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Abstract

Purpose of Review Resuscitation of the patients suffering major haemorrhage has seen a marked change in mind-set in the current
millennium. This article contains a perspective on the history of shock, the detrimental effects of the traditional sequential
resuscitation reactive approach of using clear fluids for volume expansion followed by blood and component therapy, and the
current philosophy of the early proactive transfusion of red blood cells, plasma, and platelets in a recommended ratio. The debate
concerning pharmacological intervention for fibrinolysis and percutaneous mechanical control of haemorrhage will be discussed.
Recent Findings Although the initial goal should be to achieve a ratio of 1:1:1 for packed red blood cells, plasma, and platelets,
thromboelastometry is an essential point of care tool to determine the need for and effect of component therapy. This point of care
tool is superior to the traditional laboratory assessment of coagulation. The use of tranexamic acid has come into question with the
discovery of fibrinolytic shutdown and the detrimental effects on physiological fibrinolysis. The benefit of mechanical control of
haemorrhage using percutaneous aortic occlusion is debatable.

Summary Major haemorrhage remains the commonest potentially correctable cause of early in-hospital death following major
trauma. Minimising the use of clear resuscitative fluids and the early use of blood and component therapy is essential to maximise
oxygen delivery, reverse the oxygen deficit and debt, and correct the coagulopathy of trauma and shock. The optimal ratio
remains elusive but should be guided by thromboelastometry which will also dictate the need for antifibrinolytic therapy. The
benefit and extent of permissive hypotension in those with ongoing haemorrhage until surgical control of haemorrhage can be
obtained is unclear. The use of endovascular balloon occlusion of the aorta is controversial. Throughout resuscitation and damage
control surgery, hypothermia must be corrected by core rewarming. Commensurate with damage control resuscitation is damage
control surgery, the two being complementary for maximal benefit.
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Introduction contemporary, Samuel Gross, considered the consequences

as, “A rude unhinging of the machinery of life”. Their obser-

“A momentary pause in the act of death” was how John
Collins Warren, the surgeon who operated during the first
public demonstration of ether anaesthesia by William
Morton in 1846, described severe haemorrhage. His
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vations are not surprising for in that era of the late nineteenth
century, intravenous access, resuscitation fluids, blood trans-
fusion, and the ability to provide advanced life support were
interventions of the future. Furthermore, even if available, for
many years shock was not considered to be the result of
hypovolaemia but rather an affliction of the nervous system.
Remedies included alcohol, ammonia, and turpentine
intended to act as stimulants and ironically, venesection [1].
The above notwithstanding, Gross inadvertently proposed the
concept of damage control surgery (DCS) when he stated,
“The indications presented in all wounds of whatever nature
are first to relieve shock, secondly to arrest haemorrhage,
thirdly to remove foreign matter, fourthly to approximate
and retain the parts, and fifthly to limit the resulting
inflammation”. Controlling haemorrhage and contamination
followed later by definitive surgery and attempts to minimise
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the systemic inflammatory response syndrome are precisely
the essential manoeuvres employed today in the critically
injured.

Although the nervous system theory persisted during the
First World War, doubts were being cast. Walter Cannon
recognised that shock was due to a marked reduction in blood
volume but thought this resulted from pooling of blood within
the body [2]. Nevertheless, he cautioned against overzealous
fluid resuscitation stating, “If the pressure is raised before the
surgeon is ready to check any bleeding that may take place,
blood that is sorely needed may be lost”. This seminal state-
ment is now the tenet of damage control resuscitation (DCR)
and permissive hypotension.

DCR and DCS, although independent concepts, are insep-
arable when managing the critically injured; without one, the
other will almost invariably fail [3ee, 4]. In brief, DCR entails
minimising the use of clear fluids, a massive transfusion pol-
icy with blood and component therapy in prescribed ratios, the
acceptance of permissive hypotension until surgical control
can be achieved, and correcting hypothermia. The primary
aims of DCS are to control haemorrhage, limit contamination
if present, and delay definitive surgery until physiology al-
lows. Initially designed for major abdominal trauma, the con-
cept has been expanded to other anatomical regions [5, 6].

Damage Control Resuscitation

Should a critically injured person survive to reach hospital,
haemorrhage remains the commonest cause of potentially
preventable death. Following the realisation that after major
trauma hypotension equates with hypovolaemia, fluid
resuscitation became standard practice. Shires and colleagues
advocated crystalloid in three times the estimated volume of
blood loss [7] whereas Hamilton Bailey condemned such an
approach and favoured colloids [8]. Whichever fluid was cho-
sen, the goal was to achieve a normal blood pressure before
surgery was contemplated. There are a number of major flaws
in this approach. In the face of ongoing haemorrhage, as
suggested by Cannon, driving up the blood pressure will result
in persistent bleeding. Fluids alone will aggravate the acute
coagulopathy of trauma and shock (ACoTS) following exces-
sive blood loss, and neither crystalloids nor colloids transport
oxygen, the most crucial intervention in resuscitation.

Unhinging of the Machinery of Life

Severe haemorrhage results in hypoperfusion and a marked
reduction in oxygen delivery and therefore consumption. Lack
of oxygen prevents pyruvate from entering Kreb’s cycle with
a resultant increase in lactate and an anaerobic metabolic
acidosis. Failure of pyruvate to enter the cycle results in a
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massive reduction in the manufacture of adenosine triphos-
phate (ATP) the production of which, in the most severe sce-
nario, may be reduced by 95%. This molecule is responsible
for almost every energy-requiring process within the cell. The
average daily turnover of ATP is in the region of 12 x 10%°
molecules, the number of cupsful of water in 200 Pacific
Oceans, and a mass equivalent to 100 kg [9]. The conse-
quences on cellular function are catastrophic with apoptosis
and necrosis, intracellular messenger dysfunction, the forma-
tion of oxygen free radicals, endothelial disintegration, and
mitochondrial implosion [10e¢].

Although a vicious lethal triad of acidosis, coagulopathy,
and hypothermia has been cited frequently, this is a late stage
from which recovery is rare [11]. Earlier identification of at
risk patients is essential, and in the absence of traumatic brain
injury, there are three independent predictors of death in the
critically injured namely hypoxia, hypoperfusion, and
hypothermia; the “Triple H Syndrome” [12]. Hypoxia may
be absolute with a low PaO,/FiO, ratio or be manifest by a
severe metabolic acidosis indicating anaerobic metabolism
and cellular hypoxia. Hypoperfusion is reflected by a low
blood pressure or a normal mean arterial pressure while using
vasopressors. A core temperature <35 °C defines hypother-
mia. The goal is to restore aerobic metabolism and correct
hypothermia.

Airway and Ventilation

If not already performed in the prehospital setting, rapid se-
quence intubation and ventilation is mandatory. Drugs which
do not further compromise cardiac output are essential and
etomidate and ketamine are the preferred induction agents
[13]. Following successful airway control, there is a limited
role for protective lung ventilation in the acute setting. ARDS
does not occur in the resuscitation room and data from trials in
ICU have been incorrectly extrapolated to conditions outside
the ICU without any proof of benefit. An adequate tidal vol-
ume is necessary to compensate for the metabolic acidosis, an
elevated PaCO, must be avoided if traumatic brain injury is
present, and in the presence of a pulmonary contusion, tidal
volume is a recruitment manoeuvre whereas PEEP maintains
volume after recruitment. A tidal volume of 8—10 mls/kg may
be required in the acute setting [14¢].

Correction of Hypovolaemia

Although a multi-lumen central venous catheter will be re-
quired for fluid and drug delivery, the lumen size precludes
their use for rapid fluid infusion. Flow is proportional to the
radius of the lumen and inversely proportional to length. Our
preference is to insert an 8.5F gauge intravenous sheath into a
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central vein. Possible sites are the internal jugular, subclavian
or femoral veins. All have associated drawbacks. Although
the easiest to access, the femoral route should be avoided in
patients with suspected major intra-abdominal haemorrhage
or pelvic fractures. On occasion, depending on the patient’s
body habitus, the sheath is too short for safe subclavian inser-
tion. Accessing the internal jugular vein will require removal
of the anterior portion of a cervical collar if in situ.

Once venous access has been secured, all administered
fluids must be given through a dedicated warmer which al-
lows high flow rates. Crystalloid solutions must be kept to a
minimum and blood, plasma, and platelets are the preferred
fluids in a ratio approaching that in whole blood. Both military
and civilian experience suggests that this should be 1:1:1
[15-17] although the exact ratio has yet to be determined.
Depending on the need for fibrinogen, cryoprecipitate
may also be required. To this end, a massive transfusion
protocol should have been established in all units treating
major trauma. In many centres, blood and component ther-
apy is not immediately available and a vasopressor infusion
using either adrenaline or noradrenaline should be com-
menced to maintain an acceptable mean arterial pressure
until the necessary fluids are infused [3¢]. Furthermore,
in those suffering massive injury, mitochondrial antigen is
released into the circulation and may be many thousand
times the normal concentration. Mitochondria are intracel-
lular organelles that have evolved from bacteria and are
normally hidden from the immune system. Exposure to
the innate immune system results in a response similar to
septic shock but without an infective component, with va-
sodilatation and hypotension and management therefore
entails the use of vasopressors [18].

Overzealous use of blood and component therapy is not
without hazard [19] and the precise requirements should be
quantified objectively. Haemostasis involves an interaction
amongst the endothelium, platelets, fibrin, clotting factors,
and red blood cells. The standard laboratory coagulation tests
are performed on platelet and cell free plasma at 37 °C, do not
reflect the in vivo haemostatic process, and if abnormal cannot
determine the underlying defect. Furthermore, the internation-
al normalised ratio (INR), prothrombin time, and partial
thromboplastin time assess only the initial phase of coagula-
tion and not progression of clot formation or fibrinolysis.
Thromboelastometry assesses coagulation in whole blood
and has gained acceptance as the optimal point of care
tool by graphically illustrating each phase of coagulation
[20, 21, 22¢]. A directed choice of the necessary interventions
thus minimises overuse of component therapy and has been
reported to increase survival [22¢]. This is especially relevant
with the recent description of the Acute Coagulopathy of
Trauma Shock (ACoTS) [23]. Although the original intent
should be to achieve the recommended ratio, in addition to
thromboelastometry, the clinical scenario must also be taken

into consideration. Those in whom total source control of
haemorrhage can be achieved surgically, such as splenectomy
for splenic trauma, may not require the full protocol whereas
liver or pelvic injury which necessitates packing with the risk
of ongoing haemorrhage will undoubtedly need all compo-
nents in the optimal ratio. Furthermore, the presence of a se-
vere acidosis and hypothermia compromises coagulation and
these physiological derangements will also dictate the neces-
sity for specific therapeutic interventions. With regard to co-
agulation, laboratory values of a platelet count of > 50,000,
fibrinogen > 1 g/l, and an ionised calcium of > 1 mmol/l are
recommended although thromboelastometry is invaluable in
determining whether these are sufficient. Based on rheology,
the optimal haemoglobin for oxygen delivery is 10 g/dl. The
European guidelines suggest between 7 and 9 g/dl [24] based
on the TRICC study [25]. Inclusion criteria in this trial how-
ever were patients with stable organ dysfunction and
normovolaemia, and the exclusion criteria were those with
ongoing blood loss or transfusion of more than three units of
packed red blood cells within the previous 12 h. These criteria
do not apply to the trauma patient with active haemorrhage
and as with studies on ventilation and intravenous fluid man-
agement in the critically ill already housed within the ICU;
data from such trials cannot be extrapolated to the acute resus-
citation phase.

Fibrinolysis and Tranexamic Acid

Following the CRASH-2 trial [26], tranexamic acid (TXA)
has been incorporated widely into protocols for the man-
agement of major haemorrhage. The premise is that this
drug will address fibrinolysis in ACoTS. This pathology
occurs in a small percentage of patients with major injury
and concern has been expressed that thromboembolic
events have been under-reported and the drug should be
used with caution and only in selected patients [27].
Furthermore, fibrinolysis shutdown has been reported in
some patients and in those with physiological fibrinolysis,
mortality is increased with TXA [28, 29]. To this end,
thromboelastometry is the investigation of choice to deter-
mine which patients will benefit [3ee, 21, 22¢¢].

Permissive Hypotension

Although the goal of resuscitation is reversal of anaerobic
metabolism by restoring mean arterial pressure and oxygen
delivery, in patients who are transient responders, Cannon’s
premise holds true. Attempting to maintain a normal blood
pressure in the face of ongoing haemorrhage is futile. In this
situation, a degree of permissive hypotension is acceptable
until surgical control can be achieved. This is a balance
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between haemostasis and perfusion and the optimal blood
pressure has yet to be elucidated although most suggest a
maximum systolic blood pressure of 90 mmHg [30¢].
Whatever pressure is chosen, the shortest time to operative
intervention is an absolute necessity. This strategy does not
apply, however, in patients with traumatic brain injury where a
reduced cerebral perfusion pressure is associated with a
marked increase in morbidity and mortality [31e¢]. Such a
scenario requires a precarious course to be navigated between
Scylla and Charybdis. The initial goal of DCR, however,
remains the same. It is pointless undertaking neurosurgical
intervention in the presence of uncontrolled haemorrhage else-
where. If feasible, a combined surgical approach should be
considered and the patient prepared for dual surgery. Once
bleeding has been controlled and coagulation acceptable
neurosurgical intervention should proceed. Resuscitative
endovascular balloon occlusion of the aorta (REBOA) is
currently being evaluated as a means of controlling non-
compressible haemorrhage prior to surgical intervention
[32]. This allows normal cerebral perfusion while controlling
distal haemorrhage, best described as regional permissive hy-
poperfusion. Significant complications have been reported
with debatable improved outcome and as with many new
techniques, the initial enthusiasm has begun to wane and the
precise indications remain unclear [33].

Hypothermia

Primary hypothermia arises when heat production is main-
tained but core temperature falls as a result of exposure to a
cold environment and survivors with temperatures < 32 °C are
recorded. Secondary hypothermia arises when the environ-
mental temperature is normal but heat production is dimin-
ished as a result of a reduction in oxygen consumption. This
is the pathology encountered following major haemorrhage
with no survivors documented below 32 °C [34]. Rapid cor-
rection of core temperature must commence during DCR.
External warming devices such as blankets or convective air
rewarmers prevent further heat loss but are ineffective at
rewarming the core. Based on the second law of thermody-
namics, heat will only flow from the periphery to the core
once the peripheral temperature exceeds the core. In hypother-
mic patients, skin blood flow decreases from 200 to
4 ml/min/m>. At this flow rate, skin has the conductivity of
cork making peripheral rewarming completely ineffective.
Although essential, warming inspired air transfers little heat
and the most effective and practical method of rewarming is
by using heated intravenous fluids. At a fluid temperature of
40 °C, the common level achieved by dedicated warming
devices, 5-8 kcal of heat per litre will be transferred to the
patient. Should hypothermia persist up to ICU admission the
mortality rate quadruples [35].
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If the aim of resuscitation is to reverse anaerobic metabo-
lism, then measuring cardiac output and oxygen delivery is
logical. The past few years have seen a trend from invasive
to non-invasive cardiac output monitoring by a variety of
techniques. Each has advantages and drawbacks and in the
haemodynamically unstable patient, all are prone to error.
Furthermore, the numbers generated do not necessarily
reflect success or failure. Distinction must be made be-
tween oxygen deficit and debt [36¢¢]. A normal oxygen
delivery and consumption with no oxygen deficit do not
mean that the debt has been repaid and other downstream
markers are required. Both lactate and base deficit mirror
changes in metabolism, the former anaerobic and the latter
both anaerobic and aerobic. The ultimate goal should be a
lactate within normal limits. If achieved within 24 h, the
prognosis is optimistic; if delayed beyond 48 h, survival is
uncommon [37]. In addition to documenting the success of
resuscitation, serum lactate is a useful indicator of the op-
timal time for definitive fracture fixation following initial
damage control orthopaedics [38]. Despite normal
haemodynamics, persistent hyperlactaemia indicates on-
going cellular hypoperfusion and definitive surgery under
these adverse circumstances renders the patient at risk of
new onset organ dysfunction and prolonged mechanical
ventilation.

Conclusion

More than two thousand years ago, the Hindu doctrines of
Ayurveda stated, “The best treatment of any lost substance
is replacement by an identical expander”. Nowhere is this
more relevant than the patient suffering massive haemor-
rhage who has lost all components of the haematological
system. Volume expansion using clear fluids is ineffectual
in maximising oxygen delivery or correcting a coagulopa-
thy and has been abandoned in favour of the rapid infusion
of red blood cells, plasma, platelets, and cryoprecipitate.
The exact ratio is debatable but the current philosophy is
1:1:1 with cryoprecipitate need determined by fibrinogen
concentration or thromboelastometry. Although relevant
only to a minority of trauma patients, DCR combined with
DCS has had a marked benefit on survival. The emphasis
on correction of physiology over anatomic reconstruction,
minimal use of clear fluids, maximal early oxygen
delivery, correction of coagulation defects, abbreviated
surgery, further resuscitation in the ICU, and a return to
the operating theatre only when physiology allows have
been a major paradigm shift in the management of the
critically injured.
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