This point at
which VO2 becomes dependent on DO2 is called the ‘critical
oxygen delivery’ (DO2Crit) and represents the point at which
organs in the body start to suffer physiological damage
because of an inadequate DO2. There is evidence that activa-
tion of a neural nociceptive barrage elevates DO2Crit and
reduces a patient’s ability to extract oxygen from the available
blood supply.35 This increases a patient’s susceptibility to prob-
lems of reduced oxygen delivery.

Modulation of the response to haemorrhage by the
response to musculoskeletal injury

The cardiovascular changes elicited by a progressive ‘simple’
haemorrhage are markedlyattenuated by the presence of con-
comitant tissue injury.10 The initial increase in heart rate aftera
loss of 10–15% blood volume is reduced, and the vagal brady-
cardia after greater losses prevented. The attenuation of the
heart rate changes normally associated with blood loss
seems to offer some degree of protection against the hypoten-
sive effects of a severe haemorrhage.10 However, this protec-
tion may be more apparent than real, as a lower survival rate
has been demonstrated in animals subjected to haemorrhage
and concomitant electrical stimulation of the sciatic nerve (to
simulate injury) compared with animals subjected to haemor-
rhage alone.34 It is possible that the better maintenance of
blood pressure is achieved at the expense of intense peripheral
vasoconstriction leading to ischaemic organ damage that will

exacerbate the severity of injury. It is tempting to speculate
that the splanchnic circulation may be selectively vulnerable
to such ischaemic damage. There is evidence that, when
haemorrhage is superimposed on a background of somatic af-
ferent stimulation (to mimic injury), there is a relative redistri-
bution of blood flow from the gut towards skeletal muscle (in
contrast to the pattern seen with simple haemorrhage).36 37

This diversion of blood flow (oxygen delivery) away from meta-
bolically active organs towards relatively inactive resting
skeletal muscle may explain the increase in critical oxygen del-
iveryelicited bysomatic afferent nerve stimulation35 because it
effectively ‘wastes’ a proportion of the cardiac output. Ischae-
mic damage to the intestinal mucosa may lead to an increased
inflammatory response,38 39 and possiblyeven increased intes-
tinal permeability and enhanced translocation of endo-
toxin.40 – 42 Therefore, the impairment in cardiac function and
tissue oxygen delivery associated with blood loss is greater if
the haemorrhage is superimposed on nociceptive nerve stimu-
lation compared with haemorrhage alone.43 If the haemor-
rhage is superimposed on real rather than simulated tissue
injury, the tolerance to blood loss is reduced even further.44

Injuries from explosions (blast injuries)
Injuries from explosions are complex and usually consist of
several parts that are defined according to the component of
the explosion that caused them.45 To understand these injur-
ies, we must therefore consider the component parts of an ex-
plosion and how they interact with the body. When an
explosive detonates it generates an extremely rapid increase
in pressure in the immediate vicinity of the explosion: this in-
crease in pressure is almost instantaneous with a rise time of
a few microseconds and lasts for a few milliseconds with con-
ventional explosives. The wave of pressure (called the ‘peak
overpressure’) travels outwards at supersonic velocities as a
wave of pressure. This is called the ‘shock wave’. However,
the magnitude of the peak overpressure declines as it travels
away from the site of the explosion, initially by an inverse
cube relation in which a doubling of the distance reduces the
pressure to one-eighth.

As the shock wave is a very brief event with conventional
explosives, it does not cause the casualty to move any great
distance; this is not the part of the explosion that ‘throws
things around’. The shock wave can, however, cause serious
injury that is defined as ‘primary blast injuries’, which are
almost (but not completely) unique to injuries caused byexplo-
sions. Gas containing organs are particularly susceptible and
‘blast lung’, characterized by pulmonary contusion and rapid
development of pulmonary oedema with a consequent reduc-
tion in pulmonary gas transfer is an example of primary blast
injury.46 47

Blast lung is a primary blast injury. The shock wave causes an
immediate lung injury which is characterized by rupture of al-
veolar capillaries, the influx of blood, and extravasation of
oedema fluid into lung tissue,48 49 giving rise to haemorrhagic
foci that can be substantial depending on the level of blast
loading. The intrapulmonary haemorrhage and oedema
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contribute to the initial respiratory compromise in blast lung.50

The problem is exacerbated because free haemoglobin (Hb)
and extravasated blood have been shown to induce free
radical reactions which cause oxidative damage50 and initi-
ates/augments a pro-inflammatory response.51 Free Hb also
causes an accumulation of inflammatory mediators and
chemotactic attractants,52 thereby amplifying the problem.

Fragments of the munition casing and pre-formed frag-
ments contained within the device, and surrounding debris
energized by the explosion, are propelled outwards and can
collide with the casualty. Injuries from these fragments and
debris are defined as ‘secondary blast injury’ which essentially
are conventional blunt and penetrating injuries resulting in
tissue damage and haemorrhage.

In addition, the explosion gives rise to a very large volume of
hot gas. This literally pushes air and debris outwards, causing
more projectile hazards, and acts over a sufficiently long time
course to physically throw casualties against other objects,
causing blunt injuries classified as ‘tertiary blast injuries’. This
movement of air is called the ‘blast wind’. The shock wave
and the blast wind are sometimes collectively called the
‘blast wave’.

Other injuries which include burns, responses to toxic che-
micals associated with the blast and exaggerated inflamma-
tory responses fall into quaternary and quinary categories,45

53 but these are beyond the scope of this article.
A victim of explosive injury is therefore likely to suffer a

mixture of these blast-related injuries. Secondary blast injuries
account for the majorityof blast injuries in survivors, particular-
ly when the explosion has occurred in an open space, although
about 11% of the seriously injured also exhibit blast lung.54 55

When the explosion occurs in a confined space, the proportion
of seriously injured survivors exhibiting blast lung increases
dramatically56 57 because the shock wave can be amplified
and reflected near solid structures, thereby increasing the
degree to which a casualty is exposed to the shock wave. We
are therefore faced with a casualty who is likely to have exten-
sive tissue damage and severe blood loss, and in a clinically sig-
nificant minority, also have blast lung resulting in hypoxaemia.

Cardiorespiratory response to primary blast injury to
the thorax (blast lung)

A number of experimental studies and clinical reports indi-
cated that primary blast injury to the thorax produces a charac-
teristic triad comprising bradycardia, prolonged hypotension
and apnoea followed by rapid shallow breathing47 (Fig. 2).
This response is thought to be an autonomic reflex. More
recent studies have shown that the response also includes a re-
duction in vascular resistance, at least in skeletal muscle
(Fig. 2).

The bradycardia and apnoea seen after blast are both
mediated by a vagal reflex.58 59 The aetiology of the hypoten-
sion seen after primary blast injury is complex. The decrease
in blood pressure appears to be because of a decrease in per-
ipheral resistance and cardiac output, the latter because of a
myocardial impairment which can last many hours after

blast injury.60 Although the autonomic nervous system plays
some part in the hypotension, it is not solely responsible.
Recent findings have suggested that primary blast injury
causes a rapid release of the potent vasodilator nitric oxide
(NO) from the pulmonary circulation,61 – 63 which could in
theory lead to a systemic response that includes vasodilatation
(J.L. Atkins, WRAIR, personal communication, 2008).

Blast lung is therefore a progressive condition characterized
by the development of pulmonary inflammation and oedema
after initial intrapulmonary haemorrhage as a consequence
of damage by the blast shock wave. The combined influence
of pulmonary haemorrhage and oedema is to reduce pulmon-
ary gas transfer and lead initially to hypoxaemia and, with wor-
sening blast lung, hypercarbia. Thoracic, but not abdominal,64

blast produces a triad of bradycardia, hypotension, and
apnoea. The bradycardia and apnoea are mediated entirely
by a vagal reflex, the most likely candidate being the pulmon-
ary afferent C-fibre reflex. The effects of the hypoxia and
altered cardiovascular reflexes can have profound effects on
the ability of the casualty to respond to concomitant or
further events such as haemorrhage and resuscitation.65

Effects of blast injury on the response to haemorrhage
and resuscitation

Interaction between the responses to thoracic blast and
haemorrhage

Thoracic blast has been shown to augment the bradycardic,
hypotensive response to haemorrhage.66 Furthermore, the
effect of blast on the response to haemorrhage can be attenu-
ated by morphine.66 However, the mechanism whereby the
depressor response to severe haemorrhage is augmented by
the response to blast is unknown. In experimental studies,
enhanced blood loss can be discounted as the underlying
cause because there was no post-mortem evidence of add-
itional blood loss into the body cavities. It is therefore possible
that the reflex initiated byexposure to blast modifies one of the
reflexes mediating the response to haemorrhage.

Two possibilities are immediately obvious. Either the re-
sponse to blast inhibits the baroreflex (responsible for the com-
pensatory Phase 1 of the response to blood loss) or it augments
the depressor reflex (responsible for the hypotensive Phase 2 of
the response to haemorrhage). Of these two possibilities, the
latter appears the most attractive because treatment with
morphine (known to block the depressor reflex after simple
haemorrhage) also attenuates the bradycardic, hypotensive
response to blood loss after blast and uncovers a tachycardic
response in its place.66

Effects of blast injury on the response to resuscitation

Once catastrophic haemorrhage has been arrested,67 fluid re-
suscitation is often needed to sustain life until the casualty is
evacuated to surgical care. Military evacuation timelines can
differ significantly from those normally found in civilian set-
tings. Although evacuation times in mature military operations
are predominantlyshort, as are now being seen in Afghanistan,
timelines in less mature settings (as we have seen recently)68 69
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can be considerably longer. These concepts mayalso be applic-
able to civilian settings (e.g. after terrorist bombings where
there is often disruption to infrastructure and security issues re-
lating to secondary devices resulting in delayed evacuation).

A key feature of pre-hospital resuscitation of hypovolaemic
casualties is the maintenance of an acceptable oxygen delivery
to sustain life, and if possible to limit physiological deterior-
ation while minimizing the risk of disrupting nascent blood
clots, causing re-bleeding as the casualty is evacuated to surgi-
cal care. A number of authorities therefore advocate the use of
‘hypotensive’ resuscitation where fluid is limited or withheld to
deliberately allow blood pressure to remain below normal
levels to minimize the risk of iatrogenic re-bleeding.70 71 The
evidence base underpinning this relates predominantly to
short ‘pre-hospital’ resuscitation periods in normoxic casual-
ties,72 – 74 therefore the situation may develop differently
when evacuation becomes prolonged or is complicated by,
for example, blast lung and the resultant hypoxaemia.

A preliminary study in terminally anaesthetized pigs was
designed to investigate the physiological impact of prolonged

simulated evacuation times on the efficacy of hypotensive re-
suscitation in the presence and absence of whole body blast
exposure (resulting in blast lung and hypoxaemia). The
overall finding was that prolonged hypotensive resuscitation
led to the development of a profound shock state and metabol-
ic acidosis. Whilst this was acceptable for the first hourof resus-
citation, it thereafter became overwhelming when performed
on a background of hypovolaemia and blast injury, leading to
rapidly increasing mortality.75 As the response to hypotensive
resuscitation was acceptable for the first hour, a new paradigm
was proposed which involved initial hypotensive resuscitation
(for 60 min) followed by a revised, normotensive, resuscitation
target in an attempt to improve tissue perfusion and oxygen
delivery to limit or even reverse the shock state. This new para-
digm was called ‘novel hybrid resuscitation’.

The novel hybrid resuscitation strategy was evaluated in
a model of military trauma and extended evacuation times
in terminally anaesthetized pigs.65 The model included
an uncompressed Grade IV liver injury to assess whether
the new resuscitation strategy would initiate re-bleeding.
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Animals were randomly allocated to one of the four groups in a
2×2 design based on the type of injury and treatment strategy:

Injury: all had severe haemorrhagic shock (loss of 30% total
estimated blood volume and uncompressed Grade IV liver
injury), two groups were also subjected to blast injury
while two were not.
Resuscitation strategy: two groups were resuscitated
according to NICE and original military guidelines involving
hypotensive resuscitation to a simulated palpable radial
pulse (target systolic blood pressure of 80 mm Hg, hypoten-
sive) while the other two groups received ‘novel hybrid resus-
citation’ comprising initial hypotensive resuscitation for
60 min followed by a revised normotensive target (systolic
pressure of 110 mm Hg, hybrid) thereafter. All resuscitation
was performed using normal saline to simulate far-forward
pre-hospital conditions.

The primary endpoint was survival over an 8-h period simulat-
ing prolonged evacuation. Secondary outcome variables
included physiological indices of deterioration such as meta-
bolic acidosis and inflammatory state.

Novel hybrid resuscitation was associated with a significant-
ly increased survival time compared with prolonged hypoten-
sive resuscitation in blast-injured groups (Fig. 3). In contrast,
there was no significant difference in survival time between
novel hybrid and hypotensive resuscitation in the absence of
blast injury (Fig. 3). A statistically and clinically significant
metabolic acidosis developed in all groups during the hypoten-
sive phase of resuscitation, characterized by a significant de-
crease in arterial base excess (Fig. 4). In animals given novel
hybrid resuscitation the metabolic acidosis was reversed
after the onset of the normotensive phase of resuscitation. In
contrast, animals given prolonged hypotensive resuscitation
after blast injury and haemorrhage showed a continued

decrease in arterial base excess until the animals succumbed.
Continued hypotensive resuscitation after haemorrhage in the
absence of blast injury resulted in a severe, sustained, metabol-
ic acidosis. A detailed analysis of oxygen transport suggested
that the improvement seen with the hybrid resuscitation strat-
egy was associated with enhanced tissue oxygen delivery
because animals given hypotensive resuscitation maintained
maximal oxygen extraction in an attempt to sustain delivery,
while those given hybrid resuscitation were able to decrease
below the ceiling in the normotensive phase while the meta-
bolic acidosis was reversed.65 This physiological effect on
oxygen transport and shock was seen in both injury strands.65

Therefore, hybrid resuscitation conferred physiological advan-
tage even in the absence of blast injury. Further analysis failed
to find any evidence of re-bleeding associated with hybrid re-
suscitation from the uncompressed Grade IV liver injury,65

but did find that hybrid resuscitation was associated with an
attenuated systemic inflammatory response65 and reduced
acute coagulopathy.76

Hybrid resuscitation, in this experimental study, was there-
fore found to be superior to hypotensive resuscitation for
extended evacuation times (up to 8 h) in a model of survivable
battlefield injury. This should not be viewed as a simple chal-
lenge to hypotensive resuscitation but rather sets boundaries
to its application when timelines of evacuation are extended,
especially if there is concomitant lung injury that reduces oxy-
genation. Clinical decisions are often based on a compromise
representing a balance of risk, and resuscitation is no excep-
tion. The evaluation of the casualty should be made on a
case-by-case basis. Wherever possible the decision making
will include the potential risk of re-bleeding and factors predis-
posing to physiological compromise (e.g. lung injury) based on
nature of injury, together with the imminence of evacuation.
More recent studies are focusing on potential additional
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benefits associated with using blood products (combined
packed red blood cells and fresh frozen plasma, PRBC:FFP, 1:1
ratio) in a simulated pre-hospital setting. Preliminary results
suggest a possible benefit associated with pre-hospital admin-
istration of PRBC:FFP, at least in injury strands without blast, al-
though it should be stressed that these studies are ongoing and
no definitive results are available yet.77

Effects of opioid analgesic agents on the
response to haemorrhage and resuscitation
Morphine is the current standard for analgesia in severe injury
in military battlefield casualties.70 Morphine can also be used
for a number of civilian casualties. However, there is evidence
that some analgesic agents including the opioids can have
profound effects on the response to haemorrhage. Unfortu-
nately, there are important differences between the responses
reported using a range of models, and there is a lack of data to
allow clear comparison with conscious humans.

In anaesthetized rats and conscious and anaesthetized
rabbits pre-treatment with morphine delays or attenuates

the second phase of the response to ‘simple’ haemorrhage
(i.e. the bradycardia is blocked and the decrease in blood pres-
sure is delayed until a larger reduction in blood volume has oc-
curred).78 – 81 Furthermore, when morphine is administered
during active arterial haemorrhage in anaesthetized rats,
the decrease in blood pressure is temporarily reversed and the
bradycardia is blocked.78 In contrast, morphine augments the
second phase of the response to haemorrhage in sheep.82

There are no systematic reports of the effects of morphine on
the response to blood loss in humans, although some (unrefer-
enced) textbooks suggest that morphine is contraindicated in
hypovolaemia as it may exacerbate shock.

When morphine is given during an established shock phase
in a model of combined blood loss and tissue injury in anaes-
thetized rats, it has little effect on blood pressure, but attenu-
ates the response to subsequent resuscitation.83 Despite a
number of differences in the effects of morphine on the
pattern of response to blood loss in various animal studies, it
is agreed that the effect of morphine is deleterious and leads
to increased mortality during prolonged haemorrhagic hypo-
volaemia in rats.83 – 85 It should be stressed that this increased
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mortality occurs during prolonged (many hours) haemorrhagic
shock, which can occur when evacuation to surgical care is
delayed (e.g. for some military battlefield casualties or more
rarely in civilian trauma victims). Although the mechanism of
the deleterious effect is unknown, it may relate to reduced
tissue oxygen delivery because of the haemodynamic re-
sponse to morphine whereby blood pressure is better main-
tained at the expense of blood flow to vital organs as a result
of increased peripheral resistance.

Unfortunately, the cardiovascular effect of opioids after
haemorrhage in humans is unknown—to put it simply,
whether there is a problem regarding the cardiovascular
effects of analgesic agents in human patients may depend
on whether Man is a rat or a sheep, or neither. Ongoing
studies are now examining the effects of morphine on the
response to brief simulated haemorrhage using LBNP in
human volunteers. It must be stressed that the deleterious
effects reported in rats is not a risk in the volunteer study
because the deleterious effect represents the consequence
of several hours of un-resuscitated or minimally resuscitated
haemorrhagic shock. The humanvolunteer studysimplyexam-
ines the effects of morphine on the short-term (minutes)
reflex effects that would underpin a longer standing deleteri-
ous effect. It should also be stressed that these deleterious
effects, if they exist in humans, are in the context of a side-
effect of morphine being used as an analgesic during pre-
hospital evacuation. The situation may be very different when
opioid agents (e.g. fentanyl) are used as a planned adjunct
during resuscitation. The whole area relating to the role of en-
dogenous and exogenous opioids in the response to haemor-
rhage and resuscitation is likely to provide important insight
into the way reflex pathways responsible for the responses to
trauma are organized, and their implication for the treatment
of trauma casualties.

Conclusions
A trauma casualty commonly suffers a number of insults
concurrently, each of which gives characteristic haemo-
dynamic responses that often interact with each other, and
in turn can impact on the response to treatment. An under-
standing of these reflexes can help guide the development
of new treatment strategies and the limitations of current
strategies.

Authors’ contributions
E.K. and S.W. made equal contribution to the writing of this
review article. E.K. wrote the first draft, S.W. reviewed it, and
both authors made revisions. Both authors agree on the
content.

Declaration of interest
None declared.

References
1 Findlay G, Martin IC, Carter S, Smith N, Weyman D, Mason M, editors.

Trauma: who cares? A report of the National Confidential Enquiry
into Patient Outcome and Death. London, UK: National Confidential
Enquiry into Patient Outcome and Death, 2007:1–151

2 Chiara O, Cimbanassi S. Organized trauma care: does volume
matter and do trauma centers save lives? Curr Opin Crit Care 2003;
9: 510–4

3 Champion HR, Bellamy RF, Roberts CP, Leppaniemi A. A profile of
combat injury. J Trauma 2003; 54: S13–9

4 Sauaia A, Moore FA, Moore EE, et al. Epidemiology of trauma deaths:
a reassessment. J Trauma 1995; 38: 185–93

5 Champion HR, Holcomb JB, Young LA. Injuries from explosions:
physics, biophysics, pathology, and required research focus.
J Trauma 2009; 66: 1468–77. Discussion 1477

6 Secher NH, Bie P. Bradycardia during reversible haemorrhagic
shock—a forgotten observation? Clin Physiol 1985; 5: 315–23

7 Sander-Jensen K, Secher NH, Bie P, Warberg J, Schwartz TW. Vagal
slowing of the heart during haemorrhage: observations from 20
consecutive hypotensive patients. Br Med J (Clin Res Ed) 1986;
292: 364–6

8 Angell James JE. The effects of altering mean pressure, pulse pres-
sure and pulse frequency on the impulse activity in baroreceptor
fibres from the aortic arch and right subclavian artery in the
rabbit. J Physiol (Lond) 1971; 214: 65–88

9 Barcroft H, Edholm OG, McMichael J, Sharpey Schafer EP. Post haem-
orrhagic fainting: study by cardiac output and forearm blood flow.
Lancet 1944; 1: 489–91

10 Little RA, Marshall HW, Kirkman E. Attenuation of the acute cardio-
vascular responses to haemorrhage by tissue injury in the con-
scious rat. Q J Exp Physiol 1989; 74: 825–33

11 Evans RG, Ludbrook J. Chemosensitive cardiopulmonary afferents
and the haemodynamic response to simulated haemorrhage in
conscious rabbits. Br J Pharmacol 1991; 102: 533–9

12 Ludbrook J, Ventura S. Roles of carotid baroreceptor and cardiac
afferents in hemodynamic responses to acute central hypovol-
emia. Am J Physiol 1996; 270: H1538–48

13 Little RA, Randall PE, Redfern WS, Stoner HB, Marshall HW. Compo-
nents of injury (haemorrhage and tissue ischaemia) affecting car-
diovascular reflexes in man and rat. Q J Exp Physiol 1984; 69:
753–62

14 Hoffman RL. Rupture of the spleen. A reviewand report of a case fol-
lowing abdominal hysterectomy. Am J Obstet Gynecol 1972; 113:
524–30

15 Scherrer U, Vissing S, Morgan BJ, Hanson P, Victor RG. Vasovagal
syncope after infusion of a vasodilator in a heart-transplant recipi-
ent. N Engl J Med 1990; 322: 602–4

16 Shen YT, Knight DR, Thomas JX, Vatner SF. Relative roles of cardiac
receptors and arterial baroreceptors during hemorrhage in con-
scious dogs. Circ Res 1990; 66: 397–405

17 Evans RG, Ventura S, Dampney RA, Ludbrook J. Neural mechanisms
in the cardiovascular responses to acute central hypovolaemia. Clin
Exp Pharmacol Physiol 2001; 28: 479–87

18 Convertino VA, Parquette B, Zeihr J, et al. Use of respiratory imped-
ance in prehospital care of hypotensive patients associated with
hemorrhage and trauma: a case series. J Trauma Acute Care Surg
2012; 73: S54–9 Available from http://eutils.ncbi.nlm.nih.gov/
entrez/eutils/elink.fcgi?dbfrom=pubmed&id=22847095&retmode=
ref&cmd=prlinks

19 Convertino VA, Ryan KL, Rickards CA, et al. Inspiratory resistance
maintains arterial pressure during central hypovolemia: implications

Haemodynamic changes in trauma BJA

273

 by guest on July 21, 2014
http://bja.oxfordjournals.org/

D
ow

nloaded from
 

http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?dbfrom=pubmed&amp;id=22847095&amp;retmode=ref&amp;cmd=prlinks
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?dbfrom=pubmed&amp;id=22847095&amp;retmode=ref&amp;cmd=prlinks
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?dbfrom=pubmed&amp;id=22847095&amp;retmode=ref&amp;cmd=prlinks
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?dbfrom=pubmed&amp;id=22847095&amp;retmode=ref&amp;cmd=prlinks
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?dbfrom=pubmed&amp;id=22847095&amp;retmode=ref&amp;cmd=prlinks
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?dbfrom=pubmed&amp;id=22847095&amp;retmode=ref&amp;cmd=prlinks
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?dbfrom=pubmed&amp;id=22847095&amp;retmode=ref&amp;cmd=prlinks
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?dbfrom=pubmed&amp;id=22847095&amp;retmode=ref&amp;cmd=prlinks
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?dbfrom=pubmed&amp;id=22847095&amp;retmode=ref&amp;cmd=prlinks
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?dbfrom=pubmed&amp;id=22847095&amp;retmode=ref&amp;cmd=prlinks
http://bja.oxfordjournals.org/


for treatment of patients with severe hemorrhage. Crit Care Med
2007; 35: 1145–52

20 Cooke WH, Ryan KL, Convertino VA. Lower body negative pressure as
a model to study progression to acute hemorrhagic shock in
humans. J Appl Physiol 2004; 96: 1249–61

21 van Hoeyweghen R, Hanson J, Stewart MJ, et al. Cardiovascular re-
sponseto graded lower bodynegative pressure inyoungand elderly
man. Exp Physiol 2001; 86: 427–35

22 el-Sayed H, Hainsworth R. Relationship between plasma volume,
carotid baroreceptor sensitivity and orthostatic tolerance. Clin Sci
1995; 88: 463–70

23 Julu POO, Cooper VL, Hansen S, Hainsworth R. Cardiovascular regu-
lation in the period preceding vasovagal syncope in conscious
humans. J Physiol (Lond) 2003; 549: 299–311

24 Hinojosa-Laborde C, Shade RE, Muniz GW, et al. Validation of lower
body negative pressure as an experimental model of hemorrhage.
J Appl Physiol 2014; 116: 406–15 Available from http://eutils.ncbi.
nlm.nih.gov/entrez/eutils/elink.fcgi?dbfrom=pubmed&id=24356525&
retmode=ref&cmd=prlinks

25 Hanson JM, van Hoeyweghen R, Kirkman E, Thomas A, Horan MA.
Use of stroke distance in the early detection of simulated blood
loss. J Trauma 1998; 44: 128–34

26 Ward KR, Tiba MH, Ryan KL, et al. Oxygen transport characterization
of a human model of progressive hemorrhage. Resuscitation 2010;
81: 987–93

27 Lipcsey M, Woinarski NC, Bellomo R. Near infrared spectroscopy
(NIRS) of the thenar eminence in anesthesia and intensive care.
Ann Intensive Care 2012; 2: 11

28 Maier S, Holz-Hölzl C, Pajk W, et al. Microcirculatory parameters after
isotonic and hypertoniccolloidal fluid resuscitation in acute hemor-
rhagic shock. J Trauma 2009; 66: 337–45

29 Soller BR, Yang Y, Soyemi OO, et al. Noninvasively determined
muscle oxygen saturation is an early indicator of central hy-
povolemia in humans. J Appl Physiol 2007; 104: 475–81. Available
from http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?dbfrom=
pubmed&id=18006869&retmode=ref&cmd=prlinks

30 Tiba MH, Draucker GT, Barbee RW, et al. Tissue oxygenation moni-
toring using resonance Raman spectroscopy during hemorrhage.
J Trauma Acute Care Surg 2014; 76: 402–8

31 Convertino VA, Grudic G, Mulligan J, Moulton S. Estimation of
individual-specific progression to impending cardiovascular in-
stability using arterial waveforms. J Appl Physiol 2013; 115:
1196–202. Available from http://eutils.ncbi.nlm.nih.gov/entrez/
eutils/elink.fcgi?dbfrom=pubmed&id=23928113&retmode=ref&cmd=
prlinks

32 Moulton SL, Mulligan J, Grudic GZ, Convertino VA. Running on
empty? The compensatory reserve index. J Trauma Acute Care
Surg 2013; 75: 1053–9. Available from http://eutils.ncbi.nlm.
nih.gov/entrez/eutils/elink.fcgi?dbfrom=pubmed&id=24256681&
retmode=ref&cmd=prlinks

33 Redfern WS, Little RA, Stoner HB, Marshall HW. Effect of limb ischae-
mia on blood pressure and the blood pressure-heart rate reflex in
the rat. Q J Exp Physiol 1984; 69: 763–79

34 Overman RR, Wang SC. The contributory role of the afferent nervous
factor in experimental shock; sublethal hemorrhage and sciatic
nerve stimulation. Am J Physiol 1947; 148: 289–95

35 Kirkman E, Zhang H, Spapen H, Little RA, Vincent JL. Effects of affer-
ent neural stimulation on critical oxygen delivery: a hemodynamic
explanation. Am J Physiol 1995; 269: R1448–54
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