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Summary

Acute traumatic brain injury (TBI) remains the most common cause o f  death from 

multiple trauma. The cardiovascular homeostatic responses to haemorrhage and injury 

are co-coordinated in the central nervous system. Coincidental brain injury, which is 

present in at least 21% of trauma patients, could impair these responses and thereby 

adversely affect outcome. The effects o f acute TBI on cardiovascular homeostatic 

mechanisms are unclear.

The first objective o f this research was to test the hypothesis that acute TBI o f  moderate 

severity (Abbreviated Injury Score=3) impairs survival from multiple trauma. Analysis 

o f the UK trauma audit and research network database was undertaken in a study 

population o f multiple trauma patients who had sustained blunt trauma with an injury 

severity score (ISS) ranging between 16 and 50. These parameters were chosen to 

reflect an injury severity where acute TBI could affect mortality. The probability o f 

death was modeled using logistic regression adjusted for age and injury severity. 

Moderate TBI in isolation was associated with a low mortality rate (< 4.7%). Adjusting 

for ISS, mortality from multiple trauma was doubled in the presence o f moderate TBI 

(odds ratio 2.08, 95% Cl, 1.57-2.77). This observation led to the hypothesis that acute 

TBI could modify cardiovascular homeostasis, and thereby contribute to the additional 

mortality observed when TBI and extracranial injuries are combined.

The effect o f mild and moderate TBI on the neurally-mediated bi-phasic haemodynamic 

response to haemorrhage was examined using a preclinical model o f closed head injury 

and simple haemorrhage in the rat. The lateral fluid percussion injury model o f  brain 

trauma was combined with a non-resuscitative, controlled haemorrhage model o f  40% 

total blood volume. TBI resulted in a significant attenuation o f the bi-phasic 

haemodynamic response to simple haemorrhage. This effect was graded according to 

the severity o f induced brain injury. Moderate TBI was associated with a marked 

attenuation o f the bi-phasic response, with heart rate and blood pressure being 

maintained higher for longer. Despite this apparent improved tolerance for 

haemorrhage, a 50%> early mortality was observed following moderate TBI. Subgroup 

analysis o f the moderate TBI group revealed that the bi-phasic haemodynamic response
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was abolished in non-survivors. These findings reflect a significant disturbance of 

normal cardiovascular homeostasis following acute TBI.

The performance o f Shock Index in the presence o f combined TBI and haemorrhage 

was assessed. Shock Index failed to reflect the trend o f increasing blood volume loss in 

the presence o f TBI. Shock Index appears to be an unreliable indicator o f early shock in 

the presence o f acute TBI.

The arterial baroreflex is the one o f the principal reflexes involved in the moment to 

moment control o f blood pressure. The effects o f acute TBI on the arterial baroreflex 

were studied using the rapid phenylephrine pressor test. Acute TBI was associated with 

a significant increase in baroreflex sensitivity within 10 minutes o f induced brain 

injury. This increase in baroreflex sensitivity was closely related to the severity o f 

induced TBI and was observed in both mild and moderate severities o f acute TBI. 

Future research will be required to determine the implications o f this alteration in 

baroreflex sensitivity on haemodynamic stability in the brain injured patients.

In summary, acute TBI is associated with a significant adverse effect on survival 

following multi-system trauma. Laboratory investigations revealed a significant 

disturbance o f the basic cardiovascular homeostatic mechanisms complicating even 

mild TBI. Further clinical and laboratory research introducing more complex preclinical 

and clinical investigations are needed to advance our understanding o f cardiovascular 

pathophysiology in brain injured patients and thereby improve outcomes in this group.
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C h a p t e r  1

I n t r o d u c t i o n  

1.1 E p id e m io l o g y

Trauma remains the leading cause of death and disability in the first four decades of life 

in western societies. It is the third most common cause of death in all age groups 

(1988), (Murray 1997). Over 300,000 people are severely injured and over 10,000 

people die as a result of their injuries every day (Murray 1997), (Lopez, Mathers et al. 

2006). Traumatic brain injury (TBl) is the leading cause of death following injury, 

accounting for over 50% of all trauma deaths (Kraus and McArthur 1996).

The incidence estimates of TBl are in the range 200-300 per 100,000 population per 

year based on hospital admission figures (Murray 1997). In terms of the severity of 

brain injury sustained approximately 80% are mild, 10% are moderate and 10% are 

severe (Jennett 1996). The incidence rates for males are twice those o f females. Age 

data typically show two peaks; one in the 15-24 year age group and the other in the over 

70 year age group. TBl has significant implications for public health, contributing to 

acute health care and long-tenn disability costs in a predominantly younger age group 

(Murray, Teasdale et al. 1999), (Tagliaferri, Compagnone et al. 2006). The European 

Brain Injury Consortium (EBIC) survey of over 1,000 patients with moderate to severe 

TBl showed that 31% were dead within 6 months, 30% made a good recover}^ 20% 

were moderately disabled, 16% were severely disabled and 3% were in a vegetative 

condition (Murray, Teasdale et al. 1999).



Road traffic accidents, falls and assaults are the main causes o f TBI. In the EBIC survey 

52% o f injuries were road traffic accident related (Murray, Teasdale et al. 1999). There 

is a clear relationship between age and the mechanism o f injury. Younger patients are 

more frequently injured in road traffic accidents (83%). The incidence o f falls and 

pedestrian accidents increases with age accounting for 82.9% o f injuries in patients over 

the age o f 65 years. Advancing age is also an independent risk factor for poor outcome 

following acute TBI (Teasdale, Skene et al. 1979), (Susman, DiRusso et al. 2002), 

(Kuhne, Ruchholtz et al. 2005), (Franko, Kish et al. 2006), (Thompson, McCormick et 

al. 2006).

Epidemiological studies indicate that improved systems o f trauma care have resulted in 

a 40% reduction in mortality from major trauma when there is no associated brain 

injury (Shackford, Mackersie et al. 1987), (Davis, Hoyt et al. 1991), (Lecky, Woodford 

et al. 2000), (Hartl, Gerber et al. 2006), (Hartl, Gerber et al. 2006). Significant 

improvements in survival from isolated brain injury have also been observed over the 

past 25 years, with a reduction in mortality from severe TBI from 50% to 25% 

(Marshall 2000), (Zink 2001). This improvement in survival is much less evident when 

acute TBI is a component o f  multiple trauma (Gennarelli, Champion et al. 1989), (Patel, 

Bouamra et al. 2005). Therefore the interaction between acute TBI and extracranial 

injury has a deleterious effect on outcome.

Extracranial injuries commonly complicate acute TBI and approximately 50% of 

patients with severe TBI sustain potentially life-threatening extracranial injuries 

(Luerssen, Klauber et al. 1988), (Sarrafzadeh, Peltonen et al. 2001). The combination of
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TBI with extracranial injuries, is associated with a high incidence o f secondary insults 

(M iller 1982), (Stocchetti 1996), (Sarrafzadeh. Peltonen et al. 2001).

Secondary ischaemic insults to injured neuronal tissue are considered key factors 

contributing to the additional mortality observed when acute TBI co-exists with 

extracranial injury (Schmoker, Zhuang et al. 1992), (Chesnut, Marshall et al. 1993), 

(Signorini, Andrews et al. 1999), (Jeremitsky, Omert et al. 2003). Ischaemic brain 

injury is present in up to 90% of patients who die as a result o f their injuries (Graham 

and Adams 1971), (Kotapka, Gennarelli et al. 1991), (Wald, Shackford et al. 1993).

Furthermore, acute TBI may be associated with concomitant injury to critical sites o f 

the central nervous system responsible for homeostatic responses to extracranial 

haemorrhage and soft tissue injury. Despite the advances in emergency and critical care, 

patients with acute TBI continue to experience frequent hypotensive episodes following 

their injury (Jones, Andrews et al. 1994), (Jeremitsky, Omert et al. 2003). It is possible 

that injury to critical sites o f the central nervous system responsible for cardiovascular 

control may in part account for this tendency to hypotensive episodes. However the 

effect o f  acute TBI on cardiovascular homeostasis remains poorly understood. 

Hypotensive insults are an important negative predictor o f outcome following TBI 

(Schmoker 1992), (Stocchetti 1996), (Chesnut 1997), (Jeremitsky, Omert et al. 2003). 

Mortality increases by 50% when even a brief episode o f hypotension occurs (MAP of 

<90mmHg) (Jones, Andrews et al. 1994), (Chesnut 1997).

It is hypothesised that acute TBI may be associated with modification o f  the normal

cardiovascular homeostatic mechanisms and may therefore contribute to the observed
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additional mortality seen when acute TBI co-exists with extracranial injury. This may 

also contribute to the frequent episodes o f hypotension which occur in TBI patients 

despite targeted therapy aimed at minimising secondary insults o f  this type (Jones, 

Andrews et al. 1994), (Jeremitsky, Omert et al. 2003).

In the remainder o f this chapter an overview o f the relevant aspects o f the neural 

mechanisms o f cardiovascular homeostasis and the pathophysiology o f primary and 

secondary TBI are discussed. Finally the core aims o f this thesis are presented.
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1 .2  T h e  n e u r a l  m e c h a n is m s  in v o l v e d  in  c a r d io v a s c u l a r

HOMEOSTATIC RESPONSES TO HAEMORRHAGE.

The central nervous system  sets the balance o f  sym pathetic and parasym pathetic 

activity w hich detennines cardiac output and peripheral vascular resistance and hence 

blood pressure. Peripheral receptors m onitor the level o f  arterial pressure and contribute 

reflexly to the regulation o f  arterial pressure. The interplay o f  a ‘central com m and’ and 

peripheral sensors w ith reflex inputs is essential for the m om ent to m om ent adjustm ent 

o f  blood pressure.

V ictim s o f  m ulti-system  traum a often sustain tw o different types o f  extracranial insults: 

sim ple haem orrhage and soft tissue (m usculoskeletal) injury. The cardiovascular reflex 

responses to sim ple haem orrhage differ from  the responses to soft tissue injury (Little 

and Stoner 1983), (Little, Randall et al. 1984), (A nderson, Little et al. 1990), (Evans, 

V entura et al. 2001). V/hen both o f  these injuries co-exist they interact to produce a 

third pattern o f  cardiovascular reflex responses (Little, M arshall et al. 1989).

1.2.1 CARDIOVASCULAR REFLEX RESPONSES TO SIMPLE HAEMORRHAGE

Sim ple haem orrhage, defined as loss o f  circulating blood volum e in the absence o f  soft 

tissue injury, triggers a num ber o f  reflex responses w'hich results in a bi-phasic heart 

rate (HR) and blood pressure response (Barcroft, Edholm  et al. 1944), (W arren 1945), 

(Secher and Bie 1985), (Evans, V entura et al. 2001), (Figure 1). Three principal 

reflexes are considered to be involved in the cardiovascular response to haem orrhage; 

the arterial baroreflex, the cardiac C fibre reflex and the chem oreceptor reflex.



Figure 1. Haemodynamic response to haemorrhage (redrawn from Barcroft 

Lancet 1944).
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1.2.1.1 Arterial Baroreceptor Reflex

The arterial baroreflex is the primary cardiovascular reflex responsible for the 

maintenance o f  arterial blood pressure in the presence o f acute central hypovolaemia 

resulting from haemorrhage or soft tissue injury (Schadt and Ludbrook 1991), (Potts, 

Ludbrook et al. 2000), (Evans, Ventura et al. 2001). Modification o f  arterial baroreflex 

function following acute TBI could have significant implications for cardiovascular 

compensation for blood volume loss following multi-system trauma. The arterial 

baroreceptors are slow-adapting ‘mechanoreceptors’ that respond to the degree o f 

stretch o f  the arterial wall produced by intraluminal pressure. The main baroreceptors 

involved in monitoring the arterial circulation are strategically located in the medio- 

adventitial layer o f  the walls o f the aortic arch and carotid sinus area (Angell-James and 

Daly 1970).

Baroreceptors respond both to the degree o f stretch o f the arterial wall and to the rate of 

change o f pulse pressure and mean arterial pressure (MAP). Baroreceptors are tonically 

active at a MAP above 70mmHg, and are inactive at a MAP below SOmmHg. As pulse 

pressure diminishes following haemorrhage the activity o f the baroreceptors reduces 

even before a fall in MAP occurs. Two types o f afferent nerve fibres are associated 

with the arterial baroreflex; the majority are A-type (myelinated) nerve fibres and there 

are a smaller number o f C-type (non-myelinated) fibres. A-fibres are considered to 

provide a dynamic reflex modulation whilst C-fibres are thought to provide a more 

steady-state response (Fan 1999). Sensory fibres from the aortic arch baroreceptors 

travel in the vagus nerve and from the carotid sinus in the sinus nerve (Van H ering's 

nerve), a branch o f the glossopharyngeal nerve. They relay in the nodose ganglia and
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the petrosal ganglia respectively, before terminating in the nucleus o f  the tractus 

solitarius (NTS) which is located in the dorsomedial medulla (Kirchheim 1976). When 

arterial pressure is increased, the sensory nerve endings o f the baroreceptors are 

stretched and afferent discharge is increased.

Conversely when the degree o f  stretch is diminished the afferent activity o f  baroreflex 

is reduced or ‘unloaded’. The efferent limb o f the baroreflex is carried in the vagus and 

sympathetic nerves to the heart, and in the sympathetic vasoconstrictor nerves to the 

blood vessels (Kirchheim 1976). Stimulation o f the baroreceptors results in a reflex 

bradycardia and fall in peripheral vascular resistance and hypotension, whilst unloading 

the arterial baroreceptors has the opposite effect (Smyth. Sleight et al. 1969), 

(Pickering, Gribbin et al. 1972). This forms the basis o f  the negative feedback 

mechanism o f the arterial baroreflex which is considered to be one o f  the most 

important mechanisms involved in the ‘moment to m om ent’ control o f arterial blood 

pressure (Cowley, Liard et al. 1973).

Whilst the baroreflex is one o f the principal mechanisms for controlling and 

maintaining blood pressure, it is not the only mechanism. The overall control o f 

autonomic system is more complex. When the need arises other mechanisms such as the 

‘defence reaction’ and the response to ‘injury’ can assume control and effectively 

override the ‘norm al’ responses, resulting in a centrally mediated attenuation o f  the 

baroreflex (Hilton 1982). There is, therefore, a hierarchical system o f control and 

adaptability o f cardiovascular responses within the central nervous system.
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Figure 2. Anatomical location of the arterial baroreceptors and chemoreceptors.

(ilossophar\ngeal
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Chemoreceptors

Van Hering's Ner>e 
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Aortic Barorcceptors

Sensory fibres fi'om the aortic arch baroreceptors travel in the vagus nerve. Carotid sinus 

baroreceptors are located at the internal carotid arteiy after the bifurcation o f  the common carotid 

artery. Sensory fibres from the carotid sinus travel in the sinus nerve (Van H ering’s nerve), a 

branch o f  the glossopharyngeal nerve. Chemoreceptors are located in the carotid and aortic bodies 

in close proximity to the carotid sinus and the aortic arch. Afferents from the carotid sinus travel 

in the carotid sinus nerve and the glossopharyngeal nerve, afferents from the aortic bodies travel 

in the vagus nerves.
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1.2.1.2 The Arterial Chemoreceptor Reflex

As haemorrhage progresses and MAP falls below SOmmHg arterial baroreceptors 

become insensitive. At this lower range o f blood pressure carotid body chemoreceptors 

are activated. Chemoreceptors are located in the carotid and aortic bodies in close 

proximity to the carotid sinus and the aortic arch. They respond to changes in oxygen 

tension in arterial blood. A fall in oxygen tension results in an increase in 

chemoreceptor activity. Their sensitivity is increased by increases in carbon dioxide 

tension and a reduction in arterial pH. Sensory fibres from the carotid body travel in the 

carotid sinus nerve, a branch o f  the glossopharyngeal nerve to the brainstem, from 

where the vagal and sympathetic efferent activity is modulated.

The main cardiovascular effects o f  increased chemoreceptor activity are a vagally 

mediated bradycardia and an increase in sympathetic tone in skeletal muscle. The 

arterial chemoreceptor afferents terminate within the NTS. From the NTS there is a 

secondary excitatory projection activating both the vagal cardiac preganglionic motor 

neurones and the inspiratory neurones within the nucleus ambiguus (NA), resulting in 

an increased respiratory rate (Biscoe, Bradley et al. 1970). The inspiratory neurones 

send cholinergic inhibitory collaterals onto the vagal cardiac pre-ganglionic motor 

neurones which act to attenuate the chem oreceptor-induced increased vagal efferent 

activity to the heart. Respiratory stimulation also results in activation o f the lung stretch 

afferent fibres, which has the effect o f  inhibiting the vagal activity to the heart and the 

sympathetic vasoconstrictor tone in skeletal muscle (Spyer 1984). Severe haemorrhage, 

therefore causes activation o f the chemoreceptors resulting in an increase respiratory
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rate, tachycardia and a reduction in vasoconstriction in skeletal muscle (Daly and 

Kirkman 1988).

1.2.1.3 Phase 1 -  sympathoexcitatory phase of the response to haemorrhage

With the onset o f progressive simple haemorrhage, pulse pressure diminishes resulting 

in ‘unloading’ o f baroreceptor afferent activity. Reduced afferent baroreflex activity 

results in a reflex withdrawal o f vagally-mediated cardiac tone causing an increase in 

HR and a sympathetically-mediated increase in resistance in peripheral vessels such 

that blood pressure is maintained close to pre-haemorrhage levels. This response 

maintains MAP and oxygen delivery to organs with higher metabolic requirements and 

low anaerobic reserve such as the brain, heart and kidneys at the expense o f other 

tissues such as the skin and skeletal muscle (Mackway-Jones, Foex et al. 1999). It is the 

arterial baroreflex response to reduced arterial pressure that almost exclusively accounts 

for Phase 1 o f the response to haemorrhage (Schadt and Ludbrook 1991), (Ludbrook 

and Ventura 1996), (Evans, Ventura et al. 2001). This reflex response maintains MAP 

close to pre-haemorrhage levels following blood loss o f up to 10-15% in an otherwise 

healthy individual (Barcroft, Edholm et al. 1944), (Secher and Bie 1985).

The activity o f the baroreflex is augmented as haemorrhage continues by a concomitant 

increase in the sensitivity. This is the result o f an increased secretion o f vasopressin and 

renin, which occurs after haemorrhage (Scott and Kirkman 1983), (Cowley, Merrill et 

al. 1984). The cell bodies o f the sympathetic preganglionic neurones, which cause 

vasoconstriction, are located in the intermediolateral (IML) column o f the spinal cord. 

One o f the main pathways o f excitatory drive to the sympathetic pre-ganglionic
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neurones originates in the nucleus paragigantocellularis lateralis (PGL) in the rostral 

ventrolateral medulla (RVLM). These sympatho-excitatory cells within the RVLM are 

subject to inhibition originating from baroreceptor afferent activity. The reduction in 

baroreceptor afferent activity which occurs during haemorrhage results in a dis- 

inhibition o f the RVLM sympathoexcitatory neurones which therefore results in an 

increase in sympathetic activity (Pilowsky 2002).

At a micro-vascular level the balance o f pressures across the capillary beds changes 

with haemorrhage. Fluid shifts result in some movement o f  fluid from the extra- 

vascular space to the intravascular compartment to further minimise reductions in blood 

pressure resulting from blood loss. As blood loss progresses beyond 20-30% o f total 

blood volume, there is a failure o f sympathetic vasoconstrictor tone and an increase in 

cardiac vagal tone resulting in a dramatic fall in blood pressure. This is due to the 

activation o f a second reflex, the ‘depressor’ reflex (Phase 2).

1.2.1.4 Phase 2 -  Sympathoinhibitory phase.

The neural mechanisms that trigger the onset o f the second phase o f the response to 

acute central hypovolaemia are not fully understood. There is evidence that the 

sympathoinhibitory phase or the ‘depressor response’ associated with severe 

haemorrhage is reflex in nature and that the efferent limb o f the reflex involves both 

increased vagal activity to the heart and reduced sympathetic tone to the vascular beds. 

The decrease in blood pressure appears to be independent o f the decrease in HR as it is 

unaffected by the administration o f  atropine (Barcroft, Edholm et al. 1944), (Murray 

and Shropshire 1970). There is little information, however, about the neuroanatomy o f
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this presumptive ‘cardiac reflex’. There are some studies that reveal aspects o f the 

neuroanatomy o f this reflex. Hypotensive haemorrhage increases activity in a number 

o f  midbrain (supraoptic (SOP), paraventricular (PVN), periaquaductal grey (PAG)) and 

brainstem nuclei (NTS, RVLM), some o f which project to the spinal cord. The 

possibility that these suprapontine centres play a role in the depressor phase o f the 

cardiovascular response to severe haemorrhage is supported by the observation that 

phase 2 is abolished by high mesencephalic decerebration in rats (Evans, Ludbrook et 

al. 1991).

It has been postulated that the mechano-sensitive receptor endings o f  the cardiac vagal 

C-fibre afferents are stimulated by deformations o f the ventricular wall as the heart 

contracts around an incompletely filled ventricle (Thoren 1979). In support o f this 

theory sectioning o f the cervical vagii reverses the bradycardia in experimental animals 

(Evans 1994). The bradycardia and hypotension at this phase are attenuated in animals 

deficient in afferent C-fibres (Little, Marshall et al. 1989). However phase 2 still occurs 

after vagotomy (Morita and Vatner 1985) or cardiac denervation (Shen, Knight et al. 

1990) in conscious dogs and in humans, and a ‘depressor-like’ response occurs in heart 

transplant recipients (Fitzpatrick, Banner et al. 1993), (Morgan-Hughes, Kenny et al. 

1994). Regardless o f the aetiology o f the afferent pathway, the efferent pathway o f the 

‘depressor reflex’ involves both increased vagal activity to the heart and reduced 

sympathetic activity to vascular beds which occurs when a critical level o f blood loss 

takes place (Oberg and Thoren 1973).



1 . 2 . 2  C e n t r a l  o r g a n i s a t i o n  o f  c a r d i o v a s c u l a r  r e g u l a t o r y  n u c l e i

Research over the past 50 years has greatly enhanced our knowledge o f the central 

organisation o f cardiovascular regulation. An overview o f the key aspects o f  the central 

organisation o f cardiovascular reflex mechanisms is outlined in the next section.

1.2.2.1 Afferent Medullary Nuclei

Afferent inputs from the arterial baroreceptors and a range o f other peripheral receptors 

influence the activity o f cardiovascular autonomic nerves. These include the cardiac 

baroreceptors (in the walls o f the atria and the ventricles) and the arterial 

chemoreceptors. Collectively they provide moment to moment information about the 

pressures in the arterial system, cardiac chambers and great veins as well as the 

chemical composition o f the arterial blood. The NTS is the primary site o f reflex 

integration for regulation o f cardiovascular homeostasis (Spyer 1984), (Machado, 

Mauad et al. 1997), (Pei, Braak et al. 2001), (Davis, Derbenev et al. 2004). It is located 

within the medulla in the lower brainstem. The arterial baroreceptor afferents terminate 

in the NTS. It is thought that the baroreceptor reflex arc is not a simple reflex arc and 

involves relays at several levels within the medulla, pons, midbrain and hypothalamus 

(Spyer 1984).

The efferent limb o f  the arterial baroreflex is carried in the parasympathetic (vagal) and 

sympathetic nerve supply to the heart and vasculature. The cell bodies o f the vagal 

cardiac preganglionic motor neurones are located in the NA and in the dorsal vagal 

motor nucleus (DVMN) (McAllen and Spyer 1976). The sympathetic preganglionic cell
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bodies are located in the IML columns o f  the thoracic and upper lumbar segments o f the 

spinal cord (Henry and Calaresu 1972).

1.2.2.2 Efferent Medullary Baroreflex Nuclei

Baroreflex fibres from the NTS cross the Cardiovascular Reflex Arc (CRA) to the NA, 

the dorsal vagal motor nucleus (DVMN) which mediate the efferent baroreflex 

parasympathetic responses (McAllen and Spyer 1976), (Chitravanshi and Calaresu 

1992). Excitatory neurones project from the NTS to the CVLM (Pilowsky 2002). 

Inhibitory inter-neurones arise from the CVLM and project to the RVLM which 

mediates the sympathetic baroreflex responses respectively (Pilowsky 2002).

1.2 .2 .2 .1 Vagal EfTcrc'iit L im b o f  the B aroreflex.

Two populations o f vagal preganglionic neurones have been identified namely the

DVMN and the NA which project to the ganglion located near the cardiac pacemaker.

They receive a projection from the NTS which in turn receives baroreceptor afferent

projections. Baroreceptor afferent activity appears to influence vagal efferent activity

via two main pathways: a short latency pathway, which is complete within the medulla,

i.e. a segmental pathway travelling from the NTS to the NA, and a longer latency

pathway which ascends to relay in the anterior hypothalamus before descending to the

NA. Activation o f either o f  these pathways following stimulation o f the baroreceptors

leads to excitation o f the vagal cardiac preganglionic motor neurones within the NA and

consequently to bradycardia. The NA is considered the primary medullary nucleus

responsible for heart rate regulation, containing cardiovagal fibres which innervate the

sino-atrial node o f the heart (Chen and Chai 1976), (Corbett, Saha et al. 2003).
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1.2.2.2.2 Sympathetic Efferent Limb o f the Baroreflex.

The cell bodies o f the sympathetic preganglionic neurones (SPNs) are found 

exclusively in the spinal cord. The neurones which project to the heart are located in the 

upper segment o f the thoracic spinal cord (T l-5), and the remainder are distributed 

throughout the thoracic and upper lumbar segments o f the spinal cord. They are located 

in four topographically distinct nuclei within the intermediate spinal grey matter: the 

IML, the lateral funicular area, intercalated cell group and the central autonomic 

nucleus. The most prominent division resides in the IML.

There is a complex topographical organisation o f the SPNs, with vasomotor and non- 

vasomotor functions (Dampney 1994). The diversity in anatomical differentiation o f  the 

SPNs suggests that it may be possible for afferents inputs from several levels o f  the 

neuroaxis to selectively recruit specific preganglionic motor neurones by selective 

release o f specific neurotransmitters (Dampney 1994).

The RVLM provides tonic sympathetic activation to maintain vascular tone (Ross, 

Ruggiero et al. 1984), (Madden, Stocker et al. 2006). The sympathetic preganglionic 

neurones (SPN) are controlled by medullospinal sympathoexcitatory neurones located 

in the RVLM and the rostral ventromedial medulla (RVMM). These 

sympathoexcitatory neurons are inhibited by baroreceptor intemeurones whose cell 

bodies are located in the caudal ventrolateral medulla (CVLM). Unloading o f the 

arterial baroreceptors results in reduced neurotransmitter release in the NTS which 

leads to reduced firing o f the excitatory neurones that project from the NTS to the 

CVLM (Pilowsky 2002). Inhibitory inter-neurones arise from the CVLM and project to



the RVLM. Reduced firing o f these inhibitory neurones will increase firing o f  tonically 

active presympathetic neurones in the RVLM, so increasing sympathetic vasomotor 

drive (Dampney 1994). Therefore the control o f SPN occurs through a process o f 

‘disinhibition’ (Dampney 1994), (Pilowsky 2002). Efferent sympathetic fibres reach the 

heart from ganglionic cells o f the paravertebral chain and parasympathetic post

ganglionic fibres originate from the cardiac plexus (Gabella 1976). The combination o f 

excitation o f the cardiac parasympathetic and inhibition o f the cardiac sympathetic 

fibres produces the bradycardic response o f  the baroreflex (Figure 3).

It is suggested that there is a discrete region, an intennediate nucleus between the NTS 

and RVLM, which is responsible for the depressor limb o f the baroreflex; i.e., which 

inhibits the excitation o f RVLM neurons. The RVLM contains a mixture o f excitatory 

noradrenergic (A |) (Day, Ro et al. 1983) and inhibitory adrenergic (Ci) neurons 

(Benarroch, Granata et al. 1986), (Blessing 1988). Inhibition o f the RVLM is associated 

with the ‘vasodepressor baroreflex response’ (Benarroch, Granata et al. 1986), 

(Machado, Mauad et al. 1997). Stimulation o f the RVLM triggers the adrenal gland to 

secrete nor-adrenaline to the plasma, which subsequently activates vascular a-1- 

adrenoreceptors which induces constriction o f the smooth muscle cells in arteries and 

veins thus increasing peripheral resistance (Appenzeller and Oribe 1997).
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Figure 3. Schematic representation of the arterial baroreflex connections in the 

brainstem.
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Carotid Sinus and Aortic Arch baroreceptors activate the baroreflex, transm itted via Vagal (X) and 

G lossopharyngeal (IX) fibres to brainstem nuclei in the medulla. The reflex enters the NTS, travels to the 

NA and CVLM  which regulates the parasym pathetic limb and sym pathetic lim bs o f  the baroreflex on the 

cardiac ganglion and peripheral resistance vessels. Regulation o f  sympathetic activity is by a process o f  

disinhibition o f  the inhibitory intem eurons which travel from the CVLM  to the RVLM. The RVLM 

provides excitatory fibres to the SPNs in the IML.

18



1 . 2 .3  C a r d i o v a s c u l a r  r e s p o n s e s  t o  s o f t  t i s s u e  i n j u r y

Alteration o f homeostatic reflex function by soft tissue injury ( ‘injury’) has been 

recognised for many years (Wang 1947), (Overman 1947). Overman and Wang were 

the first to suggest that nociceptive afferent impulses arising from damaged tissues were 

important in determining survival after injury.

Soft tissue injury is associated with a different cardiovascular response to that seen with 

haemorrhage. ‘Injury’ results in an increase in arterial blood pressure accompanied by a 

tachycardia. This increase in arterial pressure is largely mediated by an increase in 

sympathetic activity (Redfern 1981). Normally an increase in arterial pressure would be 

expected to result in a reflex-mediated reduction in HR as a result o f the negative 

feedback baroreflex response. However ‘injury’ is associated with a reduction in 

baroreflex sensitivity and rightward re-setting o f  the baroreflex, towards a relative 

tachycardia (Little, Randall et al. 1984), (Jones 1989), (Anderson, Little et al. 1990).

The afferent pathway o f this response runs in somatic fibres (including nociceptive 

fibres) arising from damaged tissues, to the brain via the spinothalamic tracts. The 

central nervous system organisation o f the response to ‘injury’ is poorly understood. 

There is, however, a significant body o f evidence regarding pathways which modulate 

the cardiovascular function and the defence response. The ‘visceral alerting’ response 

o f the defence response has been implicated in the response to ‘injury’ (Lovick 1992), 

as the cardiovascular response elicited by ‘injury’ is very similar to the defence 

response (Overman 1947), (Hilton 1982), (Redfern, Little et al. 1984), (Coote 2007). 

This reaction involves a centrally coordinated pattern o f  behavioural and cardiovascular
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responses to prepare the host to meet the challenge imposed by danger. The 

cardiovascular responses in this preparation for fight or flight include an increase in 

both heart rate and arterial blood pressure sustained by an inhibition o f the arterial 

baroreflex (Quest and Gebber 1972). There is also a selective increase in skeletal 

muscle blood flow, presumably to support the anticipated increase in activity (Timms 

1981), (Hilton 1982).

Soft tissue injury is also associated with an increased arterial pressure, tachycardia, 

increased cardiac output, widespread vasoconstriction and increased blood flow to 

skeletal muscle, which occurs at the expense o f blood flow to skin, kidney and the 

intestine (Little, Yates et al. 1980), (Mackway-Jones, Foex et al. 1999). ‘Injury’ and the 

defence response also have similar effects on the baroreflex, resulting in a reduction in 

sensitivity and a rightward re-setting o f the baroreflex, i.e. towards a relative 

tachycardia (Quest and Gebber 1972), (Redfem, Little et al. 1984), (Jones, Kirkman et 

al. 1990), (Anderson, Little et al. 1990).

The principal brain regions which integrate the autonomic and behavioural components 

o f the defence response are the hypothalamus and the dorsomedial periaquaductal grey 

(PAG) matter. PAG has been shown to display increased neuronal activity after injury 

(Jones 1989). Also lesions in the periaqueductal grey prevent the inhibition o f the 

baroreflex elicited by ‘injury’ (Jones, Kirkman et al. 1990). The full pattern o f 

cardiovascular changes associated with the defence reaction can only be elicited from 

the dorsomedial PAG matter o f the midbrain (Hilton and Redfem 1986), (Bandler and 

Carrive 1988), (Bandler, Carrive et al. 1991). Four longitudinal columns o f PAG have

described: dorsomedial, dorsolateral, lateral and ventrolateral (Carrive, Bandler et al.

20



1989). The dorsomedial and dorsolateral PAG are largely pressor regions, whilst the 

lateral and ventrolateral PAG are depressor (Lovick 1985). PAG is thought to contain 

groups o f cells which are viscerotopically organised with respect to control over various 

vascular beds (Carrive, Bandler et al. 1989). These fibres project to the RVLM, which 

in turn also demonstrates viscerotopical organisation (Dampney 1994). Thus PAG has 

both the anatomical and functional organisation required to orchestrate the complex 

integration needed to produce the highly specific cardiovascular modulation triggered 

by the defence response (Figure 4).

1.2.3.1 ‘In ju ry -in d u ced ’ m odification  o f  vagal efferent activ ity

The ‘injury’ induced tachycardia is mainly due to the reduction in vagal activity the 

heart (Redfern. Little et al. 1984). Under normal conditions when the baroreceptors are 

stimulated activity in the vagal cardiac motorneurones increases via two main 

excitatory pathways: from the NTS there is both a segmental pathway within the 

medulla and a pathway ascending to relay in the anterior hypothalamus before 

descending again to the vagal nuclei. The defence pathways modulate the baroreflex 

elicited vagal activity by at least three mechanisms:

1. inhibitory GABA-ergic projections from PAG onto the vagal cardiac 

motorneurones (Jordon 1980).

2. inhibition within the NTS (McAllen and Spyer 1976).

3. activation o f the defence reaction can lead to an excitation o f inspiratory 

neurones within the NA which will inhibit the vagal cardiac preganglionic 

motorneurones (Spyer 1984).

21



1.2.3.2 ‘Injury-induced’ modification o f  sympathetic activity

The pressor response to ‘injury’ is unaffected by cardiac autonomic blockade but 

abolished by the a-adrenoreceptor antagonist phentolamine (Redfem 1981). ‘Injury’ is 

associated with an increase in sympathetically induced total peripheral vascular 

resistance (Overman 1947), (Little, Yates et al. 1980), (Foex, Kirkman et al. 2004). This 

response is associated with a selective activation o f sympathetic activity in different 

vascular beds, resulting in a highly organised pattern o f increased resistance in renal 

and mesenteric vascular beds and a reduction in resistance in the skeletal muscle 

vasculature. There is topographical differentiation within the PAG in which this 

response is highly coordinated (Carrive, Handler et al. 1989).

The efferent pathways from PAG mediating the cardiovascular effects relay in the 

nucleus PGL in the rostra! ventrolateral medulla (Hilton, Marshall et al. 1983). The 

PGL appears to integrate the efferent activity o f  a number o f  the cardiovascular reflexes 

and response patterns o f the defence response. It receives inputs from the hypothalamic 

and PAG defence areas, the NTS, the CVLM, the nucleus raphe magnus (NRM) and 

obscures (NRO) and the nucleus parabrachialis (Lovick 1988). The PGL, in turn sends 

and efferent output to the IML and the dorsal horn o f the spinal cord (modulation o f 

nociception), (Martin, Humbertson et al. 1979). Stimulation within PGL therefore 

produces sympathetic excitation and antinociception (Lovick 1987).

There are a number o f central nervous pathways which appear to be involved with the 

cardiovascular response to ‘injury’. The full detail o f these pathways has not been fully 

elucidated at this time.
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Figure 4. Schematic representation of the major afferent and efferent pathways of 

the rostral ventrolateral medulla (RVLM) region in the brainstem.
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M ajor afferent and efferent connections o f  the rostral ventrolateral m edulla (RVLM ) region containing 

pre-sym pathetic vasom otor fibres to the intermediolateral cell column (IML). These connections include 

connections from the lateral hypothalam us (LHA) and paraventricular nucleus (PVN) as well as the 

periaquaductal grey m atter (PAG) which subserve cardiovascular reflexes as well as cardiovascular 

changes associated with com plex behavioural responses. (KF) Kolliker-Fuse nucleus, which is thought to 

play a role in the neuroendocrine response to blood loss.
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1.2.3.3 The cardiovascular response to combined haemorrhage and tissue 
injury.

The bi-phasic heart rate and blood pressure response to haemorrhage is significantly 

altered by the presence o f  soft tissue injury. ‘Injury’ is associated with an increase in 

blood pressure and heart rate. ‘Injury’ induced tachycardia is largely mediated by an 

increase in sympathetic activity resulting in vasoconstriction and an increase in 

peripheral vascular resistance (Redfem 1981). There is a reduction in baroreceptor 

sensitivity and a rightward re-setting towards a tachycardia (Redfem 1981). This occurs 

in man within 3 hours o f injury and persists for up to 14 days post injury (Anderson, 

Little et al. 1990). [See section 1.2.3.1 for detailed discussion].

In addition to the modification o f baroreflex activity, ‘injury’ is also associated with an 

attenuation o f the bradycardia and hypotension associated with phase 2 o f the bi-phasic 

response to simple haemorrhage (Little, Marshall et al. 1989). The prevention o f  vagal 

bradycardia as blood loss progresses is considered to be the result o f a central inhibition 

o f vagal cardiac pre-ganglionic motor neurones in the NA (Wang and Li 1988). Blood 

pressure and heart rate are maintained close to normal values for longer when 

haemorrhage occurs in the presence o f  ‘injury’. However, this apparent improved 

tolerance o f haemorrhage is potentially misleading as there is evidence that mortality is 

significantly higher when haemorrhage co-exists with injury (Wang 1947), (Rady, Little 

e ta l. 1991).

Acute TBI has a potentially wide ranging impact on cardiovascular control

mechanisms, depending on the location and extent o f neuronal injury. TBI is a common

injury in multiple trauma patients (McMahon, Yates et al. 1999), (Patel, Bouamra et al.
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2005). Existing laboratory evidence suggests that cardiovascular compensation for 

acute blood loss is altered in the presence o f acute TBI (Yuan, Wade et al. 1991) (Yuan 

and Wade 1992), (Law, Hovda et al. 1996). This could be an important factor 

contributing to the additional mortality seen when acute TBI co-exists with extracranial 

injury (Gennarelli, Champion et al. 1994), (McMahon, Yates et al. 1999), (Patel, 

Bouamra et al. 2005). The effect(s) o f acute TBI on acute cardiovascular homeostasis is 

poorly understood.
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1.3 T r a u m a t ic  b r a in  in ju r y

There are two broad categories o f neuronal damage following TBI:

Primary brain injury occurs at the moment o f  injury (cerebral contusions, lacerations 

o f the brain, diffuse axonal injury and intracranial haemorrhage). The overall incidence 

o f primary TBI can only be reduced with effective implementation o f primary 

preventative strategies.

Secondary brain injury results from activation o f a number pathological cascades 

commencing at the time o f injury and continuing for weeks, months or years after the 

primary insult. Secondary brain injury is produced by a complex network o f  interacting 

structural, functional, cellular and molecular changes, including breakdown o f the blood 

brain barrier (BBB), disturbance in cerebral autoregulation, altered metabolism, 

changes in cerebral perfusion, loss o f ionic homeostasis, activation o f autodestructive 

neurochemicals and enzymes, generation o f free radicals and genomic changes. Some 

o f these pathophysiological mechanisms o f secondary brain injury account for the 

enhanced vunerability o f injured neuronal tissue to ischaemic insults (DeWitt, Jenkins 

et al. 1995), which are likely to be more prevalent in the presence o f  impaired 

cardiovascular homeostasis.
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1 . 3.1 P r i m a r y  B r a i n  I n j u r y

Brain injury results from a combination o f different types o f forces acting on this 

viscoelastic organ. Static loading occurs when forces are applied to the head gradually 

over a slow time course (greater than 200ms). Sufficient force o f this type results in 

eggshell fractures o f the skull. If  the force is sufficiently high this will also result in 

deformation o f the underlying brain structures.

The most common type o f mechanical impact to the head is dynamic loading (in less 

than 200ms, in most instances less than 20ms). This is similar to the loading o f the 

lateral fluid percussion model o f TBI. Both o f these mechanisms result in ‘tissue strain’ 

injury (also termed ‘tissue “stress’) to neuronal tissue. Tissue strain can lead to shearing 

o f tissues and cellular elements. It also produces pressure gradients disruptive to brain 

tissue. Three types o f brain injury can result from ‘tissue strain’: cortical contusions in 

the grey mater nearest the skull, diffuse axonal injury (DAI) in the deeper cerebral 

white mater injury, where “shear-strain” forces result in damage to the axonal 

structures, damage to the deep grey matter and axonal tracts in the midbrain (Gennarelli 

1993).

Dynamic loading may be o f  either impact or impulsive type. An example o f impact 

loading is a blow to the head with a blunt object. This results in a combination of 

contact and inertial forces, the extent o f which will be determined by the applied 

mechanical force. Impulsive injury is by far the most common mechanism o f primary 

brain injury. Impulsive dynamic loading is when the head is set into motion or when the 

moving head is stopped without it striking anything or is arrested by impact. This is
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typical o f acceleration/deceleration type injuries. The resulting brain injury is from a 

combination o f inertial forces including translation, rotation and angulation depending 

on the manner in which the head is moved. Inertial injury produces a non-uniform 

distribution o f pressure and tissue strains that result in the primary injury. Intracranial 

pressure changes and brain motion due to translational acceleration have been linked to 

specific focal lesions such as coup and contrecoup contusions, intracerebral and/or 

subdural haematomas, and brainstem lesions. These strains are exaggerated in all 

regions where abrupt changes in material and structural properties exist, such as the 

dural linings and the bony buttresses o f  the inner skull (sphenoid wing) (Ommaya 

1974). Other lesions such as diffuse axonal injury and gliding contusions are more 

related to rotational acceleration forces (Graham, McIntosh et al. 2000)

An important consideration about primary brain injury is that much o f the neuronal 

damage incurred at the time o f the primary injury is cell damage, rather than complete 

destruction. Injured cells are more vulnerable to secondary insults such as hypoxia and 

hypovolaemia (DeWitt, Jenkins et al. 1995), (Bramlett, Dietrich et al. 1999), 

(Matsushita, Bramlett et al. 2001), (Chi, Knudson et al. 2006). Optimal resuscitation 

and the avoidance o f further insults to injured neuronal tissues are essential to 

minimising the extent o f neurological damage following acute TBI.
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1. 3.2  S e c o n d a r y  B R A I N  I N J UR Y

The secondary brain injury can be broadly classified into two categories: intrinsic and 

extrinsic. Over the past decade a large body o f research on the molecular, vascular and 

inflammatory aspects o f TBI have improved our understanding o f the underlying 

factors that contribute to secondary brain injury. Our knowledge o f this complex 

pathophysiological area remains incomplete. In this section I have presented an 

overview o f the current literature on secondary brain injury, with particular emphasis on 

the areas o f relevance to the studies undertaken in this project.

Table 1. Factors in secondary brain injury.

Factors in Secondary Brain Injury

Intrinsic factors Extrinsic factors

Elevated intracranial pressure Hypoxia

Low cerebral blood flow Hypotension

Low cerebral perfusion pressure Hyperthermia/Hypothermia

Disruption o f BBB Hyperglycaemia/hypoglycaemia

Altered metabolism Hyperventilation

Inflammatory response Anaesthetic agents

Alcohol

Sepsis
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1.3.2.1 Secondary Brain Injury Intrinsic Factors

Cascades o f pathophysiological mechanisms are triggered following primary brain 

injury. This is the result o f trauma-induced neurochemical and biomolecular 

mechanisms that result in alterations in cerebral blood flow (CBF), disturbance in 

cerebral autoregulation, alterations in the blood brain barrier (BBB), alterations in 

cerebral metabolism, disturbance in ion homeostasis and inflammatory responses 

(Yuan, Prough et al. 1988), (Bouma 1991), (Trevisani, Shackford et al. 1994), (Junger, 

Newell et al. 1997), (Lenzlinger, Hans et al. 2001), (Morganti-Kossmann, Rancan et al. 

2001), (Morganti-Kossmann, Rancan et al. 2002). As a consequence o f these secondary 

pathophysiological mechanisms, injured neuronal tissue is highly susceptible to 

additional insults such as hypotension and hypoxia (DeWitt, Jenkins et al. 1995), 

(Bramlett, Dietrich et al. 1999), (Matsushita, Bramlett et al. 2001), (Chi, Knudson et al. 

2006). As this phenomenon is now widely accepted, international practice guidelines 

have been established which are directed at reducing the occurrence o f avoidable 

secondary insults (Bullock. Chesnut et al. 1996), (Maas, Dearden et al. 1997). Despite 

this focused approach in the care o f brain injured patients, hypotensive episodes 

continue to complicate the early post injury phase (.Tones, Andrews et al. 1994), 

(Jeremitsky, Omert et al. 2003).

1.3.2.1.1 Cerebral autoregulatiun

Under normal conditions a number o f protective physiological mechanisms operate to 

optimise global cerebral circulation and ensure regional CBF is matched with the 

metabolic needs o f neuronal tissue. The capacity o f the cerebral vasculature to change
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vascular resistance in response to alterations in local and systemic physiological 

parameters has been recognised since 1890, when Roy and Sherrington stated that:

"'the brain possesses an intrinsic mechanism by which its vascular supply can be varied 

locally in correspondence with local variations in functional capacity’’(Roy 1890)”

CBF is regulated by a process o f cerebral autoregulation, which functions to maintain 

CBF at a more or less constant level over a range o f MAP o f 50-150mmHg (Lassen 

1959). Changes in blood vessel calibre mainly take place in the ‘cerebral resistance 

vessels' (i.e. arterioles with a diameter o f 30 to 300 |im) (Kontos, Wei et al. 1978). The 

mechanisms that mediate autoregulation include: the myogenic response o f cerebral 

vessels, metabolic factors, neural mechanisms and activation o f potassium channels 

(Kontos, Wei et al. 1978), (DeWitt, Yuan et al. 1988).

Cerebral autoregulation is disrupted following severe TBI (Overgaard 1974), (Cold 

1990), (Golding, Robertson et al. 1999), (Golding 2002), (Schmidt, Czosnyka et al. 

2003). Disturbance in cerebral autoregulation has also been shown to complicate even 

mild TBI (Strebel, Lam et al. 1997), (Junger, Newell et al. 1997) and is more 

pronounced on the side o f injury (Schmidt, Czosnyka et al. 2003). The cause o f failure 

o f cerebral autoregulation is unclear, but it is postulated that damage o f the endothelial 

cells o f the cerebral vessels may contribute to this disturbance (McIntosh, Smith et al. 

1996). Impaired cerebral autoregulation contributes to the increased vulnerability o f the 

injured brain to secondary hypotensive insults (Chesnut, Marshall et al. 1993), 

(DeWitt, Jenkins et al. 1995), (Cherian, Robertson et al. 1996), (Bramlett, Dietrich et al. 

1999), (Jeremitsky, Omert et al. 2003).
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CBF increases in the injured cortex to over 100% o f baseline (Muir, Boerschel et al. 

1992), and then falls to 40-50% o f baseline within 15-30 minutes after injury (Yuan, 

Prough et al. 1988), (Muir, Boerschel et al. 1992). This lasts many hours after injury 

and is associated with uncoupling o f cerebral glucose metabolism (Hovda, Lee et al. 

1995). At least part o f the low CBF observed during this period is a consequence o f a 

decreased cerebral perfusion pressure (CPP). CPP is not low enough, however, to 

explain the 50% reduction in CBF that occurs. CBF remains low even after restoration 

o f BP to normal (Marion. Darby et al. 1991), (Zhuang, Schmoker et al. 1992). This 

reduced CBF complicating acute TBI leaves the brain particularly vulnerable to 

oxidative stress because o f its high oxygen consumption. The brain has low levels o f 

antioxidant enzymes and high levels o f substrates for oxidative reaction (iron, 

membrane polyunsaturated fatty acids). TBI disturbs the oxygen supply and energy 

metabolism o f the brain resulting in the generation o f  free radicals in the brain tissue. 

Free radicals interact with all molecules o f the cell causing damage to cellular elements 

(Rose, Huerbin et al. 2002)

1.3.2.1.2 Blood Brain Barrier

The function o f the intact BBB is to allow diffusion o f small molecules such as oxygen, 

carbon dioxide and essential nutrients, while excluding large proteins from the 

interstitial space o f the central nervous system. The BBB is comprised o f three cellular 

components: the endothelial cells, the pericytes and the astrocytes. Cerebral capillaries 

are characterised by a lack o f fenestrations and by abundant tight junctions (zonulae 

occludentes) between the endothelial cells o f the capillary. Vasoactive substances from 

the blood can only exert their effects on cerebral blood vessels if  they act via receptors
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on the luminal side o f the endothelium or if  they are physically transported across the 

barrier. This is an important protective mechanism for the central nervous system.

There are three distinct cellular layers in the cerebral artery. The tunica intima 

comprises a single layer o f  endothelial cells lining the vessel lumen, surrounded by a 

basement membrane which divides to enclose pericytes. The tunica media contains the 

vascular smooth muscle cells (VSM). The VSM mediate the ‘myogenic’ response o f the 

cerebral vessels: the vessel first dilates and then constricts in response to the stretch (an 

increase in intraluminal pressure) in an attempt to return to its original diameter. The 

tunica adventitia comprises the outermost layer o f the cerebral vasculature and includes 

terminal nerve fibres and connective tissue, which contains fibroblasts and tissue 

macrophages. There is evidence that the adventitia also plays an important role in 

regulating vascular function. The astrocytes, whose endfeet ensheath arterioles and 

capillaries, release a variety o f neurogenic substances. These substances diffuse into the 

tunica media and act on receptors on the VSM to cause either a constriction or dilation. 

In this way neuronal activity can be tightly coupled to local CBF a phenomenon known 

as ‘neuro-vascular’ coupling.

The vascular endothelium plays an important role in maintaining the normal 

physiological function o f the cerebral blood vessel wall by releasing relaxing and 

contracting factors and therefore is an important site o f autoregulation. Factors that 

elicit constriction are known as endothelium-derived contracting factors (EDCFs), and 

can mediate the responses to many vasoactive stimuli including nor-epinephrine, 

prostaglandin H2 and physical forces such as stretch and pressure. The counterbalancing

factors are known as endothelium -derived relaxing factors (EDRFs), and elicit dilation.
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The function o f the EDRFs is to inhibit platelet and leukocyte adherence and 

accumulation as well as to counterbalance the constriction o f the cerebral vessels by 

locally acting vasoconstrictor substances such as nor-epinephrine, serotonin and 

prostaglandins originating from circulating blood. The delicate balance o f ‘neuro

coupling’ that is achieved by the activities o f  the endothelial cell layer is adversely 

affected by primary TBI which causes injury to the endothelial cells resulting in local 

disturbance in autoregulation and breakdown o f the BBB (Povlishock, Becker et al. 

1978), (Wei, Dietrich et al. 1980), (Maxwell, Irvine et al. 1988), (Mathew, Graham et 

al. 1994), (Marmarou 2003).

Breakdown o f the BBB is a hallmark o f  brain injury pathophysiology (Hicks, Baldwin 

et al. 1997). This results in extravasation o f  blood components including red blood 

cells, polymorphonuclear leukocytes (PMNs) and plasma proteins into the interstitial 

space resulting in the development o f vasogenic oedema. In addition to the disturbance 

in the BBB, injury to the endothelial cells also results in metabolic problems as glucose 

is not transported across the cell as it normally would be and a situation o f  ‘metabolic- 

uncoupling’ ensues.

Breakdown o f BBB appears to be maximal around the sites o f contusions in human 

studies (Barzo, Marmarou et al. 1996), (Marmarou, Portella et al. 2000), (Marmarou, 

Fatouros et al. 2000). The extent o f disruption o f the BBB following acute TBI is 

significantly increased following the occurrence o f secondary insult factors such as 

hypoxia or hypotension (Beaumont, M armarou et al. 2002).
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1.3.2.1.3 Inflammatorj responses to acute TBI

Historically the central nervous system was considered an ‘immunologically privileged’ 

organ as a result o f its separation from the peripheral circulation by the BBB. However 

research over the past two decades has shown that the central nervous system is a rich 

source o f  inflammatory mediators. Resident cells o f the brain, such as neurones, 

astrocytes and microglia have been shown to be capable o f synthesizing all immune 

mediators o f the peripheral immune system. It is generally accepted that a potent 

immune response is induced following primary brain injury. The neuroinflammatory 

response appears to have a dual role which is both beneficial and potentially detrimental 

to neurological recovery (Rothwell 1996), (Schmidt, Heyde et al. 2005).

Activation o f the complement cascade is thought to be one o f the first cascades o f 

neurointlammation activated following acute TBI (Ember and Hugh 1997). This results 

in complement-mediated induction o f BBB dysfunction, and complement-mediated 

early intracranial invasion by neutrophils and later by monocytes and macrophages due 

to the release o f free oxygen radicals, proteases and complement-mediated induction o f 

pro-inflammatory cytokine synthesis such as tumour necrosis factor (TNF), interleukin 

(1L)-1(3 and lL-6 (Ember and Hugh 1997), (Schmidt, Heyde et al. 2005).

The initial neuroinflammatory cascades result in a number o f changes in the injured 

brain tissue which include not only dysfunction o f the BBB, but also brain oedema, 

chemotaxis, phagocytosis, B-cell activation, necrosis and apoptosis. As the second 

reparative phase dominates the functions o f regenerative astrogliosis, accumulation o f
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progenitor cells and neuroprotection become the dominant effects o f  the 

neuroinflammatory response to primary brain injury (Schmidt, Heyde et al. 2005).

The occurrence o f secondary ischemic insult factors in the early stages o f  this intense 

neuro-inflammatory response is likely to be associated with an increase in activity o f 

the neuro-inflammatory responses which may contribute to the poorer outcomes seen in 

this group. There is also evidence that when TBI co-exists with extracranial injury there 

is an augmentation o f the systemic inflammatory response (Seekamp 2002). This is 

associated with a higher prevalence o f  subsequent multiple organ dysfunction, longer 

duration o f intensive care support and mortality (Seekamp 2002). Therefore the 

pathophysiological responses to central nervous system injury are closely influenced by 

extracranial insult factors and the presence o f central nervous system injury also affects 

the responses to peripheral injury.

1.3.2.1.4 M etabolic changes following acute TBI

The trauma-induced metabolic cascade is characterised by an acute period o f 

hyperglycolysis followed by a chronic state o f metabolic depression (Bouma 1991), 

(Ginsberg, Zhao et al. 1997), (Bergsneider, Hovda et al. 1997). CBF is reduced 

following injury resulting in a state o f  compromised substrate delivery and metabolic 

coupling (Bouma, M uizelaar et al. 1991). The initial high glucose utilisation is thought 

to be a direct response to the disruption o f  ionic gradients across the neuronal cell 

membrane (from action potentials, seizures, spreading depressions). This results in 

activation o f energy-dependent ionic pumps requiring an increase in glucose utilisation 

(Rosenthal, LaManna et al. 1979). However the mismatch between substrate delivery
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and metabolism results in the production o f high levels o f lactate and the development 

o f intracellular acidosis and neuronal cell injury (Jaggi, Obrist et al. 1990), (Cruz, 

Hoffstad et al. 1994).

The disruption o f the normal ion gradients across cells allows sodium to enter the cell, 

potassium exits and intracellular calcium increases. Excess intracellular calcium 

disrupts a number o f critical cellular processes including oxidative phosphorylation. 

High levels o f intracellular calcium also results in oxygen radical reactions. Free 

radicals create a highly unstable environment, that can lead to the release o f nitric oxide 

(NO) and excitatory amino acids such as glutamate. Glutamate acts on the N-methyl-D- 

aspartate (NMDA) receptor sites causing a further influx o f calcium into the cells. Thus 

the main biomolecular components o f  cellular injury enhance each other’s activity. 

Cerebral hypoperfusion and cellular ischaemia all promote oxygen radical reactions 

thus exacerbating this cycle. If endogenous protective mechanisms, such as free radical 

scavengers do not halt this cycle, widespread cellular damage or necrosis occurs 

(Neumar 2000).

1.3.2.2 Extrinsic secondary insult factors

There are a number o f extrinsic factors known to adversely affect recovery from 

primary TBI (Table 1). This discussion is limited to hypoxia and hypotension which are 

the main negative prognostic factors o f TBI outcome and are the factors o f relevance to 

the research undertaken in this thesis.
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Over 40% o f patients with acute TBI have associated extracranial injuries, with a more 

frequent occurrence o f secondary brain insults (Luerssen. Klauber et al. 1988), 

(Sarrafzadeh, Peltonen et al. 2001). Secondary ischaemic insults are an important cause 

o f further damage to injured neuronal tissue (Chesnut, Marshall et al. 1993). Poor 

outcome has been consistently associated with hypotensive or hypoxic episodes 

comphcating TBI (Miller, Sweet et al. 1978), (Miller and Becker 1982), (Luerssen, 

Klauber et al. 1988), (Pietropaoli, Rogers et al. 1992), (Jones, Andrews et al. 1994), 

(Chesnut 1995), (Signorini, Andrews et al. 1999), (Sarrafzadeh. Peltonen et al. 2001), 

(Jeremitsky, Omert et al. 2003). The occurrence o f even a brief period o f mild 

hypotension (systolic blood pressure 10-29mmHg lower than normal) is associated with 

a 50% increase in mortality (Miller 1985), (Luerssen, Klauber et al. 1988), (Chesnut, 

Marshall et al. 1993). The combination o f hypotension and hypoxia increases mortality 

by 75% (Chesnut 1997).

Many o f  the pathophysiological responses to primary TBI render injured neuronal

tissue more susceptible to extrinsic factors (DeWitt, Jenkins et al. 1995). These risks are

likely to be exaggerated early post injury when cerebral ischaemic risk is more

pronounced (Bouma, Muizelaar et al. 1991), (Bouma, M uizelaar et al. 1992), (Bouma

and Muizelaar 1992), (Bryan, Cherian et al. 1995), (Giri, Krishnappa et al. 2000).

Enhanced vulnerability o f injured neuronal tissues to hypotensive insults is in part due

to the concomitant disruption o f cerebral autoregulation (Lewelt, Jenkins et al. 1980),

(Schmoker, Zhuang et al. 1992), (DeWitt, Prough et al. 1992), (Matsushita, Bramlett et

al. 2001). Laboratory evidence shows that haemorrhagic shock superimposed on TBI

impairs cerebral perfusion and that this impairment o f cerebral perfusion responds

poorly to subsequent resuscitation (DeWitt, Prough et al. 1992), (Matsushita, Bramlett
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et al. 2001). Haemorrhagic hypotension increases TBI-induced neuronal damage as 

reflected by an increase in contusion volume (Matsushita, Bramlett et al. 2001). More 

severe secondary insults are associated with a greater adverse effect on cerebral 

perfusion (Fulton, Flynn et al. 1993), (Kita and M armarou 1994). Hypoxia and 

hypotension also exacerbate brain oedema in the region o f brain contusions by causing 

increased disruption o f the BBB in the region o f  cerebral contusions (Beaumont, 

Marmarou et al. 2002).

The negative interaction between extracranial injuries with acute TBl is bi-directional 

as there is also evidence that acute TBl alters the systemic response to peripheral 

haemorrhage. This is likely to result in a propensity to secondary ischaemic insults 

because o f  impaired systemic cardiovascular homeostasis. There is laboratory evidence 

that the cardiovascular homeostatic responses to haemorrhagic shock and to 

resuscitation are impaired following acute TBl (Yuan, Wade et al. 1991), (Fulton, Flynn 

et al. 1993), (Law, Hovda et al. 1996), (Holtzer, Vigue et al. 2001). It has been 

postulated that acute TBl and haemorrhagic shock can result in impaired cardiac 

contractility resulting from a disturbance in catecholamine regulation (Yuan, Wade et 

al. 1991). However the evidence for this is indirect and has not been substantiated. The 

catecholamine responses to haemorrhage are exaggerated in the presence o f TBl (Yuan, 

Wade et al. 1991), (Atkinson 2000).

Laboratory data shows that TBl is associated with a reduced ability to maintain vascular

tone during the severe stages o f shock, suggestive o f  a possible loss o f central nervous

system control over the peripheral vasoconstrictor mechanisms (Law, Hovda et al.

1996). The precise pathophysiology o f this impaired response to haemorrhage in the
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presence o f acute TBI is unclear. Secondary insults continue to be a frequent problem 

for brain injured patients despite the focus on targeted therapies to optimise CPP (Jones, 

Andrews et al. 1994), (Sarrafzadeh, Peltonen et al. 2001), (Jeremitsky, Omert et al. 

2003). This suggests that there may be an acute disturbance o f cardiovascular regulation 

complicating acute TBI which would be detrimental to outcome in the multiple trauma 

patient with confounding head injury.
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1.4 C h a p t e r  S u m m a r y

Trauma remains one o f  the leading causes o f mortality in Westernised societies (Murray 

1997), (Peden 2002). TBI is the injury most commonly associated with death and 

disability following multiple trauma (Gennarelli, Champion et al. 1989), (Kraus and 

McArthur 1996), (Patel, Bouamra et al. 2005). Outcome from multiple trauma (Lecky, 

Woodford et al. 2000) and from isolated TBI (Zink 2001) has greatly improved over the 

past two decades. This improvement in survival is less evident when acute TBI is a 

component o f multi-system injury (Patel, Bouamra et al. 2005).

Secondary brain ischaemic insults are considered to be the principal cause o f  the 

additional mortality observed when TBI is a component o f multiple trauma (Chesnut 

1993), (Zink 2001), (Jeremitsky, Omert et al. 2003). In support o f this hypothesis there 

is evidence that secondary ischaemic insult factors such as hypotension and hypoxia 

have a marked adverse effect on outcome (Chesnut 1997), (Jeremitsky, Omert et al. 

2003), and ischaemic brain injury is frequently seen in those who die as a result o f their 

injuries (Graham and Adams 1971). Additionally, complex pathophysiological 

mechanisms are triggered at the time o f primary TBI which render injured neuronal 

tissue more vulnerable to extrinsic secondary insult factors (DeWitt. Jenkins et al. 

1995).

Patients with acute TBI frequently sustain co-existing haemorrhage and soft tissue 

injury (Sauaia. Moore et al. 1995), (Sarrafzadeh. Peltonen et al. 2001). The normal 

haemodynamic response to hemorrhage is a neurally-mediated bi-phasic HR and BP 

response (Warren 1945), (Barcroft, Edholm et al. 1944), (Secher, Jacobsen et al. 1992),
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(Evans, Ventura et al. 2001). Soft tissue injury significantly modifies the bi-phasic 

response to haemorrhage (Little, Randall et al. 1984), (Little, Jones et al. 1988), 

(Anderson, Little et al. 1990). There is also evidence that the arterial baroreflex is 

depressed following soft tissue injury (Little, Marshall et al. 1989), (Anderson, Little et 

al. 1990). The effects o f acute TBI in the normal response to hemorrhage and the 

arterial baroreflex are unknown. A better understanding o f the effects o f acute TBI on 

homeostatic mechanisms would be an important next step in improving the care o f 

these critically injured patients.
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1.5 C o r e  AIMS OF THESIS

1. Epidemiological study:

To evaluate the effect o f acute TBI o f moderate severity on survival o f multiple trauma 

patients, using the trauma database o f the UK Trauma Audit Research Network 

(TARN).

2. Laboratory Studies:

a) To evaluate the effect o f acute mild and moderate TBI on the bi-phasic heart 

rate and blood pressure response to progressive simple haemorrhage.

b) To evaluate the effect o f acute FBI on the performance o f Shock Index.

c) To evaluate the effects o f acute mild and moderate TBI on the short term 

function o f the baroreflex.
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C h a p t e r  2

T h e  e f f e c t  o f  a c u t e  t r a u m a t i c  b r a i n  i n j u r y  o f

M O D E R A T E  S E V E R IT Y  O N  M O R T A L IT Y  A F T E R  M A JO R  

T R A U M A

2.1 In t r o d u c t i o n :

There has been a 40% reduction in the odds o f  dying (adjusted for case mix) after major 

trauma between 1989 and 1994. This has been attributable to improvements in systems 

o f trauma care which have largely resulted following the recommendations o f the Royal 

Colleges. These recommendations were based on the finding that up to 30% of trauma 

deaths were potentially preventable (Anderson, Woodford et al. 1988), (Royal, College 

et al. 1988). The two main causes o f  potentially preventable deaths following injury 

were a delay in the recognition o f  actual or impending hypoxia and delay in the 

recognition o f occult haemorrhage (Anderson, Woodford et al. 1988). This reduction in 

mortality following major trauma appears to have reached a plateau since 1994 (Lecky, 

Woodford et al. 2000). Therefore the impact o f the introduction o f system-wide reform 

o f trauma services appears to have reached its limits. In order to further reduce 

mortality and morbidity following injury improved knowledge o f trauma 

pathophysiology is essential to enable us to improve the care delivered to these patients.

The current widely respected Advanced Trauma Life Support (ATLS) dogma o f trauma

care advocates a single approach to all trauma patients (American College o f Surgeons,
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2004). This approach assumes that all homeostatic mechanisms are working nonTially. 

There is evidence that this is not the case. Previous work has identified that soft tissue 

injury results in an early depression o f one o f the principal homeostatic reflexes 

responsible for maintenance o f blood pressure, the arterial baroreflex (Anderson, Little 

et al. 1990).

The effect o f acute TBI on cardiovascular homeostatic mechanisms is unclear. Acute 

TBI is known to be complicated by disturbance o f cerebral autoregulation (Junger, 

Newell et al. 1997). It is possible that it is also associated with adverse effects on 

central regulation o f systemic circulation. If this were the case acute TBI o f a severity 

which in isolation would be associated with a low mortality may adversely affect 

survival when it is combined with extracranial injury.

Preliminary analysis o f the UK Trauma Audit and Research Network (TARN) database 

revealed that 21% o f all those who reached hospital alive sustained acute TBI as part of 

their overall injury but this increased to 64% in those who subsequently died. Some of 

these deaths were due to the severity o f the primary brain injury itself. However acute 

TBI o f moderate severity was disproportionately represented in those who died as a 

result o f their injuries.

In order to test the hypothesis that acute TBI adversely affected outcome from major 

trauma, a detailed analysis was undertaken using the extensive database o f the UK 

Trauma Audit and Research Network. Factors which are known to affect outcome: age, 

injury severity, and the presence o f pre-existing medical conditions were included in the
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analysis (Campbell and Yates), (Baker, O'Neill et al. 1974), (Milzman, Boulanger et al. 

1992).

The UK TARN database, a development o f the Major Trauma Outcome Study (Yates, 

Woodford et al. 1992), is the product o f a multi-centre prospective cohort study and 

contains descriptive data on injury severity and outcome after trauma. Inclusion criteria 

for trauma cases to the database are: admission to hospital for > 72hours, admission to 

intensive care or death within 30 days o f injury. Isolated neck o f femur or single pubic 

rami fractures in patients over the age o f 65 years, and closed isolated limb fractures are 

not included in the database. At the time o f analysis the database contained data on 

more than 42,000 patients collected between 1989 and 1995 from over 130 hospitals in 

the UK.

2 .2  M e t h o d s :

Injuries were coded using the 1990 revision o f the Abbreviated Injury Scale (AIS) 

(AAA, 1990 revision). Moderate TBI was defined as a single AIS 3 ‘Internal Organ’ 

injury in the ‘Head Injury’ section o f the coding manual. This consists predominantly 

small cerebral contusions (<30cc; 4cms diameter; < 5mm midline shift) as identified by 

CT scan, MRI scan or by autopsy. Traumatic subarachnoid haemorrhage, mild degrees 

o f brain swelling were also included in the group (AIS<3). Injuries to the major 

intracranial vessels (laceration, thrombosis and traumatic aneurysms) are coded 

separately from internal organ damage. They are also severe injuries and score > AIS 3. 

They were not included in this study group, as this would have led to the selection o f an
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overall higher severity o f intracranial injury, which was not the subject o f this study. 

Isolated AIS 3 brain injuries were associated with a mortality rate o f less than 4.2%.

The study population was limited to patients who sustained blunt trauma with an Injury 

Severity Score (ISS) between 16 and 50. These parameters were chosen to reflect the 

range o f injury severity where TBl could be expected to affect mortality. The TBI 

group had an AIS 3 brain injury and extracranial injury contributing to their overall ISS. 

These patients may have had other associated head injuries with AIS 2 or less (e.g. 

associated skull fracture). The control group consisted o f patients with extracranial 

injury only. Patients with scalp and skull injuries were not included in the control 

group in order to avoid the presence o f unrecognised associated brain injury in this 

group. Only cases with complete data were used. This resulted in the exclusion o f less 

than 0.01% of all potential cases.

The probability o f death was modelled using logistic regression adjusting for injury

severity (ISS), and age. The Revised Trauma Score (RTS) was not used in this study as

it is used in TRISS trauma scoring (Boyd, Tolson et al. 1987) because it is heavily

dependent on the Glasgow Coma Score (GCS), (see appendix 1). An alteration o f GCS

in the non-head injured patient is secondary to a different mechanism (e.g. severe

hypoxia, hypovolaemia or intoxication). The inclusion o f GCS in this analysis would

therefore be a potential source o f bias. ISS and age together have been shown to be

good prognostic indicators o f survival (Bull and Dickson 1991). Evidence from the UK

TARN database identified that the effect o f age on survival was better represented by

categories rather than a single step at the age o f 55 years as used by TRISS (Campbell

and Yates). We therefore used injury severity, age (<16, 16-25, 26-40, 41-55, 56-65,
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66-75, 76-85, >85) and the presence o f a moderate TBI to analyse the effect o f TBI on 

outcome from multiple trauma. This was achieved using logistic regression in SPSS for 

Windows version 6 (SPSS 1996).

2.3  R e s u l t s

There were 378 patients in the moderate TBI and 2,339 patients in the control group. 

Analysis o f the distribution o f injuries in both groups revealed an increased incidence o f 

facial injuries in the moderate TBI group. Exclusion o f patients with facial injuries did 

not significantly change the results o f  the analysis. There were slightly fewer chest and 

abdominal injuries in the moderate TBI group which could indicate a potential 

underestimation o f the effect o f brain injury on outcome as these areas are often 

associated with significant occult haemorrhage (Sarrafzadeh, Peltonen et al. 2001) 

(Figure 5 ; Table 2).

The mortality for an isolated AIS 3 brain injury was 4.2%. Mortality rates for isolated 

AIS 3 injuries in the other main body regions were also calculated and found not to be 

significantly lower (AIS 3 chest injury: 3.6%, AIS 3 abdomen injury: 3.2%, p=0.71).

Moderate TBI was associated with an adverse effect on survival throughout the range o f 

injury severity scores (16-50) (Figure 6; Table 3) and ages (Figure 7; Table 4) studied. 

There appeared to be an additional increased mortality in the 26-40 year age group.

Data on premorbid medical conditions were only available for 40% of patients. Our

analysis demonstrated that the confounding effect o f pre-existing medical conditions

was large. This did not, however, reach statistical significance, the odds ratio adjusted
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for ISS 90 and age was 2.18 (95% confidence interval (Cl), 0.70 to 6.81). The wide 

confidence interval is most likely to be secondary to the large amount o f missing data 

(Figure 8; Table 5). The logistic model allows analysis o f the independent effect o f 

moderate TBI on the probability o f death when other significant variables (ISS, age) are 

accounted for (Figure 9). This graph demonstrates the additional increase in the 

probability o f  death occurring in the presence o f moderate TBI, the odds ratio being 

2.08 (95% Cl, 1.57-2.77). This represents a doubling o f the risk o f death in patients 

with moderate TBI as a component o f multisystem trauma.

One hundred and seven (28%) o f the moderate TBI group and 438 (20%) o f the control 

group were transferred between hospitals for further care. When these patients were 

excluded from the study the results o f the comparisons were unaltered (odds ratio: 2.21, 

95% Cl, 1.60-3.07).
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2 .4  D is c u s s io n

Acute TBI both with and without extracranial trauma remains the single most important 

factor contributing to death and disability following accidental injury (Gennarelli, 

Champion et al. 1994), (Kraus and M cArthur 1996), (Murray 1997). Severe TBI 

obviously has a high associated mortality; however this study suggests that even 

moderate TBI when combined with extracranial injury has a detrimental effect on 

survival.

The validity o f this study is critically dependent on the analysis o f  the UK TARN 

database. As injury severity is a major determinant o f outcome it is essential that injury 

severity is measured accurately. M isclassification may result from either deficiency in 

the scoring system or inter-rater variation. Injury severity scoring for the UK TARN 

database is carried out at the North Western Injury Research Centre by a small number 

o f trained staff thereby reducing inter-rater variation (intra-class con'elation coefficient 

between UK TARN staff is 0.97 (95% Cl, 0.95 to 0.98) (Campbell MSc thesis 1996)). 

An underscoring o f the severity o f these injuries by the Abbreviated Injury Scale could 

account for the increased mortality associated with the combination o f moderate brain 

injury and extracranial injury. When comparative analysis was conducted for isolated 

AIS 3 injuries in other main body regions there was no significant variation in outcome

The multi-centre nature o f the study could influence interpretation o f the findings if  

very significant variations in the pattern o f patient care were identified in a small group 

o f  contributing hospitals. Previous analysis o f the UK TARN database has shown a 

wide spread o f Ws scores (Hollis, Yates et al. 1995) (differences between actual and
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predicted survival) across hospitals which cannot be explained by either the volume of 

trauma handled or the presence o f a specialist neurosurgical unit. However these 

differences are spread broadly across the 130 hospitals studied with no centre being 

sufficiently exceptional to be able to skew the results.

Analysis o f outcome o f patients injured at different ages demonstrated an apparent 

increase in mortality in the 26-40 year age groups. This may have been a spurious 

effect. It is possible however, that alcohol or drug intoxication, well known contributory 

factors in accidents involving young people, may have contributed to this increase 

(Yates, Hadfield et al. 1987), (Waller, Stewart et al. 1986), (Zink, Maio et al. 1996; 

Zink, Schultz et al. 1999). Alcohol is well known to potentiate the effects o f trauma on 

central nervous system damage (Flamm, Demopoulos et al. 1977). The increased 

incidence o f pre-existing medical conditions and associated polypharmacy in the elderly 

group would result in impairment o f normal compensatory mechanisms and therefore 

be an additional factor affecting outcome. Our findings o f an increased mortality in this 

group is consistent with other work in this area where age has been identified as an 

independent predictor o f poor outcome following acute TBl (Susman, DiRusso et al. 

2002), (Kuhne, Ruchholtz et al. 2005), (Franko, Kish et al. 2006), (Thompson, 

McCormick et al. 2006).

2.4.1  S u m m a r y

An association between moderate TBI and increased mortality in multiple trauma 

patients has been demonstrated. Comparison o f appropriately matched populations 

shows that moderate TBI adversely effects survival following multi-system trauma.
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Figure 5. Distribution of injuries in patients with/w ithout moderate TBI.

■ No TBI 

□ Moderate TBI

Neck Face Chest Abdomen Extremity

Body Areas Injured

Skin

Table 2. D istribution of injuries in patients w ith/without m oderate TBI.

M oderate TBI (n=378) No TBI (n=2339) X2 (p-value)

Neck 8 (2.1%) 27(1.2%) 2.37(0.124)

Face 103 (27.2%) 211(9%) 105.8(<0.0001)

Chest 231 (61.1%) 1585(67.8%) 6.50(0.011)

Abdomen 93 (24.6%) 847(36.2%) 19.38(0.0001)

Extremities 305 (80.7%) 1360(58.1%) 69.70(<0.0001)

Skin 182 (48.1%) 991(42.4%) 4.43(0.035)
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Figure 6. Mortality with injury severity in patients with/without moderate TBI.
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3. Mortality with injury severity in patients with/without moderate TBI.

Moderate TBI (n= 378) No TBI (n=2339)

ISS Total (N) % Dead Total (N) % Dead

16-19 166 16.9 964 8.7

20-24 69 18.8 386 13.2

25-29 60 38.3 629 25.4

30-39 50 60 230 40.4

40-50 81.8 130 68.5
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Figure 7. Mortality by age group in patients with/without moderate TBI.
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Table 4. Mortality by age group in patients with/without moderate TBI.

Moderate TBI (n=378) No TBI (n=2339)

Age Total (N) % D ead Total (N) % Dead

<16 52 15.4 125 15.2

16-25 111 24.3 551 13.4

26-40 80 36.3 578 13.1

41-55 51 29.4 471 15.5

56-65 30 33.3 207 27.5

66-75 30 46.7 185 35.7

76-85 16 68.8 167 47.3

>85 8 87.5 55 60
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Figure 8. M ortality with co-existing pre-morbid medical conditions in patients 
with/without moderate TBI.
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Table 5. Mortality with co-existing pre-morbid medical conditions in patients 

with/without moderate TBI.

Moderate TBI (n=378) No TBI(n=2339)

Total (N) % Dead Total (N) % Dead

-i-Pre-Morbid

Conditions

46 39.1 480 21.7

No Pre-Morbid 

Conditions

62 16.1 478 11.7
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Figure 9. Observed mortality rates by predicted probability of death (logistic 

regression adjusted for age and ISS).
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The logistic model allows analysis o f the effect o f moderate TBl on the probability o f 

death when other variables (ISS and Age) are accounted for. The slope o f the graph 

demonstrates a statistically significant increase in the probability o f  death due to the 

presence o f moderate TBl. The odds ratio being 2.08 (95% Cl, 1.57 - 2.77), doubling 

the relative risk o f  dying in the presence o f moderate TBl.
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C h a p t e r  3

T h e  e f f e c t  o f  a c u t e  t r a u m a t i c  b r a i n  i n j u r y  o f  m i l d

AND MODERATE SEVERITY ON THE BI-PHASIC 

HAEMODYNAMIC RESPONSE TO HAEMORRHAGE.

3.1 In t r o d u c t io n

Acute TBI remains the most important single injury contributing to mortality and 

morbidity following multiple trauma (Kraus and M cArthur 1996), (Patel, Bouamra et 

al. 2005). Analysis o f the UK TARN database identified that moderate TBI, which in 

isolation is associated with a low mortality rate (<4.7%), is associated with a doubling 

o f the expected mortality in the multiple trauma patient (McMahon, Yates et al. 1999).

Extracranial haemorrhage and TBI frequently co-exist in multiple trauma victims 

(Sauaia, Moore et al. 1995). Clinical and laboratory evidence suggests that TBI 

adversely affects cardiovascular compensation for haemorrhage (Yuan and Wade 

1992), (Law, Hovda et al. 1996). The precise mechanism(s) underlying these adverse 

effects are incompletely understood and further investigation is required if  outcomes are 

to improve. It has been suggested that failure to recognise or adequately treat 

haemorrhage is a contributory factor in 60% o f ‘preventable’ trauma deaths, where 

there is no TBI (Anderson, Woodford et al. 1988). This is also likely to be a problem in 

brain-injured patients, particularly if the acute homeostatic response to haemorrhage is 

modified.
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Trauma victims commonly suffer at least two extracranial insults: haemorrhage and 

tissue injury, each o f which generates its own pattern o f  cardiovascular homeostatic 

reflex response. These interact to yield a third pattern o f  response (Little, Randall et al. 

1984), (Little, Marshall et al. 1989). The initial investigations into the cardiovascular 

responses to progressive haemorrhage were carried out by Barcroft in the 1940s. 

Progressive ‘simple’ haemorrhage (in the absence o f major tissue damage) produces a 

biphasic HR and MAP response (Barcroft, Edholm et al. 1944), (Secher and Bie 1985). 

There is an initial tachycardia and increase in vascular resistance while blood pressure 

is maintained by the baroreflex (phase 1). As haemorrhage continues beyond 20% to 

30% o f blood volume loss, a second ‘depressor’ phase becomes apparent which 

involves a reflex vagally mediated bradycardia, a fall in vascular resistance (secondary 

to a reduction in sympathetic vascular tone) and hypotension (phase 2) (Barcroft, 

Edholm et al. 1944). This second phase is not due to a failure o f the baroreflex, as it has 

been shown that at this stage the sensitivity o f the baroreflex is increased (Little, 

Randall et al. 1984). This second phase has been attributed to the recruitment o f  one or 

more reflexes (Little, Marshall et al. 1989). However the precise nature o f  the afferent 

limb(s) o f  the depressor reflex remains uncertain. The activity o f these reflexes is 

modified centrally by the presence o f nociceptive afferent impulses arising from 

damaged peripheral tissues, resulting in an attenuation o f the bi-phasic response 

(Anderson, Little et al. 1990), (Turnbull, Kirkman et al. 1993). Blood pressure is 

therefore maintained higher for longer and the bradycardic phase is attenuated or 

abolished when haemorrhage occurs in the presence o f significant soft tissue injury. 

There is experimental evidence that this interaction has a detrimental effect on survival 

(O vennan 1947). [See sectionl.2. for more detailed discussion o f the pathophysiology

o f the bi-phasic haemodynamic response to blood loss].
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The effect o f acute TBI on the neural mechanisms responsible for cardiovascular 

homeostatic responses to progressive simple haemorrhage is unknown. There is 

evidence o f autonomic uncoupling in patients with severe brain injury (Goldstein, 

Toweill et al. 1998). However the focus o f this investigation was on the effects o f mild 

to moderate TBI where acute functional disturbance o f cardiovascular homeostatic 

function may not be expected. Critical disturbance in cardiovascular regulatory control 

in the early post injury phase o f TBI could have important and unexpected adverse 

effects on both morbidity and mortality in this group. This disturbance would be 

reflected in an alteration o f the normal bi-phasic response to hemorrhage which is the 

result o f a complex interplay o f central nervous system reflexes which are largely co

ordinated in the brainstem.

This laboratory study was designed to test the effects o f  acute TBI on the cardiovascular 

reflex responses to significant simple haemoiThage. Three groups o f animals were 

studied; mild, moderate and control (sham) TBI respectively. Fifteen minutes after 

brain injury progressive simple haemorrhage was induced over a 20 minute period until 

40% o f total blood volume was withdrawn. No fluid resuscitation was administered. 

This controlled experimental model enabled confounding variables such as soft tissue 

injury, alcohol, age and pre-morbid factors to be excluded. The lateral fluid percussion 

(LFP) brain injury model delivers reproducible severities o f brain injury, allowing 

investigation o f the acute effects o f mild and moderate TBI on the cardiovascular reflex 

response to progressive simple haemorrhage to be undertaken.
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3 .2  M a t e r i a l s  A N D  M e t h o d s

The study was conducted on terminally anaesthetized male Wistar rats o f the Porton 

strain weighing between 240-260g, kept since weaning on a 12 hours light/dark cycle 

and fed on Beekay standard rat and mouse diet (B & K Universal, UK). The effects o f 

acute TBI, induced using the LFP injury model (Toulmond, Duval et al. 1993), on the 

cardiovascular response to haemorrhage were determined.

The present investigation was conducted in accordance with the Animal (Scientific 

Procedures) Act 1986, which encompasses the Guide for the Care and Use o f 

Laboratory Animals published by the U.S. National Institutes o f Health (United States 

1996).

3 . 2 .1  S u r g i c a l  P r e p a r a t i o n

Anaesthesia was induced using isoflurane (Abbott Laboratories, UK; 3% in a 1:1 

mixture o f O2 /N 2 O, Fi02 =0.5), in an anaesthetising chamber until cessation o f 

spontaneous movement, loss o f the righting reflex, absence o f blink reflex and no 

withdrawal to a noxious stimulus (pinch test applied to the foot). Surgical anaesthesia 

was maintained using 2-3% isoflurane administered via a mask. The lateral tail vein and 

ventral tail artery were cannulated using polyethylene cannulae (2FG and 3FG 

respectively, Portex Limited, UK). Both cannulae were pre-filled with heparinised 

saline (lOIU. m l'' in 0.9% saline). The arterial line was utilised to measure arterial 

blood pressure using a strain gauge manometer (Sensonor 840, Sensonor, Norway). 

Electrocardiogram (ECG) needle electrodes were placed subcutaneously on the ventral
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surface o f  the anim al to record the electrocardiogram  (ECG ), from  w hich the HR was 

m easured. A neonatal respiratory m onitor was attached externally to the chest wall and 

connected to a transducer to m onitor respiratory m ovem ents. Colonic tem perature was 

m onitored w ith a therm ocouple inserted 6-8cm  past the anal sphincter into the colon 

and w as m aintained at 37.8 ± 0.5'^C (norm al tem perature for the rat) using a fan, blanket 

and overhead heating lamp.

On com pletion o f  the surgical procedure the isotlurane and N 2O were discontinued. 

A naesthesia w as m aintained using continuous intravenous infusion o f  

alphaxalone/alphadalone (Saffan, Pitm an-M oore, UK, 18-20mg. Kg h '' i.v.) using an 

infusion pum p (H arvard 22, Harvard apparatus, UK). A nim als spontaneously breathed 

oxygen-enriched air. The animal was then transferred to a stereotactic fram e for the 

rem ainder o f  the experim ental protocol.

3.2 .2  L a t e r a l  F l u i d  P e r c u s s i o n  M o d e l

A craniotom y w as perform ed stereotactically at the level o f  the right parietal cortex 

(3.5m m  anterior to and 6mm above the interaural line) leaving the dura intact. Teflon 

tubing (2m m  inner diam eter) was placed over the dura and sealed in situ using 

m ethylm etacrylate cem ent. This was connected through a fluid filled system  to an 

HPLC pum p (SF400 Spectroflow , K ratos analytical instrum ents, NJ, USA). The HPLC 

pum p was used to deliver a predeterm ined level o f  fluid percussion pressure, which was 

released onto the lateral cortex using an electronically controlled solenoid valve (RS, 

UK). Thus a b rie f pulse (20ms) o f  sterile water was applied to the surface o f  the brain at 

an applied cortical pressure o f  1.2atm, producing m ild injury and 1.8 atm  for m oderate
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injury respectively (Toulmond, Duval et al. 1993). Control animals underwent identical 

procedures, but had no applied cortical pressure.

3.2.3 H a e m o r r h a g e  M o d e l

A fixed volume controlled haemorrhage model was utilised in this study (Majde 2003). 

[See section 6.33 for discussion on the selection o f the haemorrhage model]. 

Progressive simple haemorrhage was induced by withdrawal o f blood from the tail 

artery anaerobically in 0.5ml aliquots at an overall rate o f 2% o f the blood volume per 

minute (total estimated blood volume 6.06ml/100g body weight) until 40% of the total 

blood volume has been removed (Elebute 1978).

3.2.4 P r o t o c o l

A minimum o f 60 minutes was allowed to elapse before physiological data were 

recorded to allow an adequate washout period o f  isoflurane before commencement o f 

the experimental protocol. The rate o f infusion o f alphadolone/alphaxolone was 

adjusted to allow a mild withdrawal and a lOmmHg rise in blood pressure in response 

to a pinch test applied to the Achilles tendon. The timelines o f the experimental 

protocol are reproduced in (Figure 10).

Experiments were performed on three groups o f  eight animals. Animals were randomly 

allocated to mild TBI, moderate TBI or the control (sham) brain injury group. The LFP 

injury is associated with a brief period o f  apnoea, hypertension and bradycardia 

(Gennarelli 1983), (McIntosh, Vink et al. 1989). Therefore to allow physiological
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variables to return to baseline before the induction o f haemorrhage a further period o f 

10 minutes was allowed to elapse. Baseline physiological measurements o f HR, blood 

pressure and respiratory rate were then captured as control data for the haemorrhage 

study. Fifteen minutes following the acute brain injury animals underwent simple 

hemorrhage o f 40% blood volume by methods described. Physiological measurements 

were made after withdrawal o f each aliquot o f blood and at 15 minute intervals until 90 

minutes post head injury, using a computerized physiological data acquisition system 

(Fastdaq, Lectromed, UK. Real time data capture, display and analysis system), (Figure 

10). Blood gas analysis was subsequently performed on each aliquot (ABL330, 

Radiometer, Denmark), (Figure 11).

Animals were killed humanely using a lethal injection o f Sagital anaesthesia at the end 

o f the post haemorrhage observation period. Post-mortem examination o f the brains was 

carried out on all animals immediately following the procedure.

3 . 2 . 5  S t a t i s t i c a l  M e t h o d s

Means and standard errors o f HR and MAP are presented by volume o f haemorrhage, 

for control, mild and moderate TBI groups. Baseline data are presented by group using 

means and standard errors o f mean (SEM). Analysis o f variance (ANOVA) was used to 

test for any changes in mean values between the three groups.

To detennine if  the effects o f brain injury and haemorrhage on HR and MAP by volume 

o f haemorrhage are statistically significant, a two-way repeated measure ANOVA was 

undertaken to examine differences between the groups with repeats for volume of
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haemorrhage (12 measurements) within animals. The trend analysis considered 2 

models: (1) assuming a linear association o f HR and MAP with volume o f haemorrhage 

and (2) assuming a linear and quadratic association. The quadratic time variable allows 

for any curvature in the relationship between HR or MAP and volume o f haemorrhage. 

A test for interaction o f group (injury or control) by volume o f haemorrhage (linear and 

quadratic) was used to determine if  there were significant differences in the trend lines 

between injury and control groups.

In the moderate TBI group, a two-way repeated measures analysis ANOVA was 

performed to compare the trends for mean HR and MAP (with repeats for different 

volumes o f haemorrhage) comparing survivor and non-survivor animals. A test for 

interaction was used to examine whether the patterns o f response with increasing 

volume o f haemorrhage were different between survivors and non-survivors o f 

moderate TBI. An independent t-test was used to compare mean apnoea between 

survivors and non-survivors in the moderate TBI group. An animal was classified as a 

non-survivor if it died within 90 minutes o f induction o f  brain injury (the end point o f 

the study was 90 minutes post induction o f brain injury). Significance levels at P<0.05 

were assumed. JMP, version 5 and SAS software was used to analyze the data (SAS 

Institute Inc.)

3.2.5.1 Statistical Power of the Study

With a sample o f 8 animals having repeated data on 12 occasions, the study has 

sufficient power (80%) at a 5% level o f significance to detect a difference o f 1 SD in 

HR or MAP between any two groups (e.g. moderate and control) in the study.
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3.3 R e su l t s

3.3.1 B a s e l i n e  R e s u l t s

Following acute TBI a brief period o f apnoea was observed. There were significant 

differences between groups in the duration o f apnoea induced by the fluid percussion 

injury. No apnoea was observed in the control group. In mild TBI the duration o f 

apnoea was 3.1 ± l.lse c  compared to 13.6 ± 2.48sec (P< 0.001) following moderate 

TBI (Table 6).

In mild TBI there was transient elevation o f systolic blood pressure o f 15 ± ImmHg 

compared to 41 ± 6mmHg (p=0.002) in moderate TBI following the fluid percussion 

injury. No pressor response was observed in sham injury.

There were no significant differences between groups in the initial baseline values o f 

body weight. HR. MAP or arterial blood gases at time control, 10 minutes post acute 

TBI, which was immediately before the commencement o f the haemorrhage phase. HR 

w'as observed to be lower in the moderate TBI animals prior to undergoing 

haemorrhage, but this did not reach statistical significance (Table 6).

Arterial blood gas analysis during the haemorrhage period revealed no significant 

differences between the groups (Figure 11). The PaC02 fell with progressive 

haemorrhage (linear trend; (3=-0.79 (SE=0.10), p<0.001). No hypoxic episodes occurred 

in the study animals.
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Post mortem evaluation o f the moderate TBI group revealed macroscopic evidence o f 

contusion on the surface o f the ipsilateral cortex with small amounts o f subarachnoid 

haemorrhage as described in other reports (Thompson, Lifshitz et al. 2005). The mild 

TBI and control animals had no macroscopic evidence o f brain injury.

3.3.1.1 Mortality

There was no mortality observed in the control or mild TBI groups. Four (50%) o f the 

moderate TBI animals died suddenly after the completion o f haemorrhage, at time 45, 

55, 60 and 90 minutes respectively.

3.3.2 H e a r t  R a t e  a n d  B l o o d  P r e s s u r e  R e s p o n s e s  t o  H a e m o r r h a g e

3.3.2.1 Control group

In the control animals progressive haemorrhage produced a bi-phasic response o f HR 

and MAP (Figure 12). HR showed an initial increase until 17.5 ± 1.6 % blood volume 

loss occurred. The maximum increase in HR was 24 ± 4.2bpm which indicated a 

significant change from baseline (p<0.01). However as the severity o f haemorrhage 

increased beyond 17.5% o f total blood volume, a marked bradycardia associated with a 

precipitous fall in MAP took place (Figure 12). The maximum drop in HR was 107 

±7.5 bpm, which indicated a significant change from baseline (p<0.01) and occurred at 

38 ± 0.9% blood volume loss.
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3.3.2.2 Mild Head Injury Group

The HR and MAP response by volume of haemorrhage was compared between mild 

TBI and control groups. There was a small delay in the onset of bradycardia. This 

divergence in response became significant at 27% blood volume loss (p=0.044). 

However the overall bi-phasic pattern of response was maintained. This was confirmed 

in the quadratic analysis of the HR and MAP response by volume of haemorrhage. A 

repeated measures ANOVA showed a significant linear ((3]=14.55, SE=2.7) and 

quadratic (p2=-1.98, SE=0.21) association of volume of haemorrhage on HR (p<0.0001) 

for both groups (Figure 12). However the bi-phasic pattern of HR response did not 

differ significantly between the mild TBI and control groups.

There was a significant quadratic (P2=-0.61, SE=0.11) association of volume of 

haemorrhage on MAP (p<0.0001) for both groups (Figure 12). The largest difference 

between the mild TBI and control groups was observed at 26.7% volume haemorrhage 

(difference=55.2 (95% Cl, 1.6, 108.8)), but the pattern of MAP response overall did not 

differ significantly between the mild TBI and control groups. Therefore, whilst the 

trend of response for HR and MAP was similar in both groups, the depressor phase of 

the response was delayed in the mild TBI group (Figure 12).
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3.3.2.3 Moderate Head Injury

B y contrast with m ild injury the pattern o f  HR and M A P response w as altered after 

moderate TBI. Both HR and M A P were initially low er in the pre-haemorrhage phase 

fo llow in g  moderate TBI. The HR response to haemorrhage in moderate TBI anim als 

w as significantly different from that o f  control anim als (Figure 12). The expected bi- 

phasic HR response w as markedly attenuated after moderate TBI. A  divergent pattern 

o f  HR response w as identified betw een the moderate TBI and control groups; a higher 

HR response w as observed in the moderate TBI anim als (38 ± 8.6 bpm), until 23%  

volum e o f  haemorrhage w as reached w hen the trend w as reversed. The m axim um  fall in 

HR w as 51 ±  15 bpm at 31% blood volum e loss, com pared to 107 ±  7.5 bpm in the 

control group, w hich  occurred at 17.5% blood volum e loss. The repeated m easures 

A N O V A  show ed a significant linear (P i= 10 .36 , SE =  2 .89 ) and quadratic (P2= -1 .43 , 

SE = 0.22) trend o f  volum e on m ean HR (p <0.01). There w as a significant difference in 

this trend o f  HR response observed betw een the moderate TBI groups and the control 

injured group (test for interaction p< 0 .001), and betw een the moderate and mild TBI 

groups (test for interaction betw een groups, p<0.0001).

Sim ilarly the M A P response to haemorrhage w as also markedly altered fo llow in g  

moderate TBI. There w as a significant d ifference in overall linear ((3i= -3 .62, SE =1.47, 

p = 0.015) and quadratic trend (P2= -0 .39 , SE = 0.11 , p < 0 .001), betw een the groups, 

across volum e o f  haemorrhage. This indicates that the pattern o f  blood pressure 

response to progressive sim ple haemorrhage w as significantly different betw een the 

moderate TBI and control groups (test for interaction, p = 0 .0 0 0 7 ) (Figure 12) and 

betw een the moderate and m ild TBI groups (test for interaction betw een groups,
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p<0.0001). Overall the MAP was maintained higher for longer in the moderate TBI 

group compared to either the control group or the mild TBI group.

Although the study w'as not designed as a survival analysis investigation, following the 

observed 50% mortality rate in the moderate TBI group a preliminary subgroup analysis 

o f the group was undertaken. Animals were stratified into survivors and non-survivors. 

Clear differences in the HR and MAP response to haemorrhage between the survivors 

and non survivors were identified. Survivors still showed a bi-phasic HR and MAP 

response which was modified compared to controls, i.e. the onset o f bradycardia and 

hypotension were delayed but the difference was more pronounced than in mild TBI. In 

non-survivors the bi-phasic HR and MAP response was abolished (Figure 13). At the 

end o f haemorrhage MAP was significantly higher in the non-survivors compared to 

either the survivors (difference = 42.6, (95% Cl, 17.7, 67.5), p=0.007) or the control 

group (difference = 42.9, (95% Cl, 23.4, 62.4), p=0.002).

When HR and MAP responses o f non-survivors versus survivors were compared using 

repeated measures ANOVA there was a significant difference in HR and MAP by 

volume o f haemorrhage (Figure 13), (test for interaction, p=0.0129, p=0.0013 

respectively). The mean (SEM) apnoea period in those who died (16.60 ± 2.18 

seconds), compared with survivors (10.68 ± 4.27seconds) was not significantly 

different (p=0.26). Post mortem evaluation o f the moderately injured animals revealed 

no significant macroscopic difference between animals that died compared to those who 

survived.
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3 .4  D is c u s s io n

Assessment and management o f the acutely injured patient depends on the assumption 

that all homeostatic reflexes are functioning normally. The principal finding o f this 

study is that acute TBI modifies the cardiovascular response to haemorrhage and the 

effect is graded with respect to severity o f TBI. After mild TBI the biphasic response to 

blood loss is maintained, but the onset o f the second, depressor phase o f the response to 

haemorrhage is delayed. Moderate TBI significantly attenuated the depressor response 

to haemorrhage such that MAP was maintained higher for longer in the moderately 

injured group compared to either the control or the mild TBI group. The effects o f acute 

TBI on the reflex responses to haemorrhage have not been previously elucidated in 

either man or rodent models.

3 . 4 . 1  T h e  E x p e r i m e n t a l  M o d e l

There are several models o f haemorrhage used in experimental studies, including 

controlled blood loss to either fixed volume o f fixed pressure endpoints, or uncontrolled 

haemorrhage, and the choice o f model is dictated by the hypothesis being tested (Majde 

2003). In the present study the hypothesis being tested was that acute TBI would 

modify the pattern  o f  response to haemorrhage, consequently the model o f choice was a 

fixed volume, controlled haemorrhage (Majde 2003). This type o f mode! is viewed as 

the most appropriate when investigating potential modulations o f the reflex response to 

blood loss, where it is essential that the degree and rate o f blood loss are the same 

among experimental groups (Feuerstein and Siren 1986). An uncontrolled haemorrhage 

model (Dronen, Stern et al. 1993), (Ryan, Cortez et al. 2006) would be inappropriate in
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this type o f study because the aUered pattern o f blood loss could introduce a systematic 

bias between groups. It would become impossible to determine whether any differences 

in pattern o f response to blood loss was due to, or resulted from the difference in profile 

o f blood pressure change during haemorrhage. This investigation was therefore 

conducted in line with previously published work in this area using fixed volume 

haemorrhage (Barcroft, Edholm et al. 1944), (Little, Marshall et al. 1989), (Evans, 

Hayes et al. 1992), (Ludbrook and Ventura 1996), (Ohnishi, Kirkman et al. 1997), 

(Foex, Kirkman et al. 2004).

In multiple trauma patients extracranial blood loss is often accompanied by soft tissue 

injury. Soft tissue injury modifies the reflex response to haemorrhage resulting in an 

attenuation o f the phase 2 o f the bi-phasic HR and MAP response (Little, Randall et al. 

1984), (Anderson, Little et al. 1990), (Foex, Kirkman et al. 2004). In addition, the 

response to soft tissue injury may interact with the response to TBI to produce further 

modification o f the normal responses. The investigation o f a three-way interaction 

between haemorrhage, TBI and soft tissue injury would be o f great clinical importance, 

interpreting the results would be impossible without prior knowledge o f the two-way 

interaction between the responses to blood loss and acute TBI. The present study has 

therefore focused on this first step which provides a sound basis on which to investigate 

models o f greater clinical complexity in the future which could ultimately include a 

number o f factors such as co-existing soft tissue injury, the occurrence o f secondary 

insults, intoxication, age and other factors that can influence the reflex responses 

(Anderson, Little et al. 1990), (Zink and Feustel 1995), (Zink, Schultz et al. 1999).

71



In considering the selection o f the rodent model for this investigation previous work 

indicates that there is close species correlation in the cardiovascular reflex responses to 

both haemorrhage and injury in man, in other large animal and in rodent studies 

(Barcroft, Edholm et al. 1944), (Oberg 1970), (Secher, Sander Jensen et al. 1984), 

(Secher and Bie 1985).

The choice o f anaesthetic used in this model was critically important. Anaesthetic 

agents can modify the baroreflex and the ‘injury’-induced modulations o f baroreflex 

function. Hence much o f the original experimental work carried out on cardiovascular 

reflex activity was done using conscious animals. We used low dose intravenous 

alphadolone/alphaxolone anaesthesia as it has been shown to preserve baroreflex 

function and the effects o f  ‘injury’ modulations (nociceptive afferent activity) on the 

baroreflex (Timms 1981), (M ackway-Jones, Foex et al. 1999), (Majde 2003).

The fluid percussion model o f brain injury in the rat is one o f  the most widely used 

experimental models o f brain injury because if  its construct validity with closed head 

injury in man (McIntosh. Vink et al. 1989), (Toulmond, Duval et al. 1993), (Laurer and 

McIntosh 1999). This model o f brain injury enabled reproducible severities o f brain 

injury to be produced. The histological changes resulting from this brain injury model 

include a well defined ipsilateral cortical injury, ipsilateral hippocampal and 

amygdaloid injury (Toulmond, Duval et al. 1993), (Thompson, Lifshitz et al. 2005). 

Other aspects o f molecular, vascular and behaviour o f  different severities o f human 

brain injury are closely replicated in this model (Toulmond, Duval et al. 1993).

72



3 . 4 . 2  P r i n c i p a l  F i n d i n g s .

The biphasic HR and MAP response to haemorrhage observed in the control group was 

consistent with previous investigations reported in man (Barcroft, Edholm et al. 1944), 

(Secher, Sander Jensen et al. 1984) and animal studies (Oberg 1970), (Secher and Bie 

1985). Following mild TBl the bi-phasic pattern o f HR and MAP response was 

maintained, but the onset o f the ‘depressor phase’ o f the response was delayed. No 

mortality was observed in this group.

In the moderate TBl group the bi-phasic HR and MAP response was markedly 

attenuated. The HR response to haemorrhage in this group was significantly different to 

that o f both the control and mild TBl groups. The bi-phasic HR and MAP response was 

markedly attenuated or abolished in this group and the degree o f alteration o f the 

response was predictive o f early mortality.

These observations are important in the context o f what is known about the underlying 

pathophysiological responses to haemorrhage. In the absence o f TBl the neurohumoral 

and haemodynamic responses to progressive haemorrhage have two distinct phases. 

There is an initial arterial baroreceptor-mediated phase (Phase 1) in which the fall in 

cardiac output is coupled with a sympathetically mediated increase in peripheral 

resistance so that arterial pressure is maintained to near normal levels (Secher and Bie 

1985). In most species, adrenal catecholamines and vasopressin contribute little to this 

phase. Increased renin release appears to augment the sympathetically mediated 

vasoconstriction. With severe haemorrhage (beyond 25-30% blood volume loss) a 

second phase (Phase 2) develops abruptly. This phase is characterised by withdrawal o f
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sympathetic vasoconstrictor drive, relative or absolute bradycardia, which is vagally 

driven, an increase in adrenal catecholamines and vasopressin, and a profound fall in 

arterial pressure (Little, Marshall et al. 1989). Acute TBI appears to modify these 

complex physiological reflex responses to haemorrhage. The precise pathophysiological 

mechanisms underlying the second ‘depressor’ phase are not fully understood. Part o f 

the efferent limb o f the ‘depressor’ response is vagally mediated. This study suggests 

that acute TBI significantly alters the vagally mediated modification o f  the HR response 

normally seen after 20-30% blood volume loss.

A 50% mortality rate was observed in the moderate TBI group within 90 minutes of 

completion o f  haemorrhage. Whilst this investigation was conducted as a non-survival 

analysis, following the observation o f  such a high early mortality a subgroup analysis o f 

the moderate TBI group was undertaken. Animals were stratified into survivors and 

non-survivors. Significant differences in the bi-phasic response were observed between 

these two subgroups. In survivors the bi-phasic response was maintained but the 

depressor phase was delayed and the difference in response compared to control 

animals was more pronounced than in mild TBI. In non-survivors the bi-phasic HR and 

MAP pattern o f response was completely abolished. The mechanism(s) underlying the 

attenuation o f haemorrhage-induced bradycardia in the presence o f  acute TBI cannot be 

deduced from this study. Similar work evaluating the effect o f major tissue damage on 

the bi-phasic response to haemorrhage also showed attenuation o f the response and 

depression o f the barorefiex (Little, Marshall et al. 1989), (Anderson, Little et al. 1990), 

(Foex, Kirkman et al. 2004). It is possible therefore that barorefiex function may also be 

altered in the presence o f acute TBI.
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The moderate TBI group appeared physiologically more ‘stable’ during the initial 

response to haemorrhage. This was more apparent than real as 50% o f this group died 

suddenly shortly after the completion o f haemorrhage. This terminal event was heralded 

by sudden onset o f dysfunctional respiration coupled with bradycardia and hypotension. 

The precise characterisation o f the cause o f this sudden death was outside the scope o f 

our study design. A possible explanation might be that brainstem ischemia occurred at 

that time. Further research to correlate the loci o f central nervous system injury with 

cardiovascular pathophysiology is required to test this hypothesis. Another explanation 

could be that this subgroup sustained significantly raised ICP, however, an increase in 

MAP and a bradycardia associated with raised ICP did not occur in this group (Cushing 

1902). At the severe end o f the brain injury spectrum there is evidence from clinical 

studies o f autonomic uncoupling, which is also likely to reflect severe brainstem injury 

(Goldstein. Toweill et al. 1998). Disturbance in cardiovascular regulation following 

acute TBI is further evidenced by work showing that the response to fluid resuscitation 

following acute TBI and haemorrhage is impaired (Yuan and Wade 1992). Disruptions 

o f  the normal cardiovascular homeostatic mechanisms are likely to leave the acute brain 

injured victim more vulnerable to hypotensive insults which in turn are associated with 

a significant increase in mortality.

A nother complication o f acute concussive brain injury observed in both humans and

animal models o f TBI is transient apnoea (Gennarelli 1983), (Atkinson, Anderson et al.

1998). This appears to be related to 'brainstem torque’ occurring at the time o f injury as

it is also observed in decerebrate animal models o f brain injury (Tomlinson 1970). An

apnoeic response was observed which closely reflected the severity o f induced brain

injury. This is consistent with other laboratory data (Walker 1944), (Atkinson,
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Anderson et al. 1998). Dysfunctional respiration and apnoea occurring at the time o f 

TBI can result in hypoxic episodes. Hypoxia inhibits baroreflex induced bradycardia 

(Kongo 1999). This was not a factor in our model as supplemental oxygen was 

delivered throughout the experimental period. This would not therefore account for the 

observed modulation in the vagally-mediated bradycardia.

Observation o f the trend in PaCOi levels with progressive haemorrhage showed the 

expected fall in the PaC02 levels in all groups. There was no significant difference 

observed in the pattern o f response between the three groups. Whilst this was not a 

detailed analysis o f chemoreceptor function, it suggests the chemoreceptor response to 

haemorrhage was maintained in the presence o f acute TBI.

3 . 4 . 3  L i m i t a t i o n s  OF THE STUDY

This investigation was specifically focused on the assessment o f the bi-phasic 

haemodynamic response to haemorrhage. It was not designed as a survival analysis 

study. This limited the power o f the subgroup analysis o f survivors and non-survivors. 

Since this study was conducted as non-survival experiments detailed histological 

analysis o f the injured brains was not performed. This would have required survival o f 

the animals for a number o f days (Toulmond, Duval et al. 1993). Post mortem 

evaluation o f the moderately injured animals revealed no macroscopic difference 

between survivors and non-survivors. The precise cause o f death in non-survivors was 

not accurately determined. They had similar pre-terminal observations: an abrupt onset 

o f a brief period o f dysfunctional respiration, bradycardia and hypotension resulting in 

asystolic cardiac arrest within seconds o f onset o f dysfunctional respiration. This
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laboratory study identifies an acute disturbance in the neural responses to acute 

haemorrhage in the rodent model using well validated models o f closed head injury and 

simple haemorrhage. Whilst there is evidence o f close species correlations in the 

pathophysiology o f TBI and the physiological responses to haemorrhage, it would be 

important that these findings are validated in the clinical setting.

This investigation was limited to the evaluation o f the effect o f acute TBI on the bi- 

phasic haemodynamic response to progressive simple haemorrhage. In the clinical 

scenario o f  multi-system trauma, haemorrhage is often associated with major tissue 

injury (Sarrafzadeh. Peltonen et al. 2001). Further investigation into the effects o f acute 

TBI on the response to haemorrhage confounded by co-existing soft tissue injury is an 

important next step in improving our understanding o f the pathophysiology o f acute 

TBI on cardiovascular regulation.

3 . 4 . 4  C o n c l u s i o n s

Acute TBI significantly modifies the normal cardiovascular reflex responses to 

progressive simple haemorrhage. This effect is graded according to the severity o f the 

induced brain injury. This modification was observed even in the presence o f mild TBI. 

Moderate TBI was associated with a marked alteration in HR and MAP response to 

haemorrhage. Acute disturbance in cardiovascular regulatory control potentially has 

profound implications for trauma victims who sustain combination o f acute TBI and 

haemorrhagic shock. This may in part explain the unexpectedly high mortality rate seen 

in patients who sustain acute TBI as a component o f multi-system trauma (McMahon, 

Yates et al. 1999), (Patel, Bouamra et al. 2005). Currently there are no readily available
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clinical tools to assess the integrity o f autonomic function in the acute clinical setting. 

This may be a very important factor influencing the approach to resuscitation and 

choice o f anaesthetic agents used in the clinical care o f  these patients. Further clinical 

and laboratory research in this area is needed to improve our understanding o f the 

cardiovascular pathophysiology in brain injured patients and thereby translate into 

improved outcomes in this group.
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Table 6. Physiological Measurements: post-TBI and pre-haemorrhage for Control, 

Mild and M oderate TBI groups.

C o n tro l
(n=8)

M ild  T B I
(n=8)

M o d e ra te  T B I 
(n=8)

P a C 0 2 (m m H g ) 53.2 (50.9,55.4) 50.8 (48.0,53.6) 53.4 (49.2,57.5)

P a O i (m m H g) 227.0 (179.1,274.8) 262.2 (193.4,330.9) 264.5 (177.6,351.4)

pH 7.33 (7.31,7.35) 7.34 (7.32,7.35) 7.33 (7.30,7.36)

H b 12.38 (12.01,12.74) 11.61 (10.88,12.34) 12.03 (11.72,12.35)

A B E (n in io l .l ') 0.91 (0.29,1.54) 0.61 (-0.12,1.35) 1.0 (-0.03,2.03)

T e m p  ("C) 37.69 (37.55,37.83) 37.66 (37.53,37.79) 37.61 (37.52,37.70)

B ody  w t (g) 254.8 (249.0.260.5) 250.3 (247.2,253.4) 251.4 (246.6,256.2)

A p n o e a  sec* 0 (0, 0) 3.1 (0.5,5.6) 13.6 (7.8,19.5)

*p<0.0001 ANOVA between groups

N um ber o f rats (n): arterial oxygen pressure (PaOi): carbon dioxide tension (PaC02): 

arterial pH (arterial pH): Haemoglobin (Hb): arterial base excess (ABE): core body 

temperature (Tc): Body weight (body wt): Values are mean (95% Confidence Interval).
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C h a p t e r  4

T h e  E f f e c t  o f  A c u t e  T B I  o f  m i l d  a n d  m o d e r a t e

S E V E R IT Y  O N  T H E  P E R F O R M A N C E  O F S H O C K  IN D E X  IN T H E  

P R E S E N C E  O F P R O G R E S S IV E  S IM P L E  H A E M O R R H A G E

4 .1  In t r o d u c t i o n

The early identification o f occult haemorrhage in the multiply injured patient can 

present a difficult clinical challenge. Delay in the recognition and stabilisation o f occult 

haemorrhage is one o f  the key factors contributing to preventable trauma deaths 

(Anderson, Woodford et al. 1988). The initial triage and evaluation o f injured patients 

is guided by a combination o f factors which include the patient’s heart rate and blood 

pressure (ATLS, American College o f Surgeons, 2004). However vital signs are known 

to be unreliable early indicators o f blood loss (Little, Kirkman et al. 1995).

Progressive ‘simple’ haemorrhage (in the absence o f major tissue injury) is associated

with a biphasic HR and MAP response (Barcroft, Edholm et al. 1944), (Secher and Bie

1985). This non-linear relationship o f HR and MAP with progressive haemorrhage is

one o f the factors contributing to the difficulty in the interpretation o f  vital signs in the

trauma patient with occult haemorrhage. [See section 1.2 for detailed discussion on the

neural mechanisms underlying the cardiovascular response to haemorrhage.] A variety

o f factors commonly present in the trauma patient can modify the normal neurally

mediated bi-phasic haemodynamic response to haemorrhage. These include co-existing

soft tissue injury (Overman 1947), (Little, Marshall et al. 1989), (Anderson, Little et al.
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1990) and the administration o f opioid analgesics and anaesthetic agents, which are 

commonly used in the care o f injured patients (Adamicza, Tarnoky et al. 1985), (Ebert, 

Kotrly et al. 1985), (Van Leeuwen, Evans et al. 1990), (Ohnishi, Kirkman et al. 1997).

In order to overcome the limitations o f HR and BP in the recognition o f occult 

haemorrhage Allgower and Buri introduced the Shock Index (SI); the ratio o f HR to 

systolic blood pressure (SBP) (Allgower and Burri 1967). SI has been shown to be a 

more sensitive indicator o f blood volume loss than either HR, SBP, or diastolic blood 

pressure (DBP) in patients presenting with acute haemorrhage (Allgower and Burri 

1967), (Birkhahn, Gaeta et al. 2003), (Birkhahn, Gaeta et al. 2005).

81 has a relatively linear relationship with blood volume loss (Little 1990). This linear 

relationship is maintained in the presence o f soft tissue injury (Little 1990). Acute TBI 

is commonly present in the multiply injured patient (Gennarelli, Champion et al. 1994), 

(Patel, Bouamra et al. 2005). Furthermore acute TBI significantly alters the normal bi- 

phasic haemodynamic response to simple haemorrhage (McMahon 2007). The 

performance o f SI when extracranial haemorrhage occurs in the presence o f acute TBI 

is unknown. The aim o f this study was to examine the relationship between SI and 

progressive simple haemorrhage in the presence o f acute TBI o f mild and moderate 

severity.

4 .2  M e t h o d s

The performance o f SI in response to progressive extracranial haemorrhage following 

mild and moderate TBI was assessed using the preclinical models o f acute TBI and
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controlled simple hemorrhage. [See M ethods Section; section 3.2, for detailed 

description].

4 .3  S t a t i s t i c a l  m e t h o d s

Data are presented as means and standard errors (SE) for SI by volume o f haemorrhage. 

Repeated measures analysis o f variance (ANOVA) was used to compare SI between the 

mild TBI group and the sham injury group, and the moderate TBI group and sham 

injury group. A test for interaction o f group by volume o f haemorrhage was used to 

determine if  there were significant differences in the trend lines between acute TBI o f 

mild and moderate severity compared to sham injury.

Pearson correlations were calculated for HR, SBP and SI by percentage volume o f 

haemorrhage for each group individually. With the onset o f blood volume loss 

‘unloading’ o f the arterial baroreflex results in a reduction in cardiac vagal tone and 

sympathoexcitation which acts to maintain MAP to near normal levels up to 20-30% 

blood volume loss (Evans, Ventura et al. 2001). That is up to Class 2 haemorrhage as 

classified by the ATLS (American College o f  Surgeons 2004). Beyond 30% blood 

volume loss the normal vital signs o f BP and HR would generally have a good 

correlation with clinical shock. Separate correlations were therefore calculated for the 

subsets o f  up to 30% and 30-40% haemorrhage for each group.

The haemodynamic response to blood loss is significantly altered following acute TBI

(McMahon 2007). Modification o f the normal bi-phasic response to haemorrhage may

alter o f the relationship between HR and BP with progressive blood loss. This could

affect the performance o f SI as an indicator o f blood volume loss in the presence o f
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acute TBI. There was a marked difference in the bi-phasic haemodynamic response to 

haemorrhage in the moderate group between survivor and non-survivors. A further 

subgroup analysis w'as therefore undertaken using repeated measures ANOVA 

comparing the trend for SI with increasing volume o f haemorrhage in survivors versus 

non-survivors. A test for interaction was used to examine whether the patterns o f 

response were different between the two subgroups. The Univariate F-statistic was used 

with Geisser-Greenhouse adjustment. Significance levels at P<0.05 were assumed. JMP 

(version 5) and SAS software was used to analyze the data (SAS Institute Inc.).

4 .4  R e s u l t s

Following sham injury the correlation o f HR to percentage blood volume loss o f less 

than 30% and 30 - 40% blood volume loss was poor ( r = 0.3 and r = 0.4, respectively) 

(Table 7). SBP and SI correlated well with blood volume loss up to 40% (Table 7).

Analysis o f the mild TBI group revealed the pattern o f SI response to progressive loss 

o f  40%) blood volume between mild TBI and sham injury revealed no significant 

difference between the two groups (test o f interaction p=0.39), (Figure 14). The 

correlation o f HR. SBP in the mild injury group for haemorrhage o f less than 30%o and 

30-40%) was poor (Table 7). Following mild TBI, SI was also poorly correlated in both 

subsets o f blood volume loss (r = 0.4 for both), (Table 7). There was no mortality in the 

mild TBI group during the observation period.

Comparison o f the trend o f SI response to haemorrhage between moderate TBI and

sham injury using repeated measures analysis (MANOVA) revealed no significant

87



difference until 40% blood volume loss, when a significant difference in shock index 

between the two groups was identified (p=0.048), (Figure 14).The correlations of HR 

and SBP with blood volume loss o f  less than 30% was poor (r = 0.2), but a better 

association o f SBP (r = -0.6) and SI (r = 0.6) with blood volume loss o f less than 30% 

was observed (Table 7).

Four o f the moderate TBI group died suddenly after the completion o f haemorrhage, at 

time 45, 55, 60 and 90 minutes respectively. Further sub-group analysis o f the moderate 

TBI group using a repeated measures analysis (MANOVA) revealed a significant 

difference in the trend lines o f SI between the survivor subgroup compared to the non 

survivor subgroup (p=0.0070), (Figure 15). SI failed to rise as expected with increasing 

haemorrhage in the non-survivor group.

4 .5  D is c u s s io n

Shock index is considered a more sensitive measure o f increasing blood volume loss 

than the traditional vital signs in a wide range o f  clinical scenarios including 

gastrointestinal haemorrhage, ectopic pregnancy and haemorrhage secondary to trauma 

(Allgower and Burri 1968), (Little 1990) , (Rady, Nightingale et al. 1992), (Birkhahn, 

Gaeta et al. 2003), (Birkhahn, Gaeta et al. 2005). Acute TBI alters the bi-phasic 

haemodynamic response to haemorrhage (McMahon 2007). Therefore the performance 

o f SI may be altered when haemorrhage occurs in the presence o f  acute TBI. This 

investigation revealed that the use o f  SI in the presence o f  acute TBI could result in 

underestimation o f the extent o f underlying haemorrhage.
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In keeping with previous reports we found that SI correlated well with haemorrhage in 

the absence o f acute TBI (Allgower and Burri 1967), (Rady, Smithline et al. 1994), 

(Birkhahn, Gaeta et al. 2005). The correlation o f SI with haemorrhage was reduced 

following acute TBI. In the moderate TBI, subgroup analysis o f  the survivors compared 

to non-survivors revealed a marked difference in the SI trend lines with increasing 

volume o f haemorrhage. There was a marked dampening o f the expected elevation o f SI 

with haemorrhage in the non-survivor subgroup. SI appears to be a less reliable 

indicator o f blood volume loss in the presence o f  acute TBI.

4 .5.1 L i m i t a t i o n s

This study did not permit identification o f the mechanisms underlying the observed 

alteration in the diagnostic utility o f SI in the presence o f acute TBI. One possible 

explanation would be that there is a degree o f decoupling o f the relationship between 

HR and BP, resulting from a disturbance in central cardiovascular regulation following 

acute TBI. Autonomic uncoupling has been previously reported in patients with severe 

brain injury o f differing aetiologies (Goldstein, Toweill et al. 1998).

Previous work considered a putative relationship between SI and cardiac function 

(Little 1990), (Rady, Nightingale et al. 1992). Little et al proposed that if  SI is 

considered in the context o f O hm 's law (pressure = cardiac output x total peripheral 

resistance). SI becomes 1/ (stroke volume x total peripheral resistance) which 

approximates to the inverse function o f cardiac work. This was confirmed by the 

analysis o f the relationship between SI and left ventricular stroke work (LVSW) (Rady, 

Nightingale et al. 1992). SI is negatively related to LVSW. It is difficult to relate these
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theories with the altered performance o f  SI in the presence o f  acute TBI. It is possible 

that the augmented catecholamine response to haemorrhage in the presence o f  acute 

TBI (Atkinson 2000) may have a role to play in altered LVSW; however this was not 

formally studied in this investigation.

4 .5 .2  C o n c l u s i o n s

SI has been shown to be more sensitive in the early identification blood volume loss in 

a number o f  previous clinical and laboratory investigations (Allgow er and Burri 1967), 

(Little 1990), (Rady, Smithline et al. 1994), (Birkhahn, Gaeta et al. 2003), (Birkhahn, 

Gaeta et al. 2005). The principal finding o f  this investigation is that the relationship 

between SI and haemorrhage is altered following acute TBI. The use o f  SI in the 

assessment blood volume loss and response to resuscitation in patients with acute TBI 

as part o f  their injury should be interpreted with caution.
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Figure 14. Mean Shock index (± SE) with increasing volume of haemorrhage 

following Mild TBI, Moderate TBI and Control (Sham) injury.
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Figure 15. Mean Shock index (± SE) with increasing volume of haemorrhage in 

survivors versus non-survivors subgroups of moderate TBI.
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Table 7. Correlations for HR, MBP and SI with volume haemorrhage (p values) in control (sham) injurj', mild and moderate TBI.

Group HR SBP SI

Control injury <30% haemorrhage. r = -0.34 (p=0.006) r = -0.72 (p<0.0001) r = 0.66 (p<0.0001)

Control injury > 30% haemorrhage. r = -0.40 (p=0.030) r = -0.62 (p<0.001) r = 0.79 (p<0.0001)

Mild TBI < 30% haemorrhage. r = 0.13 (p=0.316) r = -0.44 (p<0.001) r = 0.43 (p=0.0004)

Mild TBI 30"/o> haemorrhage. r = -0.59(p<0.001) r = -0.55 (p=0.0013) r = 0.38 (p=0.035)

M oderate TBI <30“/o haemorrhage. r = 0.16 (p=0.20) r - - 0 .6 0  (p<0.0001) r = 0.56 (p<0.0001)

M oderate TBI >30%  haemorrhage. r = -0.28 (p=0.13) F --0 .1 5  (p=0.43) r = 0.88 (p<0.0001)
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C H A P T E R  5

T h e  e f f e c t  o f  a c u t e  t r a u m a t i c  b r a i n  i n j u r y  o f  m i l d

A N D  M O D E R A T E  S E V E R IT Y  O N  T H E  A R T E R IA L  B A R O R E F L E X  

5.1 In t r o d u c t i o n

The integrity o f the arterial baroreflex is central to cardiovascular homeostasis (Spyer 

1984). It is one o f the principal reflex mechanisms responsible for autonomic balance. 

Baroreflex responses triggered by haemorrhage are a life conserving measure aimed at 

maintaining perfusion o f vital organs (Evans, Ventura et al. 2001). Acute TBI could be 

potentially complicated by acute disruption o f the arterial baroreflex either as a result of 

direct neuronal injury or changes in neurotransmitter function complicating primary 

brain injury. Alteration in baroreflex function complicating acute TBI could create 

instability within the finely regulated closed-loop negative feedback system o f the 

baroreflex (Cavalvanti 1996), (Hammer 2005).

The normal response to progressive simple haemorrhage is a neurally mediated bi-

phasic HR and BP response (Barcroft, Edholm et al. 1944), (Evans, Ventura et al.

2001). Acute TBI o f mild and moderate injury severity are associated with a significant

modification o f this bi-phasic haemodynamic response (McMahon 2007). This effect is

graded according to the severity o f induced injury. Following mild acute TBI the bi-

phasic response is maintained but the depressor phase is attenuated. Moderate TBI was

associated with a more marked attenuation o f the depressor phase and a 50% mortality

rate. In the non-survivor group the bi-phasic response was completely abolished with a

94



paradoxical effect o f HR and BP maintained at near normal levels during significant 

haemorrhage in this group.

Soft tissue injury, which commonly complicates multi-system trauma, also results in an 

attenuation o f the bi-phasic response to progressive simple haemorrhage (Overman 

1947), (Little, Marshall et al. 1989). This is associated with an adverse effect on 

survival (Overman 1947). Furthermore, soft tissue injury is associated with a depression 

and rightward resetting o f baroreflex function (Redfern, Little et al. 1984), (Jones 

1989), (Anderson, Little et al. 1990).

Severe TBI is associated with significant autonomic dysfunction (Lowensohn. Weiss et 

al. 1977), (Winchell and Hoyt 1997), (Goldstein, Toweill et al. 1998). This dysfunction 

is proportional to the degree o f neurological insult (Goldstein, Kempski et al. 1996). 

The effect o f acute TBI on baroreflex function, an important determinant o f autonomic 

balance, is unknown.

In this study the effects o f acute TBI o f mild and moderate severity on the baroreflex 

were investigated. The focus o f this investigation was specifically on the effect(s) o f 

less severe brain injury on cardiovascular reflex mechanisms, where critical changes in 

cardio regulatory control may be unsuspected clinically. Three groups o f animals were 

studied; mild, moderate and sham (control) TBI. Baroreflex function was assessed 

using the phenylephrine pressor test adapted for the rat (Smyth, Sleight et al. 1969), 

(Jones, Kirkman et al. 1990). This experimental model enabled the effects o f different 

severities o f acute TBI on baroreflex function to be studied in the absence o f common
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clinical confounding variables such as alcohol, age and pre-morbid factors (Zink and 

Feustel 1995), (Zink, Maio et al. 1996), (Susman, DiRusso et al. 2002).

5 .2  S t u d y  A i m s :

Evaluation o f the effects o f mild and moderate acute TBI on the arterial baroreflex.

5 .3  M a t e r i a l s  a n d  M e t h o d s

Male Wistar rats (Porton strain) weighing between 240-260g were used to study the 

effects o f acute TBI, using the LFP injury model, on baroreflex function (Little and 

Redfem 1981), (Toulmond, Duval et al. 1993). The study animals were kept since 

weaning on a 12 hours light/dark cycle and fed on Beekay standard rat and mouse diet 

(B & K Universal, UK).

The present investigation was conducted with Home Office approval issued in 

conjunction with the Animal (Scientific Procedures) Act 1986, which conforms to the 

Guide for the Care and Use o f Laboratory Animals published by the U.S. National 

Institutes o f  Health (United States 1996).

5 . 3 . 1  S u r g i c a l  P r e p a r a t i o n

Anaesthesia was induced using isoflurane (Abbott Laboratories, UK; 3% in a 1:1 

mixture o f  O2 /N 2O, Fi02=0.5) in an anaesthetising chamber until cessation of 

spontaneous movement, loss o f the righting reflex, absence o f blink reflex and no
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w ithdraw al to a noxious stim ulus (pinch test applied to the foot). Surgical anaesthesia 

was m aintained using 2-3%  isoflurane adm inistered via a m ask. Both o f  the lateral tail 

veins and the ventral tail artery were cannulated using polyethylene cannulae (2FG and 

3FG respectively, Portex Lim ited, ). Cannulae were pre-filled with heparinised saline 

(lOIU. m r ‘ in 0 .9% saline). The arterial line was utilized to m easure arterial blood 

pressure using a strain gauge m anom eter (Sensonor 840, Sensonor, N orw ay). 

E lectrocardiogram  (ECG ) needle electrodes were placed subcutaneously on the ventral 

surface o f  the anim al to record the ECG, from  which the heart rate was m easured. A 

neonatal respiratory m onitor was attached externally to the chest wall and connected to 

a transducer to m onitor respiratory m ovem ents. Colonic tem perature w as m onitored 

w ith a therm ocouple inserted 6-8cm  past the anal sphincter into the colon and was 

m aintained at 37.8 ± O.S'^C (norm al tem perature for the rat) using a fan, blanket and 

overhead heating lamp.

On com pletion o f  the surgical procedure the isoflurane and N 2O were discontinued and 

anaesthesia was m aintained using continuous intravenous infusion o f 

alphaxalone/alphadalone (Saffan, Pitm an-M oore, UK , 18-20mg. Kg h '' i.v.) using an 

infusion pum p (H arvard 22, H arvard apparatus, UK). The anesthetised anim als 

spontaneously breathed oxygen enriched air. The anim al was then transferred to a 

stereotaxic frame.

5.3.2 L a t e r a l  F l u i d  P e r c u s s i o n  M o d e l

A craniotom y w as perfonned  stereotactically at the level o f  the right parietal cortex 

(3.5m m  anterior to and 6m m  above the interaural line leaving the dura intact. Teflon
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tubing (2mm inner diameter) was placed directly over the dura and sealed in situ using 

methylmetacrylate cement. This was connected through a fluid filled system to an 

HPLC pump (SF400 Spectroflow, Kratos analytical instruments, NJ, USA). The HPLC 

pump was used to deliver a predetermined level o f  fluid percussion pressure, which was 

released onto the lateral cortex using an electronically controlled solenoid valve (RS, 

UK). Thus a brief pulse (20ms) o f  sterile water was applied to the brain at an applied 

cortical pressure o f 1.2atm, producing mild injury and I.Satm for moderate injury 

(Toulmond, Duval et al. 1993). Sham operated animals underwent identical procedures, 

but had no applied cortical pressure.

5.3.3 P h e n y l e p h r i n e  P R E S S O R  T E S T

The baroreflex was assessed by determining the relationship between heart period (R-R 

interval) and systolic blood pressure (SBP) using the modification o f the phenylephrine 

pressor test adapted for the rat (Smyth, Sleight et al. 1969), (Jones, Kirkman et al. 

1990). Blood pressure was elevated using an increasing infusion o f the a  1-adrenergic 

receptor agonist, phenylephrine, over 4 steps between 8.3|il. m in'' to 83)j.l. min'' over a 

period o f 120 seconds, until SBP rose and reached a plateau level. The infusion was 

then discontinued and a resting period o f  at least 20 minutes was allowed before the test 

was repeated. An average o f 41)j.g.kg"' o f phenylephrine in 0.07ml o f  0.9% normal 

saline was infused for each baroreflex assessment. A regression line was constructed 

using linear regression analysis by plotting heart period against SBP, the slope o f the 

linear portion o f this regression line was taken as an index o f baroreflex sensitivity, 

while a lateral shift o f the line indicated a resetting o f the reflex (Smyth, Sleight et al. 

1969).
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A correlation coefficient was calculated for points lying in the linear mid-portion o f the 

slope and its statistical significance assessed (Snecdor and Cochrane 1967), a value o f 

P< 0.05 being regarded as significant (Smyth, Sleight et al. 1969).

5.3.4 E x p e r i m e n t a l  P r o t o c o l

This rate o f infusion o f alphadolone/alphaxolone was adjusted to allow a mild 

withdrawal and a 1 OmmHg rise in blood pressure in response to a pinch test applied to 

the Achilles tendon. This was appropriate after completion o f induced TBI and was 

directed at avoiding excessive levels o f anaesthetic agent which would have resulted in 

depression o f  the arterial baroreflex sensitivity (Sear and Prys-Roberts 1979). A 

minimum o f 60 minutes was allowed to elapse before physiological data were recorded 

to allow an adequate washout period o f isoflurane before commencement o f the 

experimental protocol. The timelines o f the experimental protocol are reproduced in 

(Figure 16). Experiments were performed on three groups o f  six animals. Animals were 

randomly allocated to the mild TBI, moderate TBI or control (sham) TBI group. During 

the washout period o f isoflurane in preparation for baroreflex assessment the 

phenylephrine cannula was primed with phenylephrine (150|j,g. m l'') by infusion at 

146^1. min"', until an initial rise in blood pressure was seen. The animal w'as allowed to 

recover for a minimum of 20 minutes before the control baroreflex sensitivity test was 

undertaken. Each animal acted as its own control. A further 20 minutes was allowed to 

elapse before LFP (sham) injury was induced. The LFP injury was associated with a 

brief apnoeic response and a transient rise in MAP. Equilibration o f baseline 

physiological variables following the induced TBI was facilitated by allowing 10
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minutes to elapse. Baroreflex sensitivity was assessed 10 minutes and 30 minutes after 

the induced or sham TBI.

Physiological measurements were recorded using a computerized physiological data 

acquisition system (Fastdaq, Lectromed, UK. Real time data capture, display and 

analysis system), (Table 8). Blood gas analyses were performed before the control 

baroreflex sensitivity test and 10 minutes after induced brain injury (ABL330, 

Radiometer, Denmark), (Table 9).

Animals were killed humanely using a lethal injection o f  Sagital anaesthesia at the end 

of the experiment. Post-mortem examination o f the brain was carried out on all animals 

immediately following the procedure.

5 . 3 . 5  S t a t i s t i c a l  M e t h o d s

Values are presented as means ± SEM, unless otherwise indicated. The relationship 

between heart period (R-R interval) and SBP at baseline (Tcon), before TBI, 10 minutes 

(TIO) and 30 minutes (T30) post-injury, was examined for each group (moderate, mild 

and control) using linear regression for individual animals. Each animal acted as its own 

control. The regression coefficient (slope o f the regression line or P) was taken as an 

index o f baroreflex sensitivity. Repeated measures ANOVA was used to examine the 

trend in baroreflex before (Tcon) and after TBI (TIO and T30) within and between the 

control and injury groups. The Greenhouse-Geisser adjustment was used. Analysis was 

limited to animals with a correlation coefficient for the linear portions o f the slopes 

above 0.8, which were significantly different from zero (Ponikowski, Chua et al. 2001),



(H unt and Farquhar 2005). A nalysis w as perform ed using JM P (SAS Institute Inc, 

version 5). Significance at p < 0.05 was assum ed.

This study w as pow ered at greater than 90%  with n=6 anim als per group to show  a 

statistically significant difference (2-sided p=0.05) o f  an effect o f  3 or m ore (difference 

in w eighted m ean o f  0.09 (SD =0.03) in baroreflex sensitivity betw een pre and post TBI 

in the m oderate group (Jones, K irkm an et al. 1990).

5 .4  R e s u l t s

5.4.1 B a s e l i n e  R e s u l t s

Baseline physiological param eters o f  body weight, HR, M AP, arterial blood gases, 

respiratory rate and core body tem perature were assessed prior to the control baroreflex 

sensitivity test. There was no significant difference in baseline physiological param eters 

observed betw een the three study groups (Table 8, Table 9).

A cute TBI resulted in a b rie f apnoeic period. Significant differences in the duration o f  

apnoea w ere observed according to the severity o f  induced injury. N o apnoea occurred 

in the control (sham ) injury group. M ild TBI was associated w ith an apnoeic period o f 

4.17 ± 1.0 sec com pared to 10.2 ± 1.6 sec (P< 0.001) in m oderate TBI (Table 8).

A cute TBI was also associated with a transient rise in blood pressure (pressor response). 

Follow ing m oderate TBI there was pressor response o f  26.3 ± 9.3m m H g com pared to 

6.33 ±  7.4m m H g follow ing mild TBI. There was a significant difference in the pressor
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responses between the two groups (p=0.002). No pressor response was observed in the 

control (sham) injury group (Table 8).

Physiological parameters that can influence the baroreflex sensitivity including HR, 

MAP, respiratory rate and Pa02 were not significantly different between groups when 

compared at control, TIO and T30 (Table 9). No hypoxic episodes were observed in any 

o f the study animals (Table 8). However there was a reduction in Pa02 observed in the 

mild group between the pre- and post-TBI time intervals (214.3 ± 85.4mmHg; 152.5 ± 

41.0mmHg), (Table 9). This was not associated with any significant change in PaC02, 

In the moderate TBI group PaC02 increased from 36.9 ± 4.4mmHg pre-TBl to 47.6 ± 

4.0mmHg in the post-TBI phase. Core body temperature was maintained in the normal 

physiological range throughout the study period.

5 . 4 . 2  B a r o r e f l e x  SENSITIVITY

The correlation co-efficient for the linear portions o f the slopes in all o f the study 

groups were significantly different from zero (r > 0.8) with the exception o f one animal 

in the control group which was therefore subsequently omitted from the final analysis.

Control values o f baroreflex sensitivities were recorded prior to the induced (or sham) 

TBI. Repeated measures ANOVA revealed no significant association o f baroreflex over 

time (p=0.21).
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In the mild TBI group there was a trend towards an increase in sensitivity observed, 

with a relative increase in baroreflex sensitivity o f 45% and 54% at 10 and 30 minutes 

post TBI respectively (Figure 19). This did not reach statistical significance (p = 0.152).

In the moderate TBI group there was a relative increase in baroreflex sensitivity o f 

125% and 101% at 10 and 30 minutes post TBI respectively (Figure 19). Analysis o f 

the moderate TBI group using repeated measure ANOVA revealed significant 

differences in baroreflex sensitivity at TIO and T30 (F-ratio=10.18, p=0.005) compared 

to pre-TBI values. Repeated measures ANOVA comparing the trends between the three 

groups indicated significant differences between the control and moderate TBI only (F 

ratio=6.26, p=0.01). An example o f the effect o f acute TBI o f moderate severity on 

baroreflex sensitivity is illustrated in Figure 17. An example o f baroreflex sensitivity 

following sham injury is illustrated in Figure 18. Similar trends in baroreflex 

sensitivities were observed in all animals studied in the moderate group (Figure 20; 

Table 10).

5.4.3 P o s t  M O R T E M  E X A M I N A T I O N

Post mortem evaluation o f the moderate TBI group revealed macroscopic evidence o f 

contusion on the surface o f the ipsilateral cortex with small amounts o f subarachnoid 

hemorrhage as described in other reports (Thompson, Lifshitz et al. 2005). The mild 

and control animals had no macroscopic evidence o f brain injury.
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5.5 D is c u s s io n

Over the past 25 years there has been a significant improvement in the outcome fi’om 

isolated TBl (Patel, Bouamra et al. 2005). Mortality following severe TBl has been 

reduced by approximately 50% with similar improvements in functional outcome. This 

is predominantly the result o f a substantial improvement in the early management o f 

multiply injured patients and developments in neurointensive critical care (Sarrafzadeh, 

Peltonen et al. 2001), (Zink 2001). Improved understanding o f the pathophysiological 

effects o f acute TBl is likely to be important factor under-pinning further advances in 

therapeutic options for this patient cohort. This investigation reveals a significant 

alteration o f baroreflex sensitivity following moderate TBl. A similar trend was 

observed following mild TBl. This observation has not been previously reported.

5 . 5 . 1  T h e  E x p e r i m e n t a l  M o d e l

Undertaking the investigation o f the effects o f acute TBl on baroreflex sensitivity in the 

pre-clinical setting avoided common confounding factors such as alcohol, medications, 

pre-morbid illness which complicate human studies in this area. These factors are 

known to modify baroreflex function and could confound the interpretation o f the 

effects o f acute TBl on baroreflex function in the clinical setting (Anderson, Little et al. 

1990), (Zink and Feustel 1995), (Zink, Schultz et al. 1999). There is close species 

correlation in the cardiovascular responses to both haemorrhage and injury between 

man and rodents (Barcroft, Edholm et al. 1944), (Oberg 1970), (Secher, Sander Jensen 

et al. 1984), (Little, Randall et al. 1984), (Secher and Bie 1985).

104



The phenylephrine pressor test is a well validated quantitative test o f baroreflex 

function both in man and animal studies (Smyth, Sleight et al. 1969), (Jones, Kirkman 

et al. 1990), (Colombo 1999). This technique, also termed the Oxford technique, was 

first developed by Smyth and his colleagues (Smyth, Sleight et al. 1969). It is a ‘gold 

standard’ technique for estimating cardiovagal baroreflex gain. Phenylephrine does not 

alter cerebral perfusion in the presence o f brain injury which was an important 

consideration in this study (Johnston, DeWitt et al. 1994). We did not assess the 

baroreflex response to lowered blood pressure, using pharmacological agents such as 

sodium nitroprusside, because nitrovasodilators have recently been shown to have 

significant extra-vascular effects which confounds the interpretation o f baroreflex 

function (Casadei and Paterson 2000). Furthennore, this would probably have resulted 

in additional secondary brain injury in the injury groups which would have added 

further systematic bias into comparisons between sham injury and brain injury groups 

(Chesnut 1997), (Jeremitsky, Omert et al. 2003), (Trabold, Schueler et al. 2006).

The choice o f anaesthetic agent used in this model was critically important. Many 

anaesthetic agents modify baroreflex function and the injury-induced modulations of 

baroreflex activity. Intravenous alphadolone/alphaxolone anaesthesia preserves 

baroreflex function and the effects o f injury-induced modulations o f the arterial 

baroreflex (Timms 1981), (Faber 1989), (Mackway-Jones, Foex et al. 1999). The dose 

o f anaesthesia was carefully adjusted to maintain adequate anaesthesia throughout the 

experimental period, avoiding excessive doses which would have resulted in a dose- 

dependent reduction in arterial pressure (Sear and Prys-Roberts 1979).
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The LFP model o f brain injury is one o f  the most widely used experimental models o f 

brain injury because if  its construct validity with closed head injury in man (Dixon, 

Clifton et al. 1991), (Toulmond, Duval et al. 1993), (Laurer and McIntosh 1999). This 

model allowed graded and reproducible severities o f brain injury to be induced. The 

level o f injury up to and including moderate TBI is associated with no mortality and no 

major neurological deficit (Toulmond, Duval et al. 1993). The histological changes 

resulting from this model include a well defined ipsilateral cortical injury, ipsilateral 

hippocampal and amygdaloid injury (Toulmond, Duval et al. 1993), (Thompson, 

Lifshitz et al. 2005). Other aspects o f molecular, vascular and behavioural correlates o f 

different severities o f  human brain injury are also closely replicated in this model 

(Toulmond, Duval et al. 1993).

5 . 5 . 2  P r i n c i p a l  F i n d i n g s

Acute TBI o f moderate severity was associated with a significant increase in baroreflex 

sensitivity. The average increase in baroreflex sensitivity at 10 and 30 minutes after 

acute moderate TBI was 125% and 101% respectively. A similar trend was observed 

following mild TBI, where there was an average increase in baroreflex sensitivity o f 

45% and 54% respectively. The increase in baroreflex sensitivity was closely related to 

the severity o f induced TBI in the mild to moderate range. Following moderate TBI 

there was a trend towards a leftw'ard re-setting (towards a bradycardia) o f the 

baroreflex. However, this occurred in the presence o f  a significant change in the 

baroreflex slope (sensitivity), therefore quantification o f the degree o f re-setting could 

not be accurately assessed.

106



There was no significant difference in the pre-test values o f respiratory rate, HR or 

MAP either within or between the groups at the time baroreflex tests were conducted. 

This was an important consideration, as significant changes in these physiological 

values could also contribute to alterations in baroreflex sensitivity (Kirchheim 1976). A 

significant increase in PaC02 was observed following moderate TBI. Hypercapnia 

results in an increase in MAP due to an activation o f sympathetic nervous system (via 

central chemoreceptors) and a decrease in HR due to a secondary reflex activation o f 

the parasympathetic nervous system (via arterial baroreceptors) in response to the rise 

in MAP (Oikawa. Hirakaw'a et al. 2005). Hypercapnia, however, does not have a direct 

effect on baroreflex sensitivity (Oikawa. Hirakawa et al. 2005).

Animals breathed oxygen enriched air in order to avoid hypoxic episodes occum ng 

immediately after the induced brain injury, as hypoxia is associated with a reduction in 

baroreflex sensitivity (Kongo, Yamamoto et al. 1999), (Atkinson 2000). Consequently 

Pa02 levels were higher than normal in all groups. Acute administration o f oxygen 

increases the baroreflex sensitivity (Waring, Thomson et al. 2003), however this was 

controlled for within this experimental design. A drop in arterial oxygen content could 

result in a reduction in arterial baroreflex sensitivity. In the mild TBI group, a fall in the 

mean Pa02 occurred following TBI from 214mmHg to ISlm m Hg. This may have 

resulted in an underestimation o f the effect o f mild TBI on baroreflex sensitivity.

The pressor response to acute TBI is thought to result from a transient catecholamine 

surge occurring immediately after TBI (Atkinson 2000). A pressor response also occurs 

following major tissue damage (Redfem, Little et al. 1984). The effects o f soft tissue 

injury, however, on baroreflex function are the opposite o f those observed following
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acute TBI. Musculoskeletal injury is associated with a reduction in baroreflex 

sensitivity and a rightward re-setting o f  the baroreflex (Redfem, Little et al. 1984), 

(Anderson, Little et al. 1990). It appears therefore, that the cardiovascular 

pathophysiology o f acute TBI differs to that o f musculoskeletal injury. Acute TBI 

appears to result in a combination of increased sympathetic activity (pressor response) 

and increased vagal activity.

An increase in baroreflex sensitivity immediately following acute TBI could be 

advantageous, with an increased HR response protecting against a fall in blood pressure 

in the presence o f acute neuronal injury. This sharp rise in baroreflex sensitivity may 

however be detrimental, as it could result in instability within the closed loop negative- 

feedback system o f the baroreflex (Spyer 1984), (Pilowsky 2002). The principal 

afferent nerves o f the baroreflex are a mixture o f  myelinated and non-myelinated nerve 

fibres resulting in different speeds o f nervous impulse transfer (Borst and Karemaker 

1983). Control systems that contain time delays and exhibit powerful responses can 

become unstable. Therefore there is potential for instability following sudden shifts in 

the baroreflex sensitivity/gain due to the time lag differences o f neuronal transmission 

within this ‘closed loop system’ (Keyl, Schneider et al. 2001), (Hammer 2005). This 

would be expected to be manifested clinically as instability in blood pressure control. 

Evidence suggests that patients with TBI are prone to frequent episodes o f hypotension 

despite targeted therapy to prevent hypotension (Jones, Andrews et al. 1994), 

(Jeremitsky, Omert et al. 2003).
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5 . 5 . 3  L i m i t a t i o n s  OF THE STUDY

This investigation was confined to the short term assessment o f the cardiovagal limb o f 

the baroreflex. There is evidence that both limbs o f  the baroreflex can be affected 

differently. There are important changes in baroreflex function identified in this 

investigation. Further assessment o f the autonomic system using longer term models 

incorporating the assessment o f the cardiovagal and sympathetic limbs o f the response 

would be important. It would also be important to correlate changes in autonomic 

function with the loci o f central nervous system injury.

5 . 5 . 4  C o n c l u s i o n s

Acute TBI o f moderate severity w'as associated with a significant increase in baroreflex 

sensitivity. This increase in baroreflex sensitivity was closely related with the severity 

o f  induced TBI and was observed in both mild and moderate grades o f acute TBI. This 

increase in baroreflex sensitivity may be a protective mechanism minimising reductions 

in cerebral perfusion in the acute post injury period. This sudden marked increase in 

baroreflex sensitivity after moderate TBI could however result in instability within the 

closed-loop control system o f the arterial baroreflex. It represents a significant 

modification o f the normal cardiovascular homeostatic mechanisms. Evaluation o f 

baroreflex function following acute TBI in the clinical setting would be important to 

further our understanding o f the pathophysiological impact o f acute TBI on 

cardiovascular regulation.
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Figure 16. Schematic diagram to indicate the timeline of the study protocol.
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Figure 17. Alteration of baroreflex sensitivity observed following moderate TBI.
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Figure 18. Results of baroreflex assessment observed following control (sham) TBI.
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Figure 19. The relative changes expressed as a percentage, in the baroreflex 

sensitivity at lOminutes, and 30 minutes following moderate, mild and control 

(sham) TBI.
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Table 8, Baseline Pliysiological variables.

Control

(n=6)

Mild

(n=6)

M oderate

(n=6)

Weight (g) 253.0 ± 8.9 252.8 ± 9.2 259.0 ± 9.5

I'emp (0 C) 37.85 ± 0.03 37.83 ± 0.04 37.83 ± 0.06

l ib 11.47 ±0.56 11.37 ± 1.04 11.52 ±0 .45

pH 7.33 ± 0.00 7.34 ±0.03 7.34 ± 0.02

AHE(mmol.l-l) -3.62 ±2.10 -2.72 ± 2.99 -0.54 ± 2.92

HicarU 20.92 ±2.84 22.5 ± 1.52 25 ±2 .82

P a ( ) 2 192.2±21.0 152.5 ±41 .0 218.6 ± 67 .7

l’aC02* 37.2 ± 6.5 40.4 ± 4.4 47.6 ± 4.0*

Apnoea Period (see)* 0.0 ±0 .0 4 .17±  1.02 10 .I6 ±  1.75*

Pressor response (ninillg) * 0.0 ± 0.0 6.33 ± 7 .4 26.3 ± 9.3*

Number o f  rats (n): lieart rate (HR): mean arterial pressure (MAP): arterial oxygen pressure (Pa02): carbon dioxide tension (PaC02). 

Values are expressed as Mean + SD, *p < 0.05 ANOVA comparison pre/post values between all three groups.
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'Pable 9. I ' l iysiolouical va r i a b le s  |)i e- a n d  [)ost- TUI in sham ,  mild and  m odera te  T B l  groups.

C ontro l  (n=6) Milil (n=6) M oderate  (ii=6)

Pre-TBI Post-TBl Pre-TBI Post-7Bi Pre-TBI Post-TBl

IIP I3 0 .7 ± 5 .1 135.0 ± 6 .2 127.9± 13.8 137.6 ±23 .8 135.8 ±  1 1.2 141.9± 1 1.7

M AP 120.5 i  8.0 i 14.5 ± 13.2 1 I7 .7 ±  10.3 111.0± 13.2 1 18.8 ± 1 1.6 112.7 ± 14.4

Pa(>2 193.6 ± 3  1.6 192.2±21.0 214.3 ±85 .4 152.5 ±41 .0 220.0 ±60.1 218.6 ±67 .7

PaC(>2 * 38.3 ± 3.2 37.2 ±  6.5 37.5 ± 4 .6 40.4 ± 4.4 36.9 ±4 .4 ■ 47,6 ±4 .0*

Kes|). ra le 89.5 ±  7.0 91.0 ± 10.2 89.0 ±9 .4 89.3 ±9 .9 90.5 ±7 .5 89.5 ± 10.9

Physiological variables pre- and post-acute TBl in control (sham), mild and moderate TBl groups. Number o f  rats (n): heart period (HP): 

mean arterial pressure (MAP): arterial oxygen pressure (l’a02): carbon dioxide tension (PaC02): respiratory rate (resp. rate). Values are 

expressed as M ean ±  SD, *p < 0.05 A N O V A  comparison pre/post values between all three groups.
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I'able 10. The cffeets of control, mild and moderate acute rBI on baroretlex sensitivitj' (m s .m m llg  ') expressed as means ±  SI).

C>roii|) I 'iiiie

A n im a l

VVcigliled

m e a n

1 2 3 4 5 6

C o n t r o l Control 0.26 ±0.01 0.51 ±0.01 0.15 ±0.01* 0.52 ±0.01 1.08 ± 0.03 0.92 ±0.01 0.45 ± 0.004

riOmin 0.19 ±0.01 0.60 ±0.01 0.09 ±0.01* 0.62 ± 0 . 0 1 1.24 ±0.01 1.03 ±0.03 0.50 ± 0.005

'l'3()inin 0.16 ±0.01 0.42 ±0.01 0.14 ±0.01* 0.45 ±0.01 1.27 ± 0.02 0.98 ±0.01 0.51 ±0 .005

M ild Control 0.30 ±0.01 0.80 ± 0.01 1.50 ±0 .06 0.40 ± 0.02 0.24 ±0.01 0.87 ±0.01 0.49 ± 0.004

riOmin 0.55 ±0.01 0.97 ± 0.04 1.30±0.12 0.57 ± 0.06 0.34 ±0.01 1.66 ± 0.03 0.59 ± 0.008

r3()niin 0.49 ±0.01 0.68 ± 0.01 1.65 ±0.13 0.81 ±0 .04 0.33 ± 0.02 1.96 ± 0.08 0.59 ±0 .005

IVloilcrate Control 0.64 ± 0.02 0.46 ±0 .02 0.25 ±0.01 0.35 ±0 .02 0.48 ±0.01 0.37 ±0.01 0.39 ± 0.005

I'lOniin 1.05 ± 0.02 0.98 ±0.03 0.67 ±0 .02 0.51 ±0 .02 1.64 ±0 .04 0.82 ± 0.02 0.85 ±0.01

T30niin 0.87 ± 0.02 1.27 ±0 .07 0.39 ± 0.02 0.74 ± 0.02 1.17 ±0 .02 0.67 ±0 .02 0.81 ±0.01

(*CoiTelation co-efllc ient =  <  8, therefore excluded from final analysis o f  data.)
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Figure 20. Effect of control, mild and m oderate acute TBI on baroreflex sensitivity (ms.mrnHg"') expressed as means ± SD.
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C h a p t e r  6

F i n a l  d i s c u s s i o n

6 . 1 In t r o d u c t io n

Traumatic brain injury is the leading cause o f death and disability in young people 

(Murray, Teasdale et al. 1999), (Thurman, Alverson et al. 1999), (Zink 2001). 

Advances in systems o f trauma care have been associated with improved survival 

following both multiple trauma and isolated brain injury (Shackford, Mackersie et al. 

1987), (Lecky, Woodford et al. 2000). This improvement in survival is markedly 

reduced when acute TBI is a component o f multiple trauma (Patel, Bouamra et al. 

2005). Severe TBI is associated with a high mortality and morbidity. The focus o f this 

research was on mild to moderate TBI where an adverse effect on mortality and the 

integrity o f cardiovascular homeostasis may be unexpected.

6.1.1 A n a l y s i s  o f  t h e  UK TARN d a t a b a s e

Analysis o f the UK TARN database was conducted in a study population limited to 

patients who had sustained blunt trauma with an ISS between 16 and 50. These 

parameters were chosen to reflect a range o f  injury severity where TBI could be 

expected to affect mortality. The TBI group had sustained a single AIS 3 brain injury 

combined with extracranial injury, contributing to their overall injury severity. The 

control group consisted o f patients with extracranial injury only. The probability o f 

death was modelled using logistic regression adjusting for injury severity and age. The
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mortality o f an isolated AIS 3 brain injury was < 4.7%. This did not differ significantly 

from the mortality o f  isolated AIS 3 injuries in the other main body regions. Adjusting 

for injury severity mortality from multiple trauma was doubled in the presence o f 

moderate TBl (odds ratio 2.08, 95% Cl, 1.57-2.77), (McMahon, Yates et al. 1999). This 

observation led to the hypothesis that acute TBI could modify cardiovascular 

homeostasis, and thereby contribute to the additional mortality observed when TBl and 

extracranial injuries are combined.

Systematic review o f the literature revealed that there was a dearth o f research 

evaluating the effects o f acute TBI on cardiovascular homeostasis. Clinically-based 

research in this area is complicated by the number o f  confounding factors that render 

interpretation o f cardiovascular responses difficult. Factors common to the clinical 

setting include; the heterogeneous distribution and severity o f injuries, age, pre-morbid 

factors, alcohol, anaesthetic and opioids which can interact with TBI to alter 

cardiovascular homeostatic responses (Schadt and Ludbrook 1991), (Ohnishi, Kirkman 

et al. 1997), (Millham and LaMorte 2004), (Demetriades, Kuncir et al. 2006), (Flaada, 

Leibson et al. 2007). To avoid these confounding variables investigation into the effects 

o f TBI on the bi-phasic haemodynamic response to haemorrhage and into the effects o f 

TBI on the arterial baroreflex were undertaken in a laboratory setting.
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6.1.2 T h e  e f f e c t  o f  a c u t e  TBI o n  t h e  b i - p h a s i c  h a e m o d y n a m i c  r e s p o n s e  t o  

h a e m o r r h a g e

Evaluation o f the effect o f acute TBI on the cardiovascular response to haemorrhage is 

fundamental to our understanding o f the pathophysiology o f acute TBI and 

cardiovascular homeostasis. Systematic review o f the literature identified some 

laboratory evidence o f impaired cardiovascular compensation for haemorrhage 

following acute TBI (Yuan and Wade 1991), (Yuan and Wade 1992), (Law, Hovda et 

al. 1996). No published work was identified that examined the effects o f acute TBI on 

the bi-phasic haemodynamic response to haemorrhage.

This investigation revealed that both mild and moderate TBI significantly altered the bi- 

phasic HR and MAP response to progressive simple haemorrhage (McMahon 2007). 

This effect was graded according to the severity o f induced injury. In the mild TBI 

group, phase 2 o f the response was maintained, but was delayed in onset. Following 

moderate TBI phase 2 was significantly attenuated, resulting in the HR and MAP being 

maintained higher for longer during progressive haemorrhage. Fifty percent o f this 

group died suddenly shortly after the completion o f haemorrhage. Subgroup analysis o f 

the moderate TBI group comparing survivors and non-survivors revealed that in non

survivors, phase 2 o f the bi-phasic response was completely abolished. This acute 

modification o f the bi-phasic haemodynamic response to haemorrhage may adversely 

affect compensation for haemorrhage and thereby contribute to the increased mortality 

seen when acute TBI and extracranial injuries are combined.

Alteration o f the bi-phasic haemodynamic response to blood loss also results from soft

tissue injury (Little, Jones et al. 1988), (Mackway-Jones, Foex et al. 1999), (Foex,
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Kirkman et al. 2004). Experimental evidence gathered over 70 years ago demonstrated 

that sciatic nerve stimulation, as a model o f soft tissue injury, increased mortality from 

25 to 85% after haemorrhage (Ovennan 1947). Morphine, which mimics the effects o f 

‘injury’ on the bi-phasic haemodynamic response also increases mortality after 

haemorrhage in the rat (Ohnishi, Kirkman et al. 1997).

The precise aetiology o f the increased mortality observed when the bi-phasic response 

to haemorrhage is attenuated remains unclear. A number o f theories have been 

proposed over the years but conclusive evidence in support o f a the precise 

pathophysiology underlying this increased mortality remains elusive (Kirkman, Zhang 

et al. 1995), (Foex, Kirkman et al. 2004).

6.1.3 C H E M O R E C E P T O R  FUNCTION

Analysis o f arterial blood gases over the course o f 40% haemorrhage revealed a normal 

pattern o f PaC02 reduction with progressive haemorrhage in mild and moderate TBI. 

Whilst this was not a detailed assessment o f the chemoreceptor function, which would 

have required assessment o f tidal volumes and respiratory patterns, it suggests that the 

integrity o f the chemoreceptor response was maintained even when the bi-phasic 

response to haemorrhage was attenuated or abolished.

121



6 . 1 . 4  S h o c k  INDEX

Under normal conditions Shock Index (HR/SBP) has a linear relationship with 

percentage blood loss (Allgower M. 1967). This relationship is maintained when 

haemorrhage is associated with soft tissue injury (even when the bi-phasic response is 

altered) (Little 1990). SI has an advantage in that it is a more sensitive early indicator of 

haemorrhage than traditional vital signs (Allgower M. 1967), (Little 1990), (Rady, 

Nightingale et al. 1992), (Birkhahn, Gaeta et al. 2005). The ability o f SI to reflect the 

extent o f ongoing haemoirhage was compromised by the presence o f TBI. There was 

marked flattening o f the expected trend o f increasing SI with progressive haemorrhage 

particularly in the non-survivor group o f moderate TBI. This investigation suggests that 

SI is an unreliable early indicator o f underlying haemorrhage in patients with a 

concomitant TBI.

6.1.5 T h e  e f f e c t  o f  a c u t e  TBI o n  t h e  a r t e r i a l  b a r o r e f l e x

The principal reflex mechanism responsible for the maintenance o f arterial pressure is 

the arterial baroreflex (Spyer 1984), (Dampney 1994), (Pilowsky 2002). The effect o f 

acute TBI on the arterial baroreflex has not been previously reported on.

Assessment o f the effects o f acute TBI o f mild and moderate severity on the arterial 

baroreflex was undertaken using the phenylephrine pressor test adapted for the rat. This 

revealed that acute TBI was associated with an early increase in baroreflex sensitivity. 

This increased sensitivity was particularly pronounced in the moderate TBI group. An 

increase in baroreflex sensitivity is generally considered to be protective in the presence
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o f haemorrhage. This may not be the case however, as the arterial baroreflex operates 

within a finely regulated closed-loop negative feedback system. Closed loop negative 

feedback systems with integral components which have time lags built into the system 

are know’n to be associated with instability if  there is a sudden shift in one o f the key 

components o f the feedback system (Keyl, Schneider et al. 2001), (Hammer 2005). 

bistability o f the baroreflex system would be expected to be manifested clinically in 

instability in blood pressure control. Our experiment was conducted over a relatively 

short time frame and therefore BP instability could not be reasonably assessed in this 

particular set o f tests, although this was observed following moderate TBI in the 

haemorrhage set o f experiments (McMahon 2007), and has also been reported on in a 

clinical setting (Jones, Andrews et al. 1994), (.leremitsky, Omert et al. 2003). In 

addition Law et al observed that when acute TBI was combined with haemorrhage this 

was associated with a loss o f vasomotor tone and a poor blood pressure response to 

resuscitation (Law, Hovda et al. 1996).
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6 .2  T r a n s l a t i o n  o f  p r e - c l i n i c a l  i n v e s t i g a t i o n s

An important consideration regarding the observations made in the laboratory studies 

undertaken in this research is how relevant they are to clinical practice. This research 

was largely undertaken in a laboratory setting, in order to control the size o f brain injury 

and to avoid confounding factors commonly present in the clinical setting. Pre-clinical 

models o f  neurotrauma have greatly advanced our understanding o f the 

pathophysiology o f brain injury over the past two decades (McIntosh, Saatman et al. 

1998), (Kazanis 2005). However there are recognised limitations o f laboratory models 

o f injury and neurotrauma (Statler, Jenkins et al. 2001). Therefore the principal 

objective o f this pre-clinical study is a ‘proof o f concept’ o f the hypotheses under 

investigation, which will require further validation in the clinical setting.

A number o f prerequisites were required for the optimum design o f  the models utilised 

in this work. In experimental terms the term ‘m odel’ is defined as a ‘simplified 

representation o f a phenom enon’ (Merriam-W ebster 2005). The experimental designs 

adopted in this work were chosen to optimally model the phenomenon o f ‘closed head 

injury’ allowing investigation into the effects o f  acute TBI on the bi-phasic response to 

haemorrhage and on the arterial barorefiex to be studied in the absence o f confounding 

variables.
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6 .2.1 H e a d  In j u r y  M o d e l

The head injury model selected for this study was critically important. A pre-clinical 

model designed to model the clinical sequelae o f closed head injury should fulfil a 

number o f criteria:

• It should closely replicate the injury biomechanics o f closed head injury in man.

• The inflicted injury should closely replicate the physiological, biochemical and 

behavioural components o f human closed head injury.

• It should be possible to precisely vary the severity o f injury, which should be 

reproducible and quantifiable between different investigators and laboratories.

• The damage should be a continuum, increasing in severity as the mechanical 

force is increased.

Human TBI is generally the result o f a blunt injury which commonly results in a 

combination o f focal and diffuse injuries. Focal brain injury is characterised by surface 

contusions, which may or may not be accompanied by skull fracture or haematoma 

formation. This type o f damage is usually more pronounced at the site o f impact and 

may also be associated with contra coupe injury and varying degrees o f white matter 

injury (diffuse axonal injury) (Laurer and McIntosh 1999), (Graham. McIntosh et al. 

2000). The injury impact biomechanics o f the LFP (<20msec) model closely match 

those o f human concussive brain injury (Lindgren and Rinder 1966).

The histopathological changes associated with the LFP model include areas o f discrete 

ipsilateral cortical injury, axonal damage, subarachnoid haemorrhage, tissue tears 

followed by focal necrosis and cell loss (McIntosh, Vink et al. 1989), (Toulmond,
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Duval et al. 1993). Although the impact is unilateral it produces bilateral neuronal 

damage and diffuse white matter damage remote from the injury site resembling human 

white matter injury (Yaghmai and Povlishock 1992), (Saatman, Graham et al. 1998) 

(Graham, Raghupathi et al. 2000).

The immediate physiological responses to LFP injury comprises o f a brief loss of 

consciousness, changes in blood pressure (pressor response), a brief apnoea, elevated 

ICP, decreased CP? and altered CBF (Dixon, Lighthall et al. 1988), (Pfenninger, Reith 

et al. 1989). Alterations in the CBF and increased permeability o f  the BBB following 

TBl in this model are similar to that seen in human TBI (McIntosh, Vink et al. 1989), 

(Schmidt and Grady 1993). CBF increases in the injured cortex to over 100% of 

baseline (Muir, Boerschel et al. 1992), and then falls to 40-50% o f baseline within 15- 

30 minutes after injury (Yuan, Prough et al. 1988), (Muir, Boerschel et al. 1992); this 

lasts many hours after injury and is associated with uncoupling o f cerebral glucose 

metabolism (Hovda. Lee et al. 1995). The altered ionic homeostasis, blood flow and 

biochemical changes seen in human TBI is also replicated in this model o f TBI (Jaggi, 

Obrist et al. 1990), (Okiyama, Smith et al. 1992), (Bergsneider, Hovda et al. 1997).

From the physiological, biochemical, histological and molecular standpoint the LFP 

model shows a direct relationship between the majority o f pathological alterations and 

injury severity o f human closed head injury. Consequently it is the most widely 

accepted in vivo model for mechanistic studies on human TBI. It has the additional 

advantage that extensive normative data are available for this model (Povlishock, Hayes 

et al. 1994), (Thompson, Lifshitz et al. 2005).
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Whilst animal models closely replicate closed head injury in man none o f these models 

can fully reproduce human TBI (Laurer and McIntosh 1999), (Statler, Jenkins et al. 

2001), (Kazanis 2005). The reason is not simply metaphysical; it lies in the fact that 

human cases o f TBI are not themselves a uniform entity. In addition, the clinical 

scenario of acute TBI is often more complex with variables such as age, gender, co

existing extracranial injuries o f differing severities and distribution, intoxication with 

alcohol or ‘recreational’ drugs, and pre-morbid illness all contributing to differing 

outcomes (Flamm, Demopoulos et al. 1977), (Teasdale, Skene et al. 1979), (Green, 

Cross et al. 1995), (Zink, Maio et al. 1996), (Susman, DiRusso et al. 2002), (Kuhne, 

Ruchholtz et al. 2005). There is a need however, to elucidate basic mechanisms 

underlying central nervous system pathophysiology using ‘pre-clinical m odels’, in order 

inform the direction o f future research in more complex models and in the clinical 

setting.
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6 . 2 . 2  C h o i c e  o f  A n a e s t h e s i a

It would be unethical to conduct this work in conscious animals. The choice o f 

anaesthetic agent used in the investigation o f the effects o f acute TBI on the bi-phasic 

response to haemorrhage and baroreflex activity was critically important. This is 

exemplified by the inconsistencies in the published work on cardiovascular physiology 

and haemorrhage. The original work on the cardiovascular responses to haemorrhage 

date back to World War II when Barcroft first described the bi-phasic response to 

progressive simple haemorrhage in human conscious volunteers (Barcroft, Edholm et 

al. 1944), (Warren 1945). Many textbooks o f physiology, including the widely 

referenced Advanced Trauma Life Support Manual depict the cardiovascular responses 

to blood loss as a monophasic HR and BP response, with a progressive increase in 

sympatho-excitation as haemorrhage progresses (Secher and Bie 1985), (American 

College o f Surgeons 2004). This is largely based on the experimental work conducted 

subsequent to Barcroft which was carried out in anaesthetised animals (Chien 1967). 

The interaction o f anaesthetic agents on the HR and BP response to haemorrhage was 

largely overlooked until 1967 when observation o f the bi-phasic haemodynamic 

response to blood volume loss were made in conscious animals and in humans 

(Chalmers, Komer et al. 1967), (Chalmers, Korner et al. 1967), (Vatner and Smith 

1974), (Little, Marshall et al. 1989), (Van Leeuwen, Evans et al. 1990), (Shen, Cowley 

et al. 1991).

Many commonly used anaesthetic agents alter the neural responses to blood loss 

(Vatner and Smith 1974), (Samar and Coleman 1979), (Adamicza, Tarnoky et al. 1985), 

(Seyde, McGowan et al. 1985). Pentobarbital sodium, halothane and ketamine attenuate
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or abolish the vasoconstrictor response o f the sympathoexcitatory phase during 

haemorrhage through a central action (Vatner and Smith 1974), (Zimpfer, Manders et 

al. 1982), (Ebert, Kotrly et al. 1985). Halothane has an additional direct myocardial 

depressant action and direct vasodilator properties (Vatner 1974). Opioid fi-agonist 

anaesthetic agents such as fentanyl and alfentanil attenuate the sympathoinhibitory 

phase but do not affect the sympathoexcitatory phase (Ebert, Kotrly et al. 1988).

Alphaxalone/alphadolone, was reported to have few deleterious effects on the 

respiratory or cardiovascular systems (Child, Davis et al. 1972). Timms reported that 

alphaxalone/alphadolone did not interfere with the integrative activities o f the forebrain 

in a way that conventional anaesthetic agents did (Timms 1976). In addition he showed 

that the visceral changes characteristic o f the ‘defence reaction' could be evoked as a 

reflex or by stimulation o f the amygdala as well as by stimulation o f brainstem defence 

areas in animals anaesthetised with alphaxalone/alphadolone (Timms 1976). 

Subsequent work indicated that this agent results in a mild reduction in baroreflex 

sensitivity (Jones and Prys-Roberts 1983). The haemodynamic effects o f 

alphaxalone/alphadolone are dose dependent and with low dose anaesthesia 

modulations o f the baroreflex are preserved and can be readily observed (Sear and Prys- 

Roberts 1979).

Anaesthetic agents can also influence the size o f induced brain injury in experimental 

models o f neurotrauma. For example Baughman and colleagues using a rat model o f 

incomplete cerebral ischaemia found that isoflurane and methohexital improved 

outcome following moderate ischaemia (Baughman. Hoffman et al. 1990). Studies on 

the effects o f  alphadaolone/alphaxalone anaesthesia on cerebral blood flow suggest that
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it has no significant effect on cerebral autoregulation (Pickerodt, McDowall et al. 

1972). It is associated with a reduction in cerebral metabolism, CBF and ICP and 

therefore is likely to have some neuroprotective effects following acute TBI (Pickerodt, 

McDowall et al. 1972), (Rasmussen, Rosendal et al. 1978), (Keaney, McDowall et al. 

1978). This neuroprotective effect may limit the extent o f neuronal injury following 

induced mild and moderate TBI. However this would not be expected to alter the 

observations made in these controlled experimental models.

6.2.3 H a e m o r r h a g e  M o d e l

Haemorrhage is probably the simplest form o f trauma to simulate. However even this 

form o f trauma is studied using numerous distinct models (Majde 2003). Haemorrhagic 

shock is a very complex condition which involves neural, endocrine, cardiovascular and 

immune responses as well as cellular adaptation to whole body hypoxia and ischaemia. 

There are close species correlations between man and the rat in the physiological 

mechanisms underlying cardiovascular homeostasis (Little, Randall et al. 1984), 

(Schadt and Ludbrook 1991), (Evans, Ventura et al. 2001).

Animal models are used for two very distinct applications: investigating

pathophysiological mechanisms and the assessment o f therapeutic interventions (Deitch 

1998), (Majde 2003). The focus o f the investigations undertaken in this thesis was on 

pathophysiological mechanisms. Therefore the fixed-volume controlled haemorrhage 

model was adopted as this model allowed accurate comparisons o f HR and MAP 

responses to progressive haemorrhage between groups.
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Uncontrolled haemorrhage is a more common occurrence in the clinical situation than 

controlled haemorrhage. The basic physiological processes underlying the responses to 

both controlled and uncontrolled haemorrhage are similar. The use o f an uncontrolled 

haemorrhage model in this investigation would have resulted in significant problems 

with the experimental design. In uncontrolled haemorrhage the rate and therefore 

volume o f haemorrhage varies. In addition individuals bleed at different rates. Acute 

TBI may further alter the rate and pattern o f blood loss. An uncontrolled model of 

haemorrhage would therefore have made it very difficult to accurately compare the HR 

and MAP responses between TBI and sham injured groups. This model would therefore 

have been inappropriate to use due to the introduction o f systematic bias into the 

results. In addition it would have required the use o f a large number o f animal subjects 

which would have been unethical.

6.2.3.1 The use of an additional injury model.

In the clinical setting haemorrhage is frequently accompanied by soft tissue injury 

(Sarrafzadeh. Peltonen et al. 2001). Evaluating the combined effects o f soft tissue injury 

with haemorrhage in the setting o f acute TBI is o f clear clinical importance. Soft tissue 

injury also modifies the response to haemorrhage (Little, Randall et al. 1984). In the 

investigation into effects o f acute TBI on cardiovascular pathophysiology in the trauma 

setting the important first step was to elucidate the effect o f acute TBI on the response 

to haemorrhage in the absence o f soft tissue injury which could potentially confound 

the interpretation o f the results. Having elucidated this effect it would be important to 

study the effects o f acute TBI on the haemodynamic responses in more complex pre- 

clinical models which would include soft tissue injury (Statler, Jenkins et al. 2001).
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6 . 2 . 4  B a r o r e f l e x  a s s e s s m e n t  t e c h n i q u e

A quantitative approach requires a measurement o f changes in output resulting from a 

controlled alteration o f input. In the simplest form two recordings are made. If however, 

as in these experiments, measurements are made o f numerous input levels this reduces 

inaccuracies arising from interpolation between two data points, which would otherwise 

have resulted in an under-estimation o f the reflex sensitivities or failure to detect a 

change in the reflex sensitivity.

6.2.4.1 The modified Oxford technique

Smyth et al first described a pharmacological technique, also termed the Oxford 

technique, for testing the baroreflex in man in 1969 (Smyth, Sleight et al. 1969). This 

technique involves the use o f a pressor agent to increase arterial blood pressure 15- 

20mmHg while recording the reflex changes in heart period or heart rate. The major 

advantages o f this technique are that it is minimally invasive, easy to use and can be 

conducted in conscious animals and subjects as they are generally unaware o f the 

stimulus. Using this technique baroreceptors are exposed to a natural pulsatile pressure 

and all o f the baroreceptor regions are stimulated.

Angiotensin (the pressor agent initially employed to test baroreflex sensitivity) was 

replaced by phenylephrine (Bristow, Gribbin et al. 1969) when it became evident that 

angiotensin could have a direct effect on both the vasomotor centres and the heart 

(Krasney, Paudler et al. 1966). When used in high doses, phenylephrine can also 

interfere with the assessment o f baroreflex sensitivity by enhancing baroreceptor
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stimulation through an increase in smooth muscle tone in the carotid arteries (Peveler, 

Bergel et al. 1983) and by exerting a small direct positive chronotropic effect 

(Williamson, Seifen et al. 1994). Repeated testing using this drug can therefore result in 

a phenylephrine-induced increase in baroreflex sensitivity (Little and Redfem 1981). 

We limited our investigation o f baroreflex activity to short term assessment o f the 

period immediately following acute TBI when the need for compensation for 

extracranial blood volume loss was most likely to occur. Alteration in baroreflex 

function remains important at other times in the post injury period but was not 

considered the main focus o f this investigation.

In animals with a high resting HR there are a number o f  problems with the application 

o f  the technique as first described by Smyth et al. (Smyth, Sleight et al. 1969). Because 

the HR is high in relation to baroreflex latency, many beats occur before the elevated 

BP results in a lengthening o f the heart period. With a rapid elevation o f arterial blood 

pressure the rise in BP is almost complete before the onset o f bradycardia (Redfem 

1981). This led Redfem to develop a method involving the injection o f a pressor agent 

over a longer time frame to improve the correlation between the elevation o f BP and 

heart period. This technique was modified further by Jones (Jones 1989), who described 

a rapid infusion phenylephrine pressor test, involving a 60-120 second infusion period. 

This reduces the total dose o f phenylephrine required.

Heart period rather than heart rate is plotted against systolic pressure to assess 

baroreflex activity. This is because the plot o f heart period against systolic pressure is 

essentially linear over the mid-range o f the systolic blood pressure. A change in the 

slope o f the SBP/heart period relationship represents a change in the sensitivity o f the
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baroreflex and a parallel shift o f the slope represents a re-setting o f the baroreflex 

(Smyth, Sleight et al. 1969).

Since the original design o f Smyth et al many investigators suggested the use o f an 

additional pharmacological challenge to assess the tachycardic response using agents 

such as nitroprusside (Cerutti, Barres et al. 1994). It was considered that this gave more 

information about the operational range o f the baroreceptor-heart rate response, as the 

response to reduction in blood pressure using nitrates was different to that observed 

with pressor agents. More recent evidence however suggests that nitrovasodilators have 

significant extra-vascular effects that bias the assessment o f baroreflex sensitivity 

(Casadei and Paterson 2000). In particular, the inhibitory action o f  NO on baroreceptors 

activity (Matsuda, Bates et al. 1995), and on cardiac sympathetic neurotransmission 

(Schwarz, Diem et al. 1995) and signalling (Musialek, Lei et al. 1997) results in 

depression o f the pulse interval response to baroreflex deactivation. The increasing 

evidence o f the importance o f  NO in modulating cardiac pacemaker activity and 

autonomic function raises important concerns regarding the use o f these agents for 

testing the arterial baroreflex (Casadei and Paterson 2000).

The main disadvantage o f the assessment o f baroreflex activity using vasoactive 

techniques is that injection o f the drug affects the afferent activity o f number o f 

different receptors in addition to the arterial baroreceptors, e.g. the cardiopulmonary 

receptors. This produces a complex response resulting from the interaction o f reflexes 

arising from the stimulation o f  receptors at different sites (Pardini, Lund et al. 1991). 

Therefore the reflex resulting from such changes in arterial blood pressure should be 

referred to the baroreflex rather than the baroreceptor reflex where the arterial 

baroreceptors are stimulated specifically. Whilst the sensitivity o f the baroreflex is
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determined using this technique it is focused on the cardio-vagal aspect o f the response 

and gives no information about the sympathetic Hmb o f the response (Redfern 1981). 

Therefore studies on the baroreflex bradycardia provide information about neural 

control o f the heart, but information regarding the reflex control o f the vasculature must 

be obtained separately. Importantly it cannot be assumed that baroreflex bradycardia is 

a description o f the entire baroreceptor reflex. There is evidence that both arms o f the 

reflex response can be affected differently; for example, patients with essential 

hypertension show a reduced slope o f their heart period-arterial blood pressure 

relationship (Bristow, Honour et al. 1969), whereas the slope o f their arterial blood- 

pressure carotid sinus pressure relationship is increased (Ludbrook, Mancia et al. 1980).

Acute TBl has profound effects on the sympathetic limb o f the autonomic system 

(Atkinson 2000). It is associated with a pressor response which is directly proportional 

to the size o f the induced brain injury (Atkinson 2000). The precise aetiology o f this 

pressor response remains uncertain. Evidence suggests that it is unlikely to be related to 

raised ICP (Atkinson 2000). It is dependent on the presence o f an intact brain stem 

(W alker 1944), (Atkinson 2000). The catecholamine responses to isolated moderate 

TBI are markedly potentiated by the presence o f extracranial haemorrhage (Yuan, 

Wade et al. 1991). As TBl also affects the sympathetic arm o f the autonomic system it 

would be important to assess arterial baroreflex function using other modalities such as 

heart rate variability analysis. The implications o f altered baroreflex function on the 

haemodynamic stability o f brain injured patients also require further study.

This model was limited to assessment o f the baroreflex in the short term following 

acute TBI. The focus was on baroreflex function during the period when trauma
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patients with co-existing TBI are more hkely to be challenged with acute volume loss 

from peripheral injuries, during which time arterial pressure is normally buffered 

principally by the arterial baroreflex. Longer term assessment o f arterial baroreflex 

would be an important next step in this investigation. The function o f the arterial 

baroreflex in the context o f more complex models o f combined TBI and extracranial 

haemorrhage which is complicated by co-existing soft tissue injury would also form an 

important basis for future work in this area.

An important outcome o f future research must be to refine our current diagnostic tools 

for the assessment o f multiple trauma patients. Non-invasive monitoring may 

revolutionise the care o f the critically ill if  data analysis techniques can be validated that 

identify physiological deterioration in advance o f clinical deterioration.
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6.3  K e y  F in d in g s

• Acute TBI o f moderate severity is associated with a doubling o f the risk o f death 

following multi-system trauma (odds ratio 2.08, 95% Cl, 1.57 -  2.77)

• Acute TBI o f mild and moderate severity is associated with attenuation o f the 

bi-phasic haemodynamic response to haemorrhage. This effect is graded 

according to the severity o f TBI. In the moderate group a 50% early mortality 

was observed. In the non-survivor subgroup o f the moderate TBI group the bi- 

phasic haemodynamic response was abolished. Paradoxically heart rate and 

blood pressure were maintained higher for longer during 40% haemorrhage in 

the subgroup that subsequently died suddenly.

• The use o f Shock Index as an indicator o f underlying haemorrhage is unreliable 

in the presence o f acute TBI.

• Acute TBI o f mild and moderate severity is associated with a marked increase in 

baroreflex sensitivity immediately after injury. The relative increase in 

baroreflex sensitivity is closely correlated with the size o f TBI.
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6 .4  C o n c l u s io n s

Moderate TBI in isolation is associated with a low mortality rate (< 4.7%). Wlien 

overall injury severity and age are adjusted for, mortality from multi-system trauma is 

doubled by the presence o f moderate TBI (odds ratio 2.08, 95% Cl, 1.57-2.77). 

Therefore acute TBI o f  even moderate severity adversely affects survival from m ulti

system trauma.

Acute TBI was associated with a significant modification o f the bi-phasic 

haemodynamic response to simple haemorrhage. This effect was graded according to 

the severity o f brain injury. The bi-phasic heart rate and blood pressure response was 

completely abolished in non-survivors. These findings reflect a significant disturbance 

o f cardiovascular homeostasis following acute TBI.

When TBI is combined with haemorrhage Shock Index failed to reflect the trend o f 

increasing blood volume loss. Shock Index is an unreliable indicator o f early shock in 

the presence o f acute TBI.

The arterial baroreflex is the one o f the principal reflexes involved in the moment to 

moment control o f blood pressure. The effect o f acute TBI on the arterial baroreflex 

was studied using the rapid phenylephrine pressor test. TBI was associated with a sharp 

increase in baroreflex sensitivity within 10 minutes o f induced mild and moderate TBI 

(125%, 45% respectively). The effects were graded according to the severity o f induced 

brain injury.
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In this research, some o f the basic interactions o f acute TBI and cardiovascular 

homeostasis have been examined. Future work will need to explore more complex 

models and interactions in order to enhance our knowledge in this field, thereby leading 

to improved outcomes for this important patient cohort.
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6.5  F u t u r e  w o r k

• In this investigation the important two-step comparisons were made evaluating 

the effects o f acute TBI o f differing severities on the normal cardiovascular 

response to haemorrhage. Having characterised the effects o f acute TBI on the 

response to simple haemorrhage it would be important to conduct further 

research into more complex models o f acute TBI and haemorrhage with the 

addition o f  other common clinical confounding factors such as soft tissue injury, 

alcohol, commonly used anaesthetic agents. Within these more complex models 

it would be important to consider functional imaging studies o f injured sites in 

the central nervous system, in order to correlate the cardiovascular effects with 

the principal sites o f injury.

• Previous research into the effects o f injury has indentified that in addition to 

alteration o f the bi-phasic response to haemorrhage, there are changes in the 

systemic distribution o f blood flow, with blood flow diverted away from areas 

with a low ischaemic tolerance to areas with a higher ischaemic tolerance. It 

would also be important to investigate the effect o f acute TBI on systemic blood 

flow dynamics.

• Shock Index is considered to be inversely proportional to left ventricular stroke 

work. Having identified a disturbance o f the performance o f Shock Index in the 

presence o f acute TBI in this work, it would o f interest to study myocardial 

performance in the presence o f acute TBI.
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• Future work will require evaluation o f alteration o f cardiovascular regulation 

with functional imaging/histology o f the central nervous system.

• It would be important to study the integrity o f autonomic function using non- 

invasive tools in both the preclinical and the clinical setting. This should refine 

our ability to assess acutely injured patients, leading to improved resuscitation 

and better outcomes in this important group o f patients.

• The increased mortality rate in older patients who sustain acute TBI should be 

investigated in comparative studies in aging rats.
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A p p e n d i c e s

A p p e n d ix  1 G la s g o w  C o m a  Score

Eyes open Spontaneously......................... 4

To verbal command................ 3

To pain...................................... 2

No response............................. 1

Orientated and converses........ 5

Disorientated and converses....4

Inappropriate words..................3

Incomprehensible sounds.........2

No response................................1

Obeys commands......................6

Localises pain.............................5

Normal w ithdrawal................. 4

Spastic fle x io n ......................... 3

Extension to  pain.....................2

No response............................. 1

Best Verbal Response

Best Motor Response
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A p p e n d i x  2  C a l i b r a t i o n  o f  t h e  h p l c  p u m p

Figure  21 C a lib ra t io n  o f  the  H P L C  p u m p
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Relationship between the pressure set at the HPLC pump and the cortical impact 

pressure. Values are means o f triplicate measurements o f the peak pressure measured 

using a pressure transducer. Standard errors were less than 3% o f the mean.

162



A p p e n d ix  3 D r u g s  u s e d

1-phenylephrine HCL (sigma) lOOmg o f powder dissolved in 10ml o f 0.1 M HCL (aq) 

to give a Img"' stock solution. 1ml o f this diluted to 150|ag m l'' with 0.9%w/v NaCl 

(aqueous) containing heparin (10 lU m f').
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Unexpected Contribution of iVloderate Traumatic Brain Injury 
to Deatli after Major Trauma
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B ackground:  Till' c:ir(ii<nusciiliir rillt'X  rt'spm isi's  lii i i i j i in  
an d  s im ple  lien io rrh u ^c  a rc  co o rd iiu ited  in I h t  i-iiitr.il n c r \o iis  
sysU-nu C'ftincitU'ntal b ru in  in ju ry , w liicli is p rusen! in 6 4 Ct o f 
Ira tiin a  p a tien ts  i\lio  die, eiinid im p a ir  tliese h om eostatic  re 
sponses. rile o ccu rren ce  o f liem o rrh ay ic  sliock in th e  pa tien t 
w itli liead in ju ry  is also  know n to in c rease  m o rta lity . T lie refo rc , 
th e re  is a po ten tia l b id irec tio n a l in te ru c tiim  h e tn e en  tra u m a tic  
b ra in  in ju ry  a n d  p e rip h e ra l in ju ry . » h ic h  w ould  resu lt in an  
inc reased  m o rta lity  w hen these  tw o  in ju r ie s  coevist. O u r  o b jec 
tive w as to  test the  hypo thesis  th a t m o d e ra te  tra u m a tic  b ra in  
in ju ry  is an  in d ep en d en t p re d ic to r  o f iMitcome in p a tie n ts  w ith 
m u ltisy s tem  tra u m a .

M ethods: W e c a rrie d  out a n  analy sis  o f the  I 'K  T raum a Aiiilit 
an d  K esearcli N etw ork  D a tab ase . M o d era te  tra u m a tic  b ra in  
in ju ry  w as defined  as an  A b b re \ia te d  In ju ry  Scale sco re  o f .1.

I be  study p o p u la tio n  inc luded  2.717 p a tie n ts  w ith  n u d tisy sten i 
in ju ry : .^7S p a tien ts  h ad  a m o d e ra te  b ra in  in ju ry  w ith  p e r ip h 
e ra l in ju ry , an d  2.339 p a tien ts  bad  eM rac n iiiia l in ju ry  a lone. 
M orta lity  ra te s  fo r b o th  g ro u p s  w ere c o m p a red  a t  in c re a sin g  
in ju ry  severity .

H esnlls; M o d era te  b ra in  in jury  a lone  w as asso c ia ted  w ith  a 
m o rta lity  ra te  o f 4 .2 '^ .  H ow ever, w hen com bined  w ith  e x lra c ra -  
n ia l in ju ry , th e  risk  o f d e a th  was d o u b le  th a t a t t r ih u ta b lc  to 
e x tra c ra n ia l in ju ry  a lo n e  (odds ra tio , 2.08; con fidence  in 
te rv a l, 1.57-2.77).

C o n c lm u m :  T h is  study c o n n rn is  th a t the  coex istence  o f m o d 
e ra te  tra u m a tic  b ra in  in ju ry  w ith  e x tra c ra n ia l in ju ry  is assoc i
a ted  w ith  a  d o u b lin g  o f th e  p re d ic ted  m o rta lity  ra te  th ro u g h o u t 
the  in ju ry  severity  ran g e s  stud ied .

Traum a continues to account for m ore deaths in the first 4 
dccadcs o f  life than all o ther d iseases com bined and is 
the third m ost com m on cause o f  deaths in all age 
g ro u p s.' Head in jin ies rem ain ihe m ost im portant single in

ju ry  contributing  lo m o nalily  and m orbidity  after accidental 
in ju ry .’

L aboratory ev idence suggests that traum atic  brain injury 
adverse ly  affects card iovascu lar com pensation  for sim ple 
hem orrhage. '  ’’ The effects o f  brain injury on the responses to 
soft-tissue injury are unknow n. M any traum a patients have a 
contbination  o f  all three insults; therefore, it is im portant to 
identify  any interaction betw een acute central nervous systetn 
injury ami peripheral injury that could m odify survival in 
m ultisystem  traum a.

.'\nalysis o f  the I 'K  T raum a ,\u d it  and Research N etw ork 
( I 'K  T A R N ) database reveals that Z\'7c o f  all those w ho reach 
the hospital alive have a traum atic  brain injury but this rate 
increases to in those w ho subsei|uen tly  die, .Some of 
these deaths are caused by the severity  o f  the prim ary brain 
injury itself; how ever, it is hypothesized  that cerebral dam age 
m ay also  im pair the system ic response to extracranial injury. 
T h is w ould result in an increase in m orta lity  and m orbidity 
from  periphera l injury and secondary brain dam age.

To exam ine the effect o f  traum atic  brain injury on outcom e 
after m ultip le traum a, an analysis u  as c a n  ied out by using the 
ex tensive database o f  the UK T.ARN. Factors that are known

i-'rom  I t i 'p c  H o .sp ita l. S iilfu r tl (C ^ C i.^ l.. f .M .C . .  M .W .t .  a n d
I-ancaN tcr l^ n iv c rs i ty  ( S .H .i .  l.M iiied K in jid o n i,

.A ddress  fo r  r c p n n is :  C . C .)craldine M c M a h o n . .M B. H S c . -Xnat. T R C S lid . 
l 'n i \ e r s i t v  o f  M a n c h c '.lc r . C lin ic a l  .S c ien c e^  B u ild in i: .  H otJc t l if s -  

l iiia l, S a l l i i rd .  M h  S H D  I 'K .

to affect outcom e, i.e., age. injury severity, and the presence o f  
preexisting medical conditions. v\ere included in the analysis 
(!■. M. Camplx'll. I). W. Yates. |icisonal com m unication).'’’̂  

The L'K T A R N  database (a developm ent o f  the M ajor 
T raum a O utcom e S tudy)” is the product o f  a m u lticen ter 
p ros|iectivc cohort study and con ta in s descrip tive data on 
injury severity and ou tcom e after traum a. At the tim e o f  
analysis, the database con tained  data  on m ore than 42.(X)0 
patien ts co llected  betw een 1W ‘) and 1995 from  over 130 
hosp itals in the U nited K ingdom .

PATIENTS AND METHODS
Injuries v\ ere coded by using the 1990 rev ision  o f  the .'\bbre- 
viated Injury Scale (AIS)''’ M oderate  traum atic  brain injury 
w as defined  as an AIS score o f ?i ■'internal o rgan  " in jury  in 
the "head  in jury" scction  o f  the cod ing  m anual. T h is rating 
consists p redom inantly  o f  sniall cercbral con tusions ( £ 3 0  
niL; 4 cm  d iam eter; s  .“i ii’im m idline sh ift) as identified  by 
com puted  tom ogra])liic scan, m agnetic  resonance  im aging 
scan, o r by autopsy. T raum atic  subarachno id  hem orrhage 
(niikl degrees o f  brain sw elling) w ere also  included in the 
g roup (A IS .score <  3). Injuries to the m ajor in tracranial 
vessels (laceration , throm bosis, and traum atic  aneurysm s) arc 
coded separately  from  in ten ial o rgan dam age. T hey  are also  
severe in juries and score m ore than .-MS score o f  3. T herefore, 
they w ere not included in this study group, as this inclusion 
w ould have led to the se lection  o f  an overall h igher .severity 
o f  intracranial injury, w hich  w as not the subject o f  th is study. 
Isolated AIS score o f  3 brain injuries w ere associa ted  with a 
m ortality  rate o f  less than 4 .2 '2 .
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The study population was limited to patients who sustained 
blunt trauma with an Injury Severity Score (ISS) betw een 16 
and 50. These parameters were chosen to reflect the range of 
injury severity for which traumatic brain injury could be 
expected to affect mortality. The brain-injured group had an 
AIS scorc o f 3 brain injury and extracranial injury contrib
uting to their overall ISS. These patients may have had other 
associated head injuries with AIS score o f 2 or less (e.g., 
associated skull fracture). The control group was patients 
with extracranial injury only. Patients with scalp and skull 
injuries were not included in the control group to avoid the 
presence of unrecognized associated brain injury in this 
group. Only cases with complete data were used. However, 
this method resulted in the exclusion of less than 0.01%  o f all 
potential cases.

The probability o f death was m odeled by using logistic 
regression adjusting for ISS. and age. In this study, we chose 
not to include the Revised Traum a Score (RTS) as used in 
TR1SS'“ because it is heavily dependent on the Glasgow 
Coma Scale score. An alteration of Glasgow Com a Scale 
score in the patient w'ithout head injury is secondary to a 
different m echanism (e.g., severe hypoxia, hypovolem ia, or 
intoxication). The inclusion of Glasgow Com a Scale score in 
this analysis, therefore, would be inappropriate. However, 
Bull and Dickson have shown that ISS and age together are 
good prognostic indicators o f su rv ival."  Recent evidence 
from the UK TARN database shows that the cffect o f  age on 
survival is better represented by categories rather than a 
single step at the age of 55 years as used by TRISS (F. M. 
Campbell. D. W. Yates, personal comm unication). Therefore, 
we used injury severity, age (< 1 6 , 16-25 , 2 6 -4 0 , 41-55, 
5 6 -6 5 , 6 6 -7 5 , 7 6 -8 5 , > 8 5  years), and the presence o f head 
injury to analyze the effect o f traumatic brain injury on 
outcome. This was achieved by using logistic regression in 
SPSS for W indows version 6.'^

RESULTS

The group with brain injuries consisted o f 378 patients, and 
the control group consisted of 2,339 patients. Analysis o f the 
distribution of injuries in both groups revealed an increased 
incidcncc of facial injuries in the group with head injuries. 
However, exclusion of patients with facial injuries did not 
significantly change the results o f the analysis. There were 
slightly fewer chest and abdominal injuries in the group with 
head injuries, which may indicate a potential underestim ation 
of the effect o f brain injury, because these areas arc often 
associated with significant occult hemorrhage (Fig. 1 and 
Table 1).

The mortality for an isolated AIS score o f 3 brain injury 
was 4.2%. Mortality rates for isolated AIS score o f 3 injuries 
in the other main body regions were also calculated and found 
not to be significantly lower (AIS score o f 3 chest injury', 
3.6%; AIS score of 3 abdomen injury, 3.2%; p  =  0.71).

Moderate traumatic brain injury was associated with an 
adverse effect on survival throughout the range o f Injury 
Severity Scores (range, 16-50) (Fig. 2 and Table 2) and ages

Body a re a s  injured

FIG 1. D istribution of injuries in patients with and without traum atic  b rain  in jury . 
Darker bars, no traum atic  brain  iiiju n '; lighter bars. nuKlcrate trau m atic  brain  
injur}.

TABLE 1, D islributiun of injuries in 
injury

patients witit and without trdum atic  brain

Region M oderate  Traum atic 
Brain Injury® (%)

No T raum atic  Brain 
In ju r /’ (%) Xl^ ip  Value)

N e c k 8 ( 2 .1 ) 2 7  (1.2) 2 .3 7  (0 .1 2 4 )
F a c e 1 0 3  (27 .2 ) 2 1 1  (9) 1 0 5 .8  ( < 0 .0 0 0 1 )
C h e s t 231  (61 .1 ) 1 ,5 8 5  (6 7 .8 ) 6 .5 0  (0 .0 1 1 )
A b d o m e n 9 3  (2 4 .6 ) 8 4 7  (3 6 .2 ) 1 9 .3 8  (0 .0 0 0 1 )
E x tre m itie s 3 0 5  (8 0 .7 ) 1 ,3 6 0  (5 8 .1 ) 6 9 .7 0  ( < 0 .0 0 0 1 )
S k in 1 8 2  (4 8 .1 ) 99 1  (4 2 .4 ) 4 .4 3  (0 .0 3 5 )

^ n  =  3 7 8 .
°  n =  2 ,3 3 9 .

(Fig. 3 and Tabic 3) studied. There seemed to be an additional 
increase in mortality in the 26- to 40-year-old age group.

Data on premorbid mcdical conditions were only available 
for 40% of patients. Our analysis demonstrated that the com 
pounding effect o f preexisting medical conditions was Uu'ge. 
However, this effect did not reach statistical significance; the 
odds ratio adjusted for ISS and age was 2.18 (95% confidence 
interval [CIJ, 0.70 to 6.81). The wide Cl is most likely to be 
secondary to the lai'ge amount o f missing data (Fig. 4 and 
Table 4).

The logistic model allows analysis o f the independent

16-19 20-24 26-29 30-39 40-50

lnju>7 S everity  S co re

F/C 2. M ortality rates with increasing in jury  severity. Diamonds, m oderate  t ra u 
m atic brain in jury ; squares^ no traum atic  brain  injury.
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TABLE 2. M ortality rates with increasing in jurj’ severity

ISS

M oderate Traumatic 
Brain Injury No Traum atic Brain Injury

Total (n) %  Dead Total (n) % Dead

1 6 -1 9 16 6 1 6 .9 9 6 4 8 .7
2 0 - 2 4 6 9 1 8 .8 3 8 6 1 3 .2
2 5 - 2 9 6 0 3 8 .3 6 2 9 2 5 .4
3 0 -3 9 5 0 6 0 2 3 0 4 0 .4
4 0 - 5 0 3 3 8 1 .8 1 3 0 6 8 .5

effect of moderate traumatic brain injury on the probability of 
death when other significant variables (ISS, age) are ac
counted for (Fig. 5). This graph demonstrates the additional

} ii* S iiS ig a^« * g

r' -1 .!;•

I
I so

< ie  16-2S 26-40 41-55 56-65 06-75 76-05 >85

Ag«

FIG 3. M ortality rates with increasing age. Diamonds, m oderate traum atic brain 
injury; <:quare\, no traum atic brain injury.

3. M ortality rates witi) increasing age

Age (yr)

M oderate Traumatic 
Brain Injury

No Traumatic Brain 
Injury

Total (n) % Dead Total (n) %  Dead

< 1 6 5 2 1 5 .4 1 2 5 1 5 .2
1 6 -2 5 111 2 4 .3 551 1 3 .4
2 6 - 4 0 8 0 3 6 .3 5 7 8 13.1
4 1 - 5 5 51 2 9 .4 471 1 5 .5
5 6 - 6 5 3 0 3 3 .3 2 0 7 2 7 .5
6 6 - 7 5 3 0 4 6 .7 18 5 3 5 .7
7 6 - 8 5 16 6 8 .8 1 6 7 4 7 .3
> 8 5 8 8 7 .5 5 5 6 0

No Traumatic Brsin I r ^  Moderal* Tfaumatic Bram Injuiy

FIG 4, Percentage mortality in both groups with and without existing prem orbid 
medical conditions. IJghler bars, prem orbid conditions; darker bars, no prem orbid 
conditions.

TABLE 4. Percentage m ortality 
prem orbid medical conditions

in both groups with and without existing

P aram eter
M oderate Traumatic 

Brain Injury
No Traum atic 

Brain Injury

Total (n) % Dead Total (n) % Dead

P re m o rb id  c o n d it io n s  
N o  p re m o rb id  c o n d it io n s

4 6
6 2

39.1
16.1

4 8 0
4 7 8

2 1 .7
1 1 .7

increase in the probability of death occurring in the presence 
o f moderate traumatic brain injury, the odds ratio being 2.08 
(95% Cl, 1.57-2.77). This finding represents a doubling of 
the risk of death in patients with moderate traumatic brain 
injury as a component o f multisystem trauma.

One hundred seven of the moderate brain injury group 
(28%) and 438 of the control group (20%) were transferred 
between hospitals for further care. W hen these patients were 
excluded from the study, the results of the comparisons were 
unaltered (odds ratio, 2.21; 95% Cl, 1.60-3.07).

DISCUSSION
Head injury both with and without extracranial trauma re
mains the single most important factor contributing to death 
and di.sability after accidental injury.^ Severe head injury 
obviously has a high as.soclated mortality rate; however, this 
study suggests that even modest head injury when combined 
with extracranial injury has a detrimental effect on survival.

The validity o f this study is critically dependent on the 
analysis of the UK TARN database. Because injury severity 
is a major determinant o f outcome, it is essential that injury 
severity is measured accurately. Misclassification may result 
from either deficiency in the scoring system or interrater 
variation. Injury severity scoring for the UK TARN database 
is carried out at the North Western Injury Research Centre by 
a small number of trained staff, thereby reducing interrater 
variation (intraclass correlation coefficient between UK 
TARN staff is 0.97 [95%. Cl, 0.95 to 0 .98]'-). An underscor- 
ing of the severity o f these injuries by the AIS could account

^  80V
o

o-

•• •O

1% 5% 12% 25%  50% 75%  88% 95% 99%

Pred icted  probability of m ortality (logit scale)

FIG 5. Observed niortalily rates by predicted probability of death (logistic regres
sion adjusted for age and ISS). Odds ratio, 2.08; 95% CI, 1.57-2.77. Data are  
displayed as observed (circles) or fitted (lines): filled  circles, traum atic brain 
injury; open circles, no traum atic brain injury; dashed line, traum atic brain 
injury; dotted line, no traum atic brain  injury.
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for tlie increased  m orlaiity  associated  w ith the com bination  o f 
m oderate brain injury and extracranial injury. H ow ever, anal
ysis show ed  little variation in outcom e fo r iso lated  A IS score 
o f  3 in juries in the o ther m ain body regions.

T he m ulticen ter nature o f  the study cou ld  in fluence  in te r
pretation  o f  the findings if  very sign ifican t varia tions in the 
pattern  o f  patient care w ere identified  in a sm all g roup  of 
con tribu ting  hospitals. P rev ious analysis o f  the U K  T .\R N  
databa.se has show n a w ide spread  o f  W s s c o re s (d i f f e r e n c e s  
betw een actual and pred icted  surv ival) across hospitals, 
w'hich cannot be exp lained  by e ither the volum e o f  traum a 
handled  o r the presence o f  a specialist neurosurg ical unit. 
How 'ever, these d ifferences are spread broadly  across the 130 
hospitals studied  w ith no cen ter being  suffic ien tly  excep tional 
to be able to skew  the results.

A nalysis o f  ou tcom e o f  patien ts in ju red  at d ifferen t ages 
dem onstrated  an apparent increased  m orta lity  in the  26- to 
40 -year age groups. T his m ay have been a spurious effect, 
how ever; it is possib le that alcohol o r drug  in toxication , 
w ell-know 'n con tributory  factors, in acciden ts involving 
young people, m ay have con tribu ted  to this increase .'"’ ** 
A lcohol is w ell know n to po tentiate the effects o f  traum a on 
central nervous system  dam ag e .'^  R ecreational d ru g s m ay 
increase the dam age occurring  after b rain  injury by neuro
toxic and pyrexial effects.'®  T he increased  inc idence  o f  pre- 
exi.sting m edical conditions and associated  po lypharm acy  in 
the elderly  group w ould result in iinpairm ent o f  n o n n a l co m 
pensatory  m echanisins and, therefore, be an add itional factor 
affecting  outcom e.

It has been suggested  that failure to recognize o r ade
quately  treat hem orrhage is a con tribu tory  facto r in 60%  o f 
“preven tab le" traum a deaths fo r w'hich there is no head 
in ju ry .'^  T his finding could  be m ore im portant in patien ts 
w ith  brain in ju iles, because there is c lin ical and  laboratory  
ev idence that traum atic  brain injury adverse ly  affects card io 
vascu lar com pensation  fo r hem orrhage.^^^

T raum a victim s com m only  suffer at least tw o insults, hem - 
o n h a g e  and tissue in jury , each o f  w hich  generate  its ow n 
pattern  o f  reflex response, w hich in teracts to y ield  a third 
pattern  o f  response. P rogressive “sim p le" hem on 'hage (in the 
absence o f  m ajor tissue dam age) produces a b iphasic  re 
sponse: an initial tachycard ia  and increase in v ascu lar resis
tance, w hereas b lood pressu re  is m aintained by the barore- 
flex. T his condition  is fo llow ed  by a reflex  b radycardia, 
vasodila tion , and hypotension  m ediated  by a d ep resso r reflex 
o f  unknow n oilgin.''^  T he activ ity  o f  both o f these reflexes is 
m odified  centrally  by the presence o f  nociceptive afferen t 
im pulses arising  from  datnaged  periphera l tissues.^” T here is 
experim ental ev idence that this in teraction  is de trim en ta l.^ '

T he effects o f  direct brain in ju ry  on card iovascu la r reflex 
activ ity  is unknow n, although prelim inary  experim enta l stud 
ies have show n an early  and sustained increase in parasy m 
pathetic  activity  in rats subjected  to m oderate traum atic  brain 
injury.^” T his m ay have a sign ifican t im pact on  the card io
vascu lar responses to hem orrhage and im plications fo r su r
vival.

E vidence also  exists that hem orrhag ic shock  associated  
w ith neuro traum a induces a secondary  brain in jury , w hich

m ay in turn alter card iovascu la r con tro l m echan ism s. C e re 
bral oxygen delivery and consum ption rem ain depressed in these 
patients, despite restoration o f  systeinic hem odynam ics.’  ̂

T herefore, there is ev idence o f  a poten tial b id irectional 
in teraction  betw-een traum atic  b rain  in ju ry  and extracranial 
injury. T raum atic  brain in ju ry  adverse ly  affec ts com pensation  
fo r hem o rrh ag e .’"'"’ Peripheral in ju ry , w hen  associated  w ith 
hypotension , causes secondary  brain injury.^^ It is possib le 
that a reverberating  loop o f  "negative  in terac tion" m ay exist 
w hen these tw o  injuries are com bined.

In sum m ary , an association  betw een  the increased  m orta l
ity rate and the presence o f  m oderate  traum atic  brain injury 
has been dem onstrated . T he prec ise  pa thophysio log ic  nature 
o f  this re la tionsh ip  is unclear; the pathw ays involved are 
likely to  be com plex. C oinparison  o f  these appropriately  
m atched  populations show s that m odera te  traum atic  brain 
in ju ry  has an adverse effect on survival after m ultip le traum a. 
F urther w ork  to im prove our understand ing  o f  this interaction 
is essential to im prove resuscita tion  and treatm ent m easures 
and, thereby , reduce the unaccep tab ly  h igh  m ortality  and 
m orbidity  associated  w ith this silen t ep idcin ic .
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Modification of acute cardiovascular homeostatic responses to 
hemorrhage following mild to moderate traumatic brain injui7*

C. Geraldine McMahon, FRCSEd, FCEM, FRCPI; RoseAnne Kenny, MD, FRCP, FRCPI; Kathleen Bennett, PhD; 
Emrys Kirkman, PhD

ObJectlves. Jhe cardiovascular homeostalic responses to hem- 
ontiage are coordinated In the central nervous system. Colnd- 
dental brain injury, whicli is present in 64% of trauma patients, 
could Impair these responses. Our objective was to test the 
hypottiesis that mild to moderate traumatic brain Injury alters 
cardiovascular reflex responses to acute hemorrhage.

OeBtgn: Experimental prospective, randomized study in termi
nally anesthetized rats.

Setting: Experimental laboratory of university.
Subjects: Tv^enty-four male Wistar rats weighing 240-2SO g.
Interventions: Brain injury was induced using the lateral fluid 

percussion injury model In anesthetized rats. The fluid percussion 
device delivered an applied cortical pressure of 1.2 atm and 1.3 
atm, producing mild and moderate injury, respectively. Control 
animals underwent identical surgical procedures but with no 
applied cortical pressure. Hemorrhage was carried out 10 mlns 
after brain injury, at a rate of 2% of blood volume per minute until 
40% biood volume was withdrawn.

Measurements and Main Results: The effects of acute trau
matic brain injury on the biphasic heart rate and mean arterial

blood pressure response to hemoritiage were studied. Traumatic 
brain Injury attenuated the normal bradycardic response and 
delayed ttie hypotensive response to hemorriiage. This effect was 
graded according to the severity of brain injury. In mild Injury, the 
depressor phase was delayed, but the biphasic pattern of heart 
rate response was mainlalned. No mortality was observed in this 
group. Following moderate brain Injury, marked attenuation of the 
biphasic heart rate and mean arterial biood pressure response 
{p <  .001 and p -  .0007) was observed. Rfty percent of this 
group died within 90 mlns of hemorrhage completion. Significant 
differences in the biphasic response were observed between 
survivors and nonsurvivors {p =  .013, p  =  .001, respectively). In 
nonsurvivors, the biphasic response was atwiished.

Conclusions: Acute mild and moderate traumatic brain Injury 
disrupts cardiovascular homeostatic responses to exiracranlal 
hemorrhage; this disruption Is graded according to the severity of 
traumatic brain injury. Severe disruption Is associated with an 
Increase In early mortality. (Crtt Care Med 2007; 3 5 : * » * - * * * )

Key Words: brain injuries; trauma; hemorrhagic shock; ho
meostasis

A cute traumatic brain in.iur>' 
(TBI) is the most impiirtiint 
single injur)' contributing In 
mortality and morbidity fol
lowing major trauma (1. 2). There is ev

idence that tTen rmiderate TBI, which in 
isolation is .Hssoci.ated with a very low 
mortality rate (<4.7%), doubles the ex
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pected mortality and morbidity in the 
tvuiltiply injured patient (3).

Extracranial hemorrhage and TBI fre- 
((uenlly coexi.st in niiilti.syslern trauma 
victims <A). Clinic<il and laboratory evi
dence suggests that TBI adversely affects 
cardiovascular compensation for fietnor- 
rhage (5, G). Tlie precise mechanisms un
derlying Itiese adverse effects are incom
pletely understood, and fi.irtlier im’estigation 
is required if oul.come.s are to improve. 
Additionally, it has been .suggested that 
failure to recognize or adequately treat 
fieiiiorrhage is a conlributory factor in up 
to 60% of ' preventable” trauma deaths, 
where there Is no head injury (7). This is 
also likely to be a problem in brain- 
injured patients, particularly if the acute 
homeoslalic response to hieniorrhage is 
modified.

Tr.-iuma victims commonly .suffer at 
least two extracranial insults; hemor
riiage itfid tissue iruury, each of wfiich 
generates its own pattern of cardiovascu
lar homeostatic reflex response, which

interact to yield a third pattern of re
sponse. The initial investigations into the 
cardiovascular responses to progressive 
hemorrhiige carried out by Barcroft in 
the W'IQs showed thal progressK'e “sim
ple" hemorrhage (in the absence of mitior 
ti.ssue daitiiige) produced a biphasic heart 
rate (HR) and mean arterial blCK>d pres
sure (MAP) response (8, 9). There is an 
initial tachwardia and increase in vascu
lar resi.slance while blood pressure is 
maintained by the baroreflex (phase ] t. 
As hemorrhage continues beyond 20% to 
30% of blood TOkime loss, a .second “de
pressor’ phase becomes apparent that in- 
voK’es a reflex vagally mediated bradycar
dia, a fall in vascular resistance (secondary 
to a reduction in sympatlietic vascular 
tone), and hypotension (phase 2) (S). This 
second reflex is not due to a failure of the 
baroreflex. as it has been shown thal at 
this stage the sensitivity of the baroreflex 
is increased (Iti). This second phase has 
been attributed to the recruitment of one 
or more reflexes (11), However, the pre-
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cisc  n a tu re  o f tl ic  afferen t lim bs o f th e  
d e p re sso r  reflex  re m a in s  u n c e r ta in . The 
fictivity of th e se  reflexes is m od ified  c e n 
tra lly  by th e  p re sen ce  of n o c icep tiv c  af
fe re n t im p u lses  a r is in g  from  d am ag ed  pe- 
ripherci It issues, resull irig in an  a tte n u a tio n  
o f th e  biphasic henK xlynajiiic response (1.2, 
13). B lood pressure  is the refo re  m a in ta ined  
h i^ iher for longe r, and  th e  b radycard ic  
p h ase  is a t te n u a te d  o r  abo lished  w hen  
h em o rrh ag e  occurs in th e  p resence of sig 
n ifican t soft tissue in jury . T here is experi
m en ta l evidence tfiat tiu s  in te rac tio n  tias a 
delriruefiU d affect o n su A 'iv a l I l4 ).

T he effect of ac u te  TBI o n  th e  n e u ra l 
m e c h a n ism s  re sp o n s ib le  fo r cardiov^ascu- 
ia r  h o m e o sta tic  resp o n ses  to  p rog ress ive  
s im p le  h e m o rrh a g e  is u n k n o w n . T h e re  is 
ev id en ce  o f  au to n o m ic  u n c o u p lin g  in  pa- 
lienLs w ith  severe  b ra in  if i ju ry U 5 ) . H ow 
ev e r, we w ere spec ih ca lly  interexSted in 
th e  itiv e s ti^ a tio n  of m ild  to  m o d e ra te  TBI 
w h e re  a c u te  d is tu rb a n c e  o f ca rd io v ascu 
lar (hom eostasis m ay  be u n ex p e c ted . C r it
ical d is tu rb a n c e  in ca rd io v ascu la r re g u la 
to ry  c o n tro l in  th e  ea rly  p o s tin ju ry  phase 
o f TBI co u ld  have irn p o ila n t iind u n ex 
p ec ted  ad\>ei'se effec ts  o n  b o th  m o rb id ity  
and  m o rta li ty  in th is  g ro u p . T h is d is tu r 
b an c e  w ou ld  be reflec ted  in  a n  a lte ra t io n  
o f1 h e  n u rm a l b iphasic  h em o d y n a in ic  re- 
spoa-^e to  h e m o rrh a g e , w h ich  is th e  r e 
su lt o f a co m p lex  in te rp la y  of c e n tra l n e r 
v o u s  s y s te m  re llexes  th a t a re  la riie ly  
co o rd in a te d  in  tlie  b ra in sterri.

T h is  laborator>- s tu d y  was d es ig n e d  to  
te s t  th e  effec ts of ac u te  TBI o n  ca rd io v as
c u la r  reflex re sp o n ses  to  s ig n if ican t s im 
ple h e m o rrh a g e . T hree g ro u p s  of an im als  
w e re  s tu d ie d : m ild , m o d e ra te , a n d  c o n 
tro l <shi\iTi'i TBI. F ifteen  m in u te s  iifter 
b ra in  in ju ry  w'as in d u c ed , an im a ls  u n d e r
w en t pi'ogressi\>e sim ple h em o irh ag e  over 
a 20 -m in  period un til 40%  o f to ta l blood 
v o lum e was withdr?iwT«. No fluid resu.scita- 
tio n  was adm in iste red . This experim erital 
m odel enabled co n found ing  variables, su ch

soft ti.ssue in ju iy , a lcohol, coie. and  pre- 
m orb id  factoi^, to be excluded. T he lateral 
fluid percussion  (LFP) b ra in  iryury  m odel 
dclK’crs reproducib le sc\’eritie5 of b ra in  in
ju ry , allowin^i inx’es tiga tion  o f th e  acu te ef- 
lect.s c]f m ild  and m ode ra te  TBI or» th e  ciir- 
d iovascu lar reflex response to  progressive 
sim ple hem orrhage.

MATERIALS AND METHODS 

Animal G roups

The study was conducted <>n term inally  
anesthetiiied m ale Wistar rats o f the Porlon

strain w eigh ing 2 4 0 -2 6 0  g. kept s in cc  wcan- 
iiig  on a 12-lir lijlhl'tlark a 'c le  and fed on 
Beck«iy standard rat and iTiou.«;e diet (B 1̂  
UniversaJ, UlO. The effects of acu te  TBI, in 
duced using the LFP brain injur\' m odel (16), 
on the cardiovascular response to hem orrhage  
w ere determ ined.

The present investigation was in  accor
dance w ith  Iht Anirnai (Scientific Procedures) 
Act 1986, which encom p asses the G uide for 
th e  Care a n d  Use o f  L ab o ra to ry  pub
l i s h e d  bv t h e  U.S. National I i is . t i lL i te s  of H e d t h  
(17).

Surg ical P rep ara tio n

Anesthesia was induced iisin y isotlurane 
(.Abbott lab oratories. UK; 3% in a 1:1 m ixture  

of oxyyeri''N2 ‘̂ - -  0-5) in an anesth etizin g  
cham ber until cessation o f spontaneous m ove
m en t, loss o f the righting reflex, absence of 
blink leliex , and no witiidrawiil to a noxious 
stim u lu s (pinch test .•ipplled to the foot). Sur
gical anesthesia was m aintained u sin g  2% to 

isoriur.'ine admini.stered vi:j a m ask. The 
lateral tail vein and ventral tail artery were 
cannulated using polyeliiylenc caiinulae (2FG 
and 3KC, respectively, Portex Limited, UK). 
Both cannulae w ere prefilled with hepji iriized 
saline (10 IL-m L~‘ in 0.9% salhie). The ;irte- 
rial catheter w as used to m easure arterial 
blood pres&ure using a s b  ain gauge m anonie  
ter (Sensonor &10. Scn.sonor, Norway). Elec- 
trocai'diograin needle electrodes w ere placed 
subcutiu ieously on the ventral surface of the 
anim al to record ttie eleclrocardiogram , from  
w h ich  the HR was measured. A neonatal re 
spiratory m onitor w.is attactied externcJly to 
the ch est wall and connected to a triuisducer 
to m onitor resplrntory m ovem en ts. Colonic  
tenjperature was m onitored v.iUi a tlierm o-  
couple inserted cm  past the anrd sphincter 
into the colon and was m aintained at 37.8 r  
0.5®C fnonnal lenjpcralure for the rat) using a 
fan. blanket, and overhead h eatin g  lamp.

On co m p letio n  of the su rg ica l procedure, 
th e  isofiurane and N..0 w ere  d isco n tin u ed . 
A n esth esia  w a s m aintained  u sin g  c o n t in u 
o u s  in tra v e iw u s in fu sio n  o f  a lp h a x a lo n e/  
a lp h a d a lo n e  (Saffan . P itm a n -M o o re . LK, 
1 8 - 2 0  m g*kg” **hr“ ' in traven ou sly ) usin g  
an in fu sion  pum p (Harvard 2 2 . Harvard Ap
paratus, UK). This rate o f  in fu sio n  allow ed a 
m ild  w ithdraw al and a 10-m m  Hg increase  
in blood pressu re in  resp onse to  a p inch  test  
applied to the A chilles ten d on . This anes
th e tic  agent w as ch osen  b ecau se  it preserves 
the arterial barorecep lor reflex ajul the re
sp o n ses  t«'» hem orrhage (1 8 ). A n im als sp o n 
ta n eo u sly  breathed o xygen -en rich ed  air. Af
ter cumpletioii o f initiaJ surgical procedures, the 
anim al was transferred to a .stereotactjc frame. 
A m in im u m  o f GO m ins w as allo\ved to elapse 
before phv’siok 'g ic  data w ere recorded to allow  
an adequate w ashout period of isofiurane.

L ateral Fluid P e rc u ss io n  M odel

A craniotom y was performed stereotacti- 
cally at tlie le\’el of the r igh t pariet^  cortex  
(3.5 m m  anterior to and fi mm  above the 
interaural line.) leaving tlie dura intacL Telion  
tubing (2-m ni inner diam eter) was placed over 
the dura and sealed in s itu  usin g  m ethyl- 
niethacrylate  c e m e n t  This was con n ected  
through a tlu id-filled  system  to an NPLC 
pum p (SF400 SpectroiloNv, Kratos Analytical 
Instrum ents, N.I). The HPLC pum p was used 
to  deliver a predeterm ined level of fluid per
cussion pressure, which w as released onto the  
lateral cortex using an electron ically  co n 
trolled solenoid  valve (RS, UK). Thus, a brief 
pulse f20 m secs) o f sterile wat^r was applied to 
the surface of the brain at an applied cortical 
pressure of 1.2 atm  to produce mild injury and 
] .8 atm  to produce m oderate injury (16). Con
trol ajiimals underwent identical procedures 
but had n o  applied cortical pressure.

H em o rrh ag e  M odel

Progressive sim ple hem orrhage was in 
duced by withdrawal of blood from  tt»e tail 
artery .innerobically in 0.5-m L aliquots .it an 
overall rale o f  2% of tlie blood volum e per 
m inu te (total estim ated blood volu m e G.06 
mL'lOO g of body w eigh t) until -10% of the 
total blood volum e has been rem oved (lb>).

P ro to co l

E xp erim ents w ere perform ed on three 
groups of eight anim als. Anim^ils w ere r;m- 
dom ly allocated to m ild TBI, m oderate TBI, or 
control ish am ) brain injury groups. The LFP 
brain injury is associaLed w ith a brief period of 
apnea, hypertension, and bradycaj’dia (20, 21). 
Therefore, to allow  physiologic variables to 
return to baseline before t h e  induction  of 
hem orrhage, a further period of 10 m ins was 
a l lw e d  to elapse. Baseline phv-siologic rnoa 
surem ents o f HR. blood pressure, and respira- 
torx' rate w ere then  captured as cotitrol data 
for Hio hem orrhage study. Fifteen mir^utes 
follow ing t i le  acute TBI, ajiiinaJs underw ent 
sim ple hem orrhage of 40% blood volu m e by 
m eth o d s  d escribed . P h y s io lo g ic  m easure-  
rnenls w ere m ade after withdrawal o f each 
aliquot of blood and at 15-m in intervals until 
9 0  m ins after TBI or shriin injury, using a 
com puterized physiologic data acquisition sy s
tem  fPastdaq, Lectromed, UK; real-tim e data 
capture, display, and anal>^is system ) (Fig. 11. 
Blood gas analysis w as su b seq u en tly  per
form ed on each aliquot (ABLI^30. Radiometer, 
Denmark) (Fig. 2).

Anim als were killed hum anely using a le 
thal in ieclio ii o f Sagilal anesth esia al the end 
o f the posthem orrhage observation period. 
Postm orlem  exam ination of Llie brains was
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Figure 1. Study protocol. LFP, lateral fluid percussion.
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Figure 2. Mean ( ± s e m )  of PaOj, PacOj, arterial base excess {ABE), and pH for control, mild, and moderate traumatic brain injury groups with progressive 
hemorrhage of 40% blood volume.

carried out on all animals immediately follow
ing the procedure.

Statistical Methods

Mean.s and standard errors of HR and 
are presented by volume of hemorrhage, for 
control, mild, and moderate TBI groups. Base
line data are presented by group using mean 
and SEM. Analysis of variance (ANOVA) was 
used to test for any changes in mean values 
between the three groups.

To determine whether the effects of brain 
injury and hemorrhage on HR and MAP by 
volume of hemorrhage were statistically sig
nificant, a two-way repeated-measures ANOVA 
was undertaken to examine differences be
tween the groups with repeats for volume of 
hemorrhage (12 measurements) w ithin ani
mals. The trend analysis considered two mod
els: 1) assuming a linear association of HR and 
MAP with volume of hemorrhage; and 2) as
suming a linear and quadratic association. The 
quadratic time variable allows for any curva

ture in the relationship between HR or MAP 
and volume of hemorrhage. A test for interac
tion of group (injury or control) by volume of 
hemorrhage (linear and quadratic) was used to 
determine whether there were significant dif
ferences in the trend lines between injury and 
control groups.

In the moderate TBI group, a two-way 
repeated-measures ANOVA was performed to 
compare the trends for mean HR and MAP 
(with repeats for different volumes of hem
orrhage) comparing surviving and nonsur-
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Kifliirc 3. Mtiin ( isE I  nuan arlcrial pri-ssLiiv (A/.I/') and h ia il rate \HU) I'lir incicasing pvici-nt 
volum e ol' hcmorrha^t in miid traumatic brain injury (TUI), nmdtralt- TiJl. and control groups. 
In (he moderate TBI si'oup- ei^ht animals were alive at mins and live anim als were alive at (if* 
and mins.

v iv ing  an im als. .-\ test lor in leraction  was 
used to exam ine w hether the patterns of 
re.sponse w ith  increa.iiiifS vo lu m e ol henior- 
rhajie were dil'I'erenl b etw een  s im ’ivors and 
nonsurvivors o f  m oderate TBi. .An in depen
dent S tud en t's  / ' te s t  was used to com pare 
m ean apnea betw een survivors and iionsur- 
vivors in the m oderate TBI iSroup. .\n  anim al

was cla.ssilied as a nonsurvivor if it died  
w ith in  !>l) m in s of in d u ction  o f  hrain iniur>' 
(the end point o f the stud y was 00  m in s after 
in d u ction  oi hrain injur\-).

Sijinificance levels at p  <  were as
sum ed. JMI’ (versit>n 3) and S.AS software wits 
u.'ied to an.ilr/.e the data (S.VS Institute. Car>\ 
NCl.

With a s.imple of eijjht anim als havinjj re
peated data on 12 occasions, the study had 
suflicient power (S()%) at a le w l o f sijinif- 
icance to detect a difference ol 1 sh in IIH or 
M.\l' hetwx-en any two (Sroups (e.fi.. moderate 
and contr(»l) in the study.

RESULTS

B ase line  R esu lts

l'ol|i)\yin(4 a c u te  T Iil. a b r ie f p er io d  o f  
ap n ea  w a s o h .se n ’ed . T h ere  w ere  .siiin ili-  
c a n l U llference.s b e tw een  tjroiip.s in th e  
d u r a tio n  o f  ap nea  in d u ced  by th e  flu id  
perciL ssion  in ju ry . N o  apne;i wa.s ob .ser\’ed  
in  Ihe c o n tr o l sjroup. In m ild  T ii l .  th e  
durati<in o f  ap n ea  wa.s ;t.l ±  1.1 m sec.s  
c o m p a red  w ith  K!.(i i  'JS> m.sec.s (/) <  
.0 0 1 )  fo llow ing; m o d era te  TUI.

In m ild  Ti?l. th ere  w as tran .sient e le 
v a tio n  o f  s y sto l ic  b lood  pre.ssure o f  lf> i  
1 m m  III’ c o m p a red  w ilh  41 ±  f> m m  lljJ 
(/) =  .1X12) in m o d era te  TBI fo llo w in g  th e  
Ikiid p e r c u s s io n  in ju ry . N o  pre.s.sor r e 
sp o n se  w as o b s e n e d  fo llo w in g  .sham  in- 
ju r \’.

T h ere  w ere  n o  s if ln ilica n t  d iffer en ces  
b e tw een  slrou p s in  th e in itia l b a se lin e  v a l
u e s  o f  hody w e ig h t . I IK. M.M’, or  arter ia l 
b lood  (lases at th e  c o n tr o l l im e  inler%’al. 
m ea su red  HI m in s  after a c u le  TISI. and  
im m e d ia te ly  b efore  th e c o n im e n c e m e n i  
o f  Ihe h e m o r r h a g e  pha.se. Heart ra le  w as  
ob ser \'cd  to he low er  in  Ihe m o d era te ly  
in ju red  an im al.s  before u n d e r g o in g  h e m 
o rr h a g e . b ut th is  d id  n o t  re a ch  s ta t is t ic a l  
s ig n if ic a n c e  (T able 1).

A rterial b lo o d  g a s  a n a ly s is  d u r in g  th e  
h e m o r r h a g e  p eriod  re v ea led  n o  s ig n ili -  
ca iil d if fer en ces  b e tw een  (h e  g r o u p s  (I'ig . 
'Jl. T h e f'ac0 2  fell w'ith progre.s.sive h e m 
o rr h a g e  (lin e a r  tren d . (:i =  - 0 .7 (1 .  SK =  
0 .1 0 . p  <  .0 0 1 ) . N o  h y p o x ic  ep i.sod es o c 
cu rred  in  th e  s tu d y  a n im a ls .

P o s tm o r te m  ev a lu a tio n  o f  th e  m o d e r 
a te  THI g ro u p  r e \e a le d  m acro .scop ic  e v i
d e n c e  o f  c o n tu s io n  on  th e  su r fa ce  o f  th e  
ip s ila tera l co r te x  w ilh  sm a ll a m o u n ts  o f  
su b a ra c h n o id  h em o r r h a g e  a s  d escr ib e d  in  
o th e r  re p o r ts  (2 2 ) . T h e m ild  an d  c o n tro l 
a n im a ls  had  n o  m a c r o sc o p ic  e v id e n c e  o f  
b ra in  injiir>’.

M ortality

N o m o rta lity  w as ob.served in  th e  c o n 
trol or m ild  TBI group.s. F ou r (50% ) o f  
th e  m o d era te  TBI a n im a ls  d ied  su d d e n ly  
a lte r  th e  c o m p le t io n  o f  h e m o r r h a g e , at 
•15. 5.5, 1)0, an d  9 0  m in s .
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Heart Rate and Blood Pressure 
Responses to Hemorrhage

Control Croup. In the control ani
mals. progressive hemorrhage pro
duced a biphasic response of HR and 
MAP (Fig. 3). HR showed an in itia l in- 
crea.'ie until 17.5% i  1.6% blood vol
ume loss occurred. The maximum in 
crease in HR was 24 ±  4.2 beats/min, 
which indicated a significant change 
Irom baseline (p <  .01). However, as 
the severity of hemorrhage increased 
beyond 17.5% of total blood volume, a 
marked bradycardia associated with a 
precipitous decrease in blood pressure 
took place (Fig. 3). The maximum drop 
in HR was 107 ±  7.5 beats/min. which 
indicated a significant change from

550

baseline {p <  .011 and occurred at 
38% ± 0.9% blood volume loss.

Mild Head Injury Croup. The IIR and 
M.-\F response by volume of hemorrhage 
was compared between mild TBI and con
trol groups. There was a small delay in 
the onset of bradycardia. This divergence 
in respon.se became significant at 27% 
blood volume loss ip = .0441. However, 
the overall biphasic pattern of response 
was maintained. This was confirmed in 
the quadratic analysis of the HR and 
respon.se by volume of hemorrhage. .A 
repeated-measures .\NOV.-\ showed a sig
nificant linear (p, =  14.55. sk = 2.71 and 
quadratic i\i-, = -1.98. sk = 0.21) asso
ciation of volume of hemorrhage on HR 
(p <  .0001) for both groups (Fig. 2). 
However, the biphasic pattern of HR re-

Control
— ■  — Survivor 
-O -N on-Survivor

sponse did not differ significantly be
tween the mild TBI and control groups.

There was a significant quadratic ((!_, = 
-0.61. SK = 0.11) a.ssoclation of volume 
of hemorrhage on blood pressure ip <  
.0001) for both groups (Fig. 3). The larg
est difference between the mild and con
trol groups was ob.served at 26.7% vol
ume hemorrhage (difference = 55.2: 9.5% 
confidence interx'al 1.6, 108.8), but the 
pattern of M.\f' response overall did not 
differ significantly between the mild and 
control groups. Therefore, while the 
trend of response for HR and M.AP was 
similar in both groups, the depressor 
phase of the response was delayed in the 
mild TBI group (Fig. 3).

Moderate Head Injury Croup. By con- 
tra.st with mild brain injury, the pattern 
of HR and M.\P response was altered after 
mt)derate brain injury. Both HR and M.-\P 
were initially lower in the prehemorrhage 
pha.se following moderate brain injury. 
The HR response to hemorrhage in mod
erate TBI animals was significantly differ
ent than that of control animals (Fig. 4). 
The expected biphasic HR response was 
markedly attenuated after moderate TBI. 
A divergent pattern of HR re.sponse was 
identified between the moderate TBI and 
control groups, with a higher HR re
sponse obser\'ed in the moderately in
jured animals (38 i  8,6 beats/min). until 
23% volume of hemorrhage was reached 
when the trend was reversed. The maxi
mum fall in HR was 51 t. 15 beats/min at 
31% blood volume lo.ss compared with 
107 ± 7.5 beats/min in the control group, 
which occurred at 17.5% blood volume 
loss. The repeated-measures .AN'OVA 
showed a significant linear ((3, = 10.36. 
,SK = 2.89) and quadratic (Pa =  -1-43. sk = 
0.22) trend of volume on mean HR (p <  
.01). There was a significant difference in 
this trend of HR response observed be
tween the moderate TBI group and the 
control group (test for interaction p <  
.001) and between the moderate and mild 
TBI groups (lest for interaction between 
groups, p <  .0001).

Similarly, the M.\P response to hem
orrhage was also markedly altered follow
ing moderate brain injun'- There was a 
significant difference in overall linear 
((J, = -3.62. SK = 1.47, p -  .015) and 
quadratic trend (^o = -0.39, SE =  0.11, 
p <  .001) between the groups, across 
volume of hemorrhage. This indicates 
that the pattern of blood pressure re
sponse to progre.ssive simple hemorrhage 
was significantly different between the 
moderate TBI and the control groups
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(test for interaction, p -  .0007: Fig. 3) 
and between the moJer.ile and iriild TBl 
(>ruups (lest for interacrKui between 
groups, p <  .0001). 0\'erall,the MAP was 
maintained liigher for longer in the mod
erate TBl group compared with either the 
control group or the mild TB! j;roup.

Although the study was not designed 
as a sur\'iv;il analvsis investigation, fol
lowing the obseA'ed 50% mortality rale 
in the moderate TBl group, a preliminary 
subgroup analysis of this group was un
dertaken. Animals were stratified into 
sur\’i\’ors and nonsurN'ivtirs. Clear differ
ences in the HR and !V1AP response to 
hemorrhage between the sun’ivors aid  
tion.siiA’ivors were idenl.iiied. Survivors 
still showed a biphasic hemodynamic re
sponse that was modified compared with 
controls; that is, the ousel of bradycardia 
and h^’polerision was delayed hut the dil'- 
lerence was more pronounced ttian in the 
mild TBl group. In nonsun'K’ors, the bi
phasic HR and M \P response was abol
ished iFig. 4). At the end of hemorrhage, 
MAP was significantly higher in the non- 
sur\>K'ors compared with either the sur
vivors (difl'erence = 42.fi mni Hg; 95% 
confidence inteival 17,7,. 67.5; p =  .007) 
or the control group (difference =  42,9 
mm Hg; 95% conridetice interval 23.4, 
62.4; p -  .002).

When HR and MAP responses of non- 
su n ’ivors \'s. surx'ivors were compiired us
ing repeated-nieaiures AKOVA. tliere was 
a significant difference in HR and MAP by 
volume of hemorrhage (Fig. 4; test for 
interaction, p ~ .0129,;) = .0013, respec- 
tK'ely). Tlie mean (SF.M) apnea period in 
those who died (lO.QO 2,18 secs) com
pared with sun’ivors (10.68 = 4.27 secs) 
w.as nol significantly different (p — ,26), 
Postmortem evaluation of the moderate 
TB! group revealed no significant macro
scopic dift'erence between animals that 
died compared witti those Lh.at survived.

DISCUSSION

Assessment and management of the 
acutely injured patient depend on the ;is- 
sumplion Itiat all homeostatic reflexes 
are functioning noniidlly. The principal 
finding of this study was that acute TBl 
modified the cardiovascular response to 
hemorrhage and this effect was graded 
with respect to severity of TBl. After mild 
TBl the biphasic response to blood loss 
was maintained, but the unset of the sec
ond, depressor pfia,se of the response to 
hemorrhage was delayed. Moderate TBl 
significantly attenuated the depressor re

sponse to hemorrhage such that MAP was 
maintained higher for longer in the mod
erately injured group compared with ei
ther the control or the mild TBl group. 
The effects of acute TBl on the reflex 
respon.ses to hemorrhage have not been 
previously elucidated in either humans or 
rodent models. To the best of our knowl
edge, this is the first report on the effects 
of acute TBl on the biphasic response to 
hemorrhage.

E xperim ental M odel

Several models of hem orrhage are 
used in experimental studies, including 
controlled blood lo,ss t.o either fixed vol
ume of fixed pressure end points, or un
controlled hemorrhage, and the choice of 
model is dictated by the hypothesis being 
tested (23). In ttie present study, the hy
pothesis being tested was that acute TBl 
would modify the pattern  of response to 
hemorrhage; consequently, the model of 
choice was a fixed-volume, controlled 
hemorrhage (23). This type of inodel is 
viewed as the most appropriate when in
vestigating potential modulations of the 
reflex response to blood loss, where it is 
essential that the deyee  and rate of blood 
loss are tlie same between experimental 
groups (24). An uncontrolled hem or
rhage model (25, 26) would be inappro
priate in this type of study because the 
allered pattern of blood lo.ss could intro
duce a s j’stematic bias between groups. It 
would not be possible to  determ ine 
whether any dift'erence in pattern of re
sponse to blood loss was due to, or re
sulted from, the difference in profile of 
blood pres,sure change during fiemor- 
rhage. This investigation was theret'ore 
conducted in line with previously pub
lished work in this area using a con
trolled tixed-volume hemorrhage model 
(8. 11, 27 30). Our results contirm that 
our model reflects the sequential activa
tion of these reflexes as illusi rated by the 
responses oKsea’ed in t!ie sham injury 
group.

In multiple traum a patients, extracra- 
nial blood loss is often accompanied by 
sott tissue injuri'- Soft tis.sue injur\’ mod
ifies the reflex response to hemorrhage, 
resulting in an attenuation of phase 2 of 
the biphasic HR and MAP re.sponse (10, 
12, 27). in addition, the response to soft 
tissue injury may interact with the re
sponse to TBl. ■A.lthough iirvestigating a 
three-way in teraction  am ong hem or
rhage, TBl, and soft tissue injury is of 
clinical importance, interpreting the re

sults would be diflicult w ithout prior 
knowledge of the two-w,ay interaction be
tween Lhe responses to blood loss and 
acute TBL The present study has there
fore focused on this first step, which pro
vides a .sound basis to inve.stigate models 
of greater clinical complexity in the fu
ture, which could ultimately include a 
num ber of 1‘actors, such as coexisting soft 
tissue injury, ttie occurrence of second- 
ai7  insults, intoxication, age, and other 
factors that influence the reflex responses 
(12, 31,32),

Ttie complexity of the clinical selling 
does not detract from our observ;ition 
that the normal reflex responses to hem
orrhage are modified following acute 
moderate TBl in the rodent model. There 
is evidence of close species correlation in 
the cardiovascular reflex responses to 
both hem orrhage and injury between 
studies in humans, o ther large animals, 
and rodents (8, 9, 33, 34).

The choice of ane.sthetic used in this 
model is critically important. Anesthetic 
agents czin modifj> the baroreflex and the 
injury-induced modulations of baroreflex 
function. Hence, much of the original 
experimental work carried out on cardio
vascular reflex acth’ity was done using 
conscious animals. We used low-dose in
travenous alphadolone/alphaxolone anes
thesia as it has been shown tc. preserve 
barorellex function and the effecLs of in- 
jur^^ modulations (nociceptive iiffereiit 
activity! on the baroreflex (IS, 23. 35).

The LFP model of brain injury in the 
rat is one of the most widely used ex
perim ental models of brain injury be
cause of its construct validity with 
closed head injury in hutnans (16, 20, 
36), This model of brain injury enabled 
reproducible severities of brain injun' 
to be produced. The histologic changes 
resulting from this brain injury model 
include a well-defined ipsilateral corti
cal injur\' and ipsilateral hippocampal 
and amygdaloid injurj' (15, 22). tHher 
aspects of molecular, vascular, and be
havioral correlates of different severi
ties of hum an brain iniurj^ are closely 
replicated in this model (161.

Principal F indings

The biphasic HR and .MAP response to 
hem orrhage observed in the control 
group was consistent with previous inves
tigations reported in human (S, 33) and 
animal studies (9, '34). Following mild 
TBl. the biphasic pattern of HR and .MAP 
response was maintained, but the onset
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of tile depressor phiisc of ttie response 
was delayed. No mort.alil,y was observed 
in ttiis ijroijp.

In  tlie moderate TEI group, tiie biplia- 
sic HR and MAP response was marlcedl.v 
attenualed. Tlie HR response lo lieirior- 
rliafie in this ^ro iip  was significantly dif
ferent tlian  that of both the control and 
m ild TBI groups. The biphasic HR and 
M/U’ response was markedly attenuated 
or abolished in this group, and the degree 
of alteration of the response was predic
tive o f early mortality.

These obsei'vations are important in 
the context of what is known about the 
underlying pathophysiological responses 
to hemorrhage. In the absence of T^^I, tlie 
neurohum oral and hemodynamic re
sponses to progressive hemorrhage have 
two distinct phases. There is an in itia l 
arteria l baroreceptor-m ediated phase 
(phase 1) in  which the fall in cardiac 
output is couplcd w ith  a sympathetically 
mediated increase in peripheral resi.s- 
tance so that arterial pressure is main
tained to near-normal le\’els (&). in  most 
species, adrenal catecholamines and va- 
■sopressin contribute little  to this ptiase. 
Increased renin release appears to aug
ment the sympathetically mediated vaso
constriction. VV"i1h severe hemorrhage 
(beyond 25% to  30% blood volume loss), 
a seaind pha.se develops abruptly. This 
phase is characlerized by withdrawal of 
sympathetic vasoconstrictor drive; rel.a- 
tive or absolute bradycardia, which is va- 
gally driven; an increase in adrenal cat
echolamines and vasopressin; and a 
profound fall in arterial pressure I I I ) ,  
Acute TBI appears to modify these com
plex ptiysiologic reflex responses to hem
orrhage. The precise palhopliysiological 
mechanisms underlying the second de
pressor phase are not fu lly  understood. 
Part of the efferent limb of the depressor 
response is vagally mediated. Ttiis study 
suggests that acute TBI significantly al
ters the vagally mediated modilication of 
the HR response normally seen after 20% 
to 30% blood volume loss.

A 50% m ortality rate was obser\’e.d in 
the moderate TI31 group w ith in  90 rnins 
of completion of tiemorrhage. W iile  tliis  
investigation was conducted as a nonsur
vival analysis, following the observation 
of such a high early n iorta lily  a subgroup 
analysis of th is group was undertaken. 
Animals were stratified into survivors and 
nonsur\'ivors. Significant differences in 
the biphasic response were observed be
tween these two subgroups. In suivivors, 
the biphasic response was maintained but

the depressor phase was delayed and the 
difference in response compared w ith  
control animals was more pronouticed 
than follow ing m ild TBI. In nonsun’ivors, 
the biphasic hemodynamic response was 
completely abolished. The mechanisms 
underlying the attenuation of hemor- 
rhage-induced bradycardia in the pres
ence of acute TBI cannot be deduced 
from this study. Similar work evaluating 
the effect of significant tissue damage on 
the biphasic response to  hemorrhage also 
showed attenuation of the response and 
depression of the baroreflex (11, 12, 27). 
I t  is possible therefore that baroreflex 
function may also be altered in the pres
ence of acule TBI.

The moderate TBI group appeared 
physiologically more stablex during the 
in itia l response l.o tieniorrhage. Howe\-er. 
this was more apparent than real, as 50% 
of this group died suddenly shortly after 
the completion of hemorrhage. This te r
minal e\'ent was heralded by sudden on
set of dysfunctional respiration couplcd 
w ith  bradycardia and liypotension. Tlie 
precise characterization of the cause of 
this sudden deatti was outside tfie scope 
of our study design. A possible expliina- 
tiun  m ight be that brainstem ischemia 
occurred at that time; however, further 
research to correlate the loci of central 
nervous system injury w ith  cardiovascu
lar p.Jilhophysiology is reiiuired to test 
th is  hypothesis, .\no the r explanation 
could be that this subgroup sustained s it- 
n ifica :itly  raised intracranial pressure: 
tiowever. an increase in MAP and a bra
dycardia as.socialed w ilh  rai.sed intracra
nial pressure did not occur in th is group 
(371. At the severe end of the brain injut>' 
sped rum there is evidence t’roni clinical 
studies of autonomic uncoupling, which 
is also lilcely to  rellect severe brainstem 
in jury (15). .Disturbance in cardiovascu
lar regulation following acute TBI is fur
ther evidenced by work showing that tlie 
response to  fluid resuscitation following 
acute TBI and hemorrhage is impaired 
(6). Disruptions of the normal cardiovas
cular homeostatic mechanisms are likely 
to leave the acutely brain-injured victim  
more vulnerable to IiypolensK'e insull.s. 
which in tu rn  are associated w ith  a sig
nificant increase in mortality.

Another complication of acule con- 
cussive brain iniur» observed in both hu
mans and animal models of TBI is tran
sient apnea (21, 38). This appears to be 
related to  "brainstem torque” occiin’irig 
at the tim e o f injury, as it is also observed 
in decerebrate animal models of brain

injury (39). in  our study we obsen’ed an 
apneic response that closely reflected the 
severity of induced br.>iin iiiju iT . This is 
consistent w ith (5ther laboratoiy data (38, 
40). Dysfunctional respiration and apnea 
occurring al the lime of TBI can result in 
hypoxic episodes. Hypoxia in h ib its  
baroreflex-induced bradycardia (41). 
Howe\’er, this was not a I'actor in  our 
model as supplemental oxygen was deliv
ered throughout the experimental period. 
Therefore, this would not account for the 
observed modulation in the v.agally in 
duced bradycardia.

Obser\>ation of the trend in Paco,; lev
els w ith progressK'e hemorrhage showed 
the expected fall in the l ’;iC0 2  levels in all 
gn;iups. No significant difference was ob- 
sei-ved in the pattern of response between 
the ttiree groups. While this was tKit a 
detailed analysis of chemoreceptor func
tion, it suggests the chemoreceptor re
sponse to hemorrhage was maintained in 
the presence of acute TBI.

Limitations of the Study

Our study design was specilically fo
cused on the assessment of the biphasic 
cardio\’ascular response to hemorrhage. 
It W.1S not designed as a survival analysis 
.study. This limited the power of the sub
group analysis of survivors and nonsurvi
vors. Becau.se this study w;is conducted as 
a norLSur\>ival experiment, detailed histo
logic analysis of the in.iured brains was 
not performed. This would have required 
.survival of Itie animals for a number of 
days (16), Po.st.mortem evalualion of the 
moderately injured animals revealed no 
macroscopic difference between survivors 
and iionsurvivors. The precise cause of 
death in nonsurvivors was not accurately 
determined. They had sim ilar preterm i
nal oKservatioris: an abrupt onset of a 
brief period of dysfunctional respiration, 
bradycardia, and hypotension resulting in 
a.systolic cardiac arrest w ilh in  seconds of 
onset of dysfunctional respiration. Ttiis 
laborator\' study identifies an acute dis
turbance in the neural responses to acute 
fiemorrtiage in the rodent model using 
well-validated models of closed head iii- 
ju o ’ and simple hemorrhage. While there 
is evidence of close species correlations in 
the pathophysiology of TBI and Ifie phys
iologic responses to hemorrhage, these 
findings need to be validated in the c lin 
ical .setting.

We tiave lim ited ou r investigation to 
evaluating the effect of acute TBI on the 
biphasic hem odynam ic response to
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h e m o r r h a g e ,  h i  th e  c l in ic a l t r a u in a  s c e 
n a r io .  h e m o r rh a g e  is o f te n  a s s o c ia le d  
w i l l i  so ft tis s u e  in ju ry  i,42). S o ft liss iie  
iniurx- is a lso  k n o w n  to  m o d ify  th e  c a r 
d io v a sc u la r  re flex  re s p o n s e s  t o  h e m o r-  
rh ii/ie  111, 27 , 4 3 ) . In c lu s io n  o f  so ft 
t i s s u e  in ju ry  w o u ld  h iw e re s t i l te d  in  d if
f ic u lty  in  is o la tin g  th e  e ffec ts  o f  a c u te  
T B l o n  th e  reflex  re s p o n s e s  to  h e m o r 
rh a g e . F u r th e r  in v e s t ig a t io n  in to  th e  
e ffec ts  o f a c u te  TB l o n  th e  re s p o n s e  to  
h e m o r rh a g e  c o n fo u n d e d  by c o e x is tin g  
so fl t i s s u e  in ju ry  is a n  im p o r ta n t  iiex t 
s te p  in  iiiiprovin^5 o u r  u n d e r s la n d in f t  of 
th e  p a th o p h y s io lo g y  o f  a c u te  TBI o n  
c a rd io v iisc u la r  r e g u la tio n .

CONCLUSIONS

W e have sh o w n  in  a la b o ra to ry  m odel 
th a t  a c u te  TBl s ig n ifican tly  m od ifies  th e  
n o m ia l  c a rd io v ascu la r reflex re sp o n ses  to  
p ro g ress iv e  s im p le  h e m o rrh a g e . T h is ef
fect is g raded  a c c o rd in g  to  th e  sev e rity  of 
th e  in d u ced  b ra in  in ju ry . T h is  n iodillca- 
t io n  w as o b served  ev e n  in  th e  p resen ce  of 
m ild  TBl, M<.)deratc TBI w as assoc ia ted  
w ith  a m ark ed  a lle ra tio ri in  HR and  MAP 
re sp o n se  to  h e m o rrh a g e . A cu te  d is tu r 
b an ce  in  ca rd io v ascu la r regulatory* c o n 
tro l p(.)tenlially fias p ro found  im p lic itio tjs  
fo r t r a u m a  v ic tim s w ho  su s ta in  a  com h i- 
n a l io n  o f ac u te  TBI and  h e m o rrh a g ic  
sh o ck . T h is  m ay  in  p a r t ex p la in  th e  u n 
expec ted ly  h ig h  m o rta li ty  ra le  seen  in 
p a tie n ts  w tio  s u s ta in  ac u te  TB! as a c o m 
p o n e n t of m u ltis y s te m  trz iu m a  (1, 3). 
C u rre n tly  th e re  a re  no  read ily  availab le 
c lin ica l loo ls  to  assess th e  in te g rity  of 
a u to n o m ic  fu n c tio n  in  the  a c u te  c lijiica l 
s e tt in g . T h is  m ay  be a  ver>’ im p o r ta n t 
f a c to r  in rin en c ii\g  th e  ap p ro ac h  to  re s u s 
c i ta t io n  a n d  cho ice  o f a n e s th e tic  ag en ts  
u sed  in  th e  c lin ica l c a re  of th e s e  p a tien ts . 
F u r th e r  c lin ica l and  laboratorx’ re se a rc h  
in  th is  a re a  is needed  to  im prove o u r  
u n d e r s ta n d in g  o f  th e  c a rd io v a s c u la r  
p a th o p li\’s io logy in b ra in - ln jiire d  p a tien ts  
and  th e re b y  tra n s la te  in to  im proved  ou t- 
co n ie s  in th is  g ro u p .
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