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Abstract 

Increased temperature is common after brain trauma and stroke, considered to be 

detrimental to outcome and usually treated with systemic cooling interventions.  

However, targeting cooling interventions at the head may be more logical.  In 

addition to arterial blood, the human brain is cooled by heat loss through the skull 

and heat loss from the upper airways.  It is these two mechanisms of heat loss which 

are the subject of this thesis.  

  

The initial research aim was to find out if restoring ‘normal’ airflow through the 

upper respiratory tracts of intubated, brain-injured patients could reduce brain 

temperature.  Air at room temperature and humidity replicating normal resting 

minute volume was continuously administered nasally to 15 such patients.  After a 

30 minute baseline, they were randomised to receive airflow or no airflow for 6 

hours and then crossed over for a further 6 hours.  The airflow did not produce 

significant reductions in intracranial temperature (Mean -0.13 °C, SD 0.55 °C, 95% 

CI -0.43 to 0.17 °C).  However, some evidence of heat loss through the skull was 

serendipitously observed.  This was investigated formally in a randomised factorial 

trial, together with nasal airflow with enhancements (unhumidified air at twice 

minute volume with 20 ppm nitric oxide gas) intended to overcome some of the 

possible reasons for the neutral results with ‘normal’ airflow.  After a 30 minute 

baseline, 12 intubated, brain-injured patients received enhanced nasal airflow, 

bilateral head fanning (8 m/s), both together and no intervention in randomised order.  

Each intervention was delivered for 30 minutes followed by 30 minutes washout.  

Mean brain temperature was reduced by 0.15 °C with nasal airflow (p=0.001, 95% 

CI 0.06 to 0.23 °C) and 0.26 °C with head fanning (p<0.001, 95% CI 0.17 to 0.34 

°C). The estimate of the combined effect of airflow and fanning on brain temperature 

was 0.41 °C.  Physiologically, this study demonstrated that heat loss through the 

upper airways and through the skull can reduce parenchymal brain temperature in 

brain-injured humans, that the effects are additive and the onset of temperature 

reduction is rapid.  The most promising mechanism appeared to be heat loss through 
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the skull and the final piece of research involved developing and initial (phase I) 

assessment of a convective head cooling device in healthy volunteers, with 

intracranial temperature measured non-invasively by magnetic resonance 

spectroscopy.  After a 10 minute baseline, five healthy volunteers received 30 

minutes head cooling followed by 30 minutes head and neck cooling via a hood and 

neck collar delivering 14.5 °C air at 42.5 L/s.  The net brain temperature reduction 

with head cooling was 0.45 °C (SD 0.23 °C, p=0.01, 95% CI 0.17 to 0.74 °C) and 

with head and neck cooling 0.37 °C (SD 0.30 °C, p=0.049, 95% CI 0.00 to 0.74 °C). 

There was no significant reduction in cooling with progressive depth into the brain 

i.e. core brain was cooled. 

 

The main relevance of this research is physiological because it adds to knowledge 

and understanding of mechanisms of heat loss from the upper airways and through 

the skull in humans.  Clinically, factors which enhance or inhibit these mechanisms 

may have an effect on brain temperature but the therapeutic relevance of head 

cooling by these methods requires further research.   
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Preface 

This research began as a result of attending a lecture on stress management by a 

psychoneuroimmunologist.  While talking about breathing in through the nose and 

out through the mouth as a relaxation technique, he happened to mention that doing 

this also cooled the brain.  My immediate thought was what then was happening to 

brain temperature in intubated patients in intensive care who couldn’t breathe 

through their noses?  I discussed this with colleagues in the Intensive Care Unit at the 

Western General Hospital; they had not heard of brain cooling by nose breathing but 

encouraged me to investigate further.  I found there were two brain cooling 

mechanisms with the potential to be of benefit to patients — heat loss from the upper 

airways and heat loss through the skull.  These are the subjects of this thesis.  The 

research started as an MPhil with the first trial and progressed to a PhD. 

 

The first three chapters form the literature review.  Although animal research is 

included the emphasis is on humans.  The first two chapters contain background 

information and are narrative reviews.  Chapter 1 is about normal brain temperature 

and brain cooling mechanisms in humans and Chapter 2 is an overview of 

temperature and temperature management after traumatic brain injury and stroke.  

Chapter 3 reviews research on brain cooling after brain trauma and stroke, and 

includes a systematic review of studies in humans. 

 

Chapters 4 to 6 cover my original research.  There are three studies.  In Chapters 4 

and 5 these are randomised, controlled trials in intubated, brain-injured patients.  

These trials investigated the effect on intracranial temperature of heat loss from the 

upper airways with upper respiratory tract airflow and through the skull with 

convective cooling.  Chapter 6 reports the final piece of research, a pilot study in 

healthy volunteers to investigate whether heat loss through the skull could be 

potentiated with a convective head cooling device.  In this study brain temperature 

was measured non-invasively by magnetic resonance spectroscopy.  Chapter 7 

summarises the findings and makes suggestions for further research.
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Chapter 1: Brain temperature and brain cooling 

mechanisms in health 

 

1.1 Introduction  

The human brain is considered to have three cooling mechanisms: cooling of venous 

blood by the skin which in turn cools the arterial blood supply to the brain, cooling 

by heat loss through the skull and cooling by heat loss from the upper airways 

[Brengelmann, 1993;Cabanac, 1993b;Zenker and Kubik, 1996].  It is the latter two 

mechanisms which are the main subject of this thesis.  They can reduce the 

temperature of cerebral venous blood and further reduce the temperature of the 

arterial supply.  In certain mammals and birds and, more controversially, in humans 

this may result in selective brain cooling, i.e. a reduction in local or whole brain 

temperature below aortic (arterial blood) temperature [Commission for Thermal 

Physiology of the International Union of Physiological Sciences, 2001].   

 

The first three sections of this chapter briefly cover thermoregulation, brain 

temperature and brain temperature measurement in healthy humans.  This provides 

some background and context for the remaining sections which discuss brain cooling 

mechanisms of heat loss from the upper airways and through the skull and the 

evolution, nature and existence of these in humans.  The material forms a narrative 

review which I began in 2001 and have gradually developed since.  Appendix IV 

contains an early published version [Harris and Andrews, 2002] during the 

preparation of which Professor Andrews provided supervision and advice; he 

commented on the final version before it was submitted for publication.  Over time 

an extensive database of references has been built up by a combination of methods 

including searches of databases (principally PubMed and Ovid Medline) and 

references in relevant papers.  The aim of this chapter is to draw together what are 

individually large and usually somewhat disparate subject areas into a more 
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integrated picture of human brain temperature and brain cooling by heat loss from 

the upper airways and through the skull in health. 

 

1.2 Temperature regulation  

This section gives a short overview of temperature regulation in humans in order to 

provide some context for brain temperature and brain cooling. 

 

Physiological thermoregulatory responses to heat and cold in mammals consist of 

autonomic (involuntary) thermoeffector responses, which modify the rates of heat 

production and heat loss, and behavioural responses to modify the thermal 

environment [Commission for Thermal Physiology of the International Union of 

Physiological Sciences, 2001]. 

 

Humans are homeotherms which means they can maintain body temperature within a 

relatively narrow (and warm) range despite much larger fluctuations in 

environmental temperature.  This is achieved by endothermy, i.e. by having a high 

level of metabolism rather than deriving heat from the environment and behaviour.  

Exactly how homeothermy is achieved autonomically is still the subject of debate 

and theorising but the general principles are as follows.   

 

The central nervous system coordinates warm and cold temperature sensitive neurons 

in the body core and periphery, thermoresponse effectors and non-thermal influences 

on temperature [Bligh, 2006].  As temperature increases warm sensors increase and 

cold sensors decrease their activity and vice versa.  Integrated by the hypothalamus, 

the ‘sum’ of their combined activity drives either heat loss or heat production 

effectors.  The activity of the sensors overlaps but the activity of the effectors does 

not (see interthreshold range/null zone below) [Bligh, 2006].  Skin surface, deep 

abdominal and thoracic tissues, spinal cord, non-hypothalamic portions of the brain 
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and hypothalamic temperature itself each contribute, very approximately, 20 percent 

to control of autonomic thermoregulatory defences (Figure 1.1) [Kurz, 2008]. 

 

Figure 1.1: The three phases of processing thermore gulatory 

information: afferent thermal sensing, central regu lation and efferent 

responses 

([Kurz, 2008] Figure 1, p628) 

 
“The hypothalamus is the dominant thermoregulatory controller in mammals, and is shown here as a 
large square.  The skin surface, deep abdominal and thoracic tissues, spinal cord, and non-
hypothalamic portions of the brain each contribute very roughly 20 percent to control of autonomic 
thermoregulatory defences.  These inputs are shown entering the hypothalamus from the left side of 
the figure.  Hypothalamic temperature, per se, also contributes roughly 20 percent to thermoregulatory 
control. In the hypothalamus, integrated body temperature is compared to thresholds which are the 
temperatures triggering specific thermoregulatory responses.  Temperatures exceeding warm-response 
thresholds (i.e. sweating) or less than cold-response thresholds (i.e. vasoconstriction and shivering) 
initiate the corresponding thermoregulatory defence.  Temperatures between the sweating and 
vasoconstriction thresholds define the interthreshold range — temperatures not triggering 
thermoregulatory defences.  The interthreshold range is normally only 0.2 °C. Because 
thermoregulatory defences are effective in most environments, body temperature rarely deviates more 
than a few tenths of a degree from its time-adjusted target value.  The sweating, vasoconstriction, and 
shivering thresholds are from [Lopez et al., 1994], and are shown as means and standard deviations; 
the nonshivering thermogenesis threshold is estimated.”  ([Kurz, 2008] Figure 1, p629). 

 

Body temperature is maintained in the first instance by vasomotor skin responses 

(vasodilation and vasoconstriction).  If these are insufficient to maintain temperature 

either evaporative heat loss (sweating) or metabolic heat production (shivering) 
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occurs.  At extremes of hyper and hypothermia core body temperature maintenance 

fails because heat gain and heat loss mechanisms can no longer cope with demand.  

Temperature increases are therefore regulated if thermoregulatory mechanisms 

remain intact, as in fever, or may be unregulated if thermoregulatory mechanisms are 

overwhelmed, as in hyperthermia.  This is an important distinction clinically because 

treatment may be different.  Although it is worth noting that the mechanisms can 

overlap.  In heat stroke for example, particularly if exercise induced, septicaemia 

may be superimposed on hyperthermia as a result of endotoxins 

(lipopolysaccharides) migrating from the gut to the circulation [Lim and Mackinnon, 

2006]. 

 

The temperature within the thresholds for occurrence of sweating and shivering is 

known as the interthreshold range or null zone [Bligh, 2006;Mekjavic and Eiken, 

2006;Cabanac, 2006].  Whether this is actually a zone (temperature range contended 

to be approximately 0.5 °C [Cabanac, 2006]) or a ‘point’ is unclear [Bligh, 2006], 

but the existence of a zone separating heat loss and heat production has been 

challenged [Cabanac, 2006].  Nonetheless neither the set-point nor the null zone are 

considered static phenomena, their values can change and allow regulation of 

temperature at different levels in response to non-thermal factors such as hydration, 

exercise and sleep [Mekjavic and Eiken, 2006;Commission for Thermal Physiology 

of the International Union of Physiological Sciences, 2001].   

 

Whether body temperature is defended at a set-point (an idea derived from 

engineering models) or ‘balanced’ with reference to a null-zone is a key point of 

debate, even controversy, in thermal physiology [Romanovsky, 2004;Caputa and 

Romanovsky, 2005;Bligh, 2006;Boulant, 2006;Cabanac, 2006;Mekjavic and Eiken, 

2006;Romanovsky, 2007].  The set-point is not a central reference temperature, as it 

is sometimes erroneously described, but the temperature value defended by 

thermoregulation; if the actual temperature differs from the set-point then correcting 

heat production or heat loss mechanisms are activated [Cabanac, 2006;Commission 

for Thermal Physiology of the International Union of Physiological Sciences, 2001].  
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Even when correctly defined, the term set-point is considered sufficiently unhelpful 

and inaccurate by some thermal physiologists for Romanovsky to propose that it 

should be replaced with balance point.  He suggests transforming 

“… all terms for thermophysiological responses so that they 
are based on balancing active and passive processes of Tb 
[body temperature] control rather than comparing Tb with the 
set point.  This would make fever [regulated temperature 
increase] a response in which Tb balances above its normal 
value and anapyrexia [regulated temperature decrease] a 
response in which Tb balances below its normal value.” 
([Romanovsky, 2004] pR994).   

 

In this thesis the term set-point is used, defined as the temperature value defended by 

thermoregulation, because this is still the most common and well-recognised term 

and is supported by the Glossary of Terms for Thermal Physiology [Commission for 

Thermal Physiology of the International Union of Physiological Sciences, 2001].  

 

Thermoregulation is dynamic in nature.  Maintaining core temperature equilibrium 

requires balance between heat production and heat loss but a completely constant 

steady state is not the physiological norm, heat is always in motion [Houdas and 

Ring, 1982].  Under normothermic conditions metabolism and catabolism produce 

most of the heat in the body, with the remainder generated by muscle activity and 

cell friction in the blood stream.  Heat loss occurs as flow down temperature 

gradients (second law of thermodynamics) from deeper tissues to the circulating 

blood and thence to the peripheral tissues and finally to the environment, which acts 

as a heat sink.  If body temperature increases, vasodilation increases skin blood 

supply and this increases heat loss to the environment, by conduction, convection 

and radiation, provided environmental temperature is lower than body temperature.  

If environmental temperature is higher than skin temperature, heat loss by water loss 

(evaporation), for example through sweating and respiration, is the only option, 

which means adequate hydration is an important thermoregulatory factor [Sawka et 

al., 2001].  Evaporative heat loss becomes less effective with increasing 

environmental humidity levels.  If body temperature falls, vasoconstriction reduces 
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blood supply to the skin and hence heat loss to the environment and shivering 

generates additional heat by muscle tremor [Sessler, 2005]. 

 

The gradients between the arterial blood supply, the peripheral tissues and the 

environment can run in either direction, depending on changes in peripheral 

circulation and environmental temperature.  Hence peripheral tissue temperature is 

very variable.  Thermally therefore the body can be considered to have a relatively 

stable ‘core’ and a less stable ‘shell’, although there are thermal gradients within the 

‘core’ as well as the ‘shell’ [Sessler, 2005].  The human body thus has many 

temperatures and temperature gradients, with each organ and each part of an organ 

having its own temperature depending on the numerous determinants of heat balance. 

 

Behaviour is a very important component of temperature regulation, for example 

adjusting clothing and environmental temperature and increasing fluid and food 

intake.  Anything which interferes with this can adversely affect temperature 

maintenance.  Brain injury and stroke can prevent or impair behavioural 

thermoregulation and care delivery to the acutely ill must take account of this aspect 

of thermoregulation. 

 

Humans have more biological defences against heat than they do against cold.   

Romanovsky points out that in humans:  

“… thermal physiology is “asymmetrical”: body temperature 
is positioned very closely, within just a few degrees Celsius, 
to the upper survival limit (which is possibly determined by 
the denaturation of regulatory proteins) but relatively far, a 
few tens of degrees, from the lower limit (which is likely 
determined by the freezing of water).  Therefore, core 
overheating is much more dangerous than overcooling.” 
([Romanovsky, 2007] pR37).   

In consequence, furthering knowledge and understanding of mechanisms which can 

facilitate heat loss, such as those pertaining to the upper airways and the skull, may 

be important. 



Heat loss from upper airways and through skull: studies of direct brain cooling in humans 
 

Chapter 1: Brain temperature and brain cooling mechanisms in health  32 

 

1.3 Brain temperature in healthy humans  

This section presents data on brain temperature in humans, and some factors relating 

to brain temperature gradients and cerebral blood flow and brain temperature. 

 

1.3.1 ‘Normal’ brain temperature 

For obvious reasons, few studies in humans have measured brain temperature 

directly (invasively) at more than one site and there are none, to my knowledge, in 

completely healthy humans.  This makes it difficult to say what constitutes 

normality.  Most studies using intracranial temperature measurement have been 

conducted in brain-injured, intubated patients, sometimes during surgery with the 

brain exposed.  All of these factors may affect brain temperature.  However a few 

studies have been found in nearer to normal, self-ventilating humans who were 

conscious and unsedated.   

 

In a study of six adults during evaluation for epilepsy surgery subdural temperature 

at the parahippocampal gyri was shown to have a 24 hour rhythm, varying by >1 °C 

over this time, with the peak at 2000–2100 hours, before sleep onset, and the trough 

just before waking in the morning [Landolt et al., 1995].  The authors comment that 

“absolute temperature values differed considerably between patients” and give the 

range of mean values as 35.2–37.2 °C for the right side and 36.7–37.2 °C for the left 

[Landolt et al., 1995].  Data is shown for one of the men who had temperature 

measurements over six days; temperature on the right was about 0.4 °C warmer than 

on the left [Landolt et al., 1995].  There is no mention of seizures in this paper but 

the patients had electroencephalogram monitoring and it is therefore probably 

reasonable to assume that the occurrence of seizures would have been noted because 

this could affect temperature measurements.    

 

In a 12 year old boy, during a course of radiotherapy starting eight days following 

surgery for a pineal tumour, brain temperature also followed a circadian rhythm with 

the lowest temperatures recorded around 0300 [Shiraki et al., 1988].  In the overnight 
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recording, parenchymal temperature ranged from around 36.9–38.2 °C ([Shiraki et 

al., 1988] Figure 4, p486).  There was a consistent difference between ventricular 

temperature and white matter 1 cm above the ventricle of approximately 0.2 °C, with 

white matter warmer [Shiraki et al., 1988]. 

 

Mariak et al [1999] measured brain temperature in four patients after surgery for 

minor subarachnoid haemorrhage (occurring 7–10 days earlier).  The patients were 

selected for being close to a normal physiological state, although they were being 

actively warmed with a heating pad to induce mild hyperthermia, evinced by 

sweating.  The mean intracranial temperature ranged from 37–37.8 °C (calculated 

from [Mariak et al., 1999] Figure 1, p1610).  There were within-patient gradients 

between subdural temperature and temperature between the frontal lobes above the 

cribriform plate of between 0.4–0.8 °C, with subdural warmer [Mariak et al., 1999].   

 

This, albeit sparse, data shows quite a range of absolute brain temperatures from 

35.2–38.2 °C.  (By way of context a systematic review gives normal temperature 

ranges in adults of 33.2–38.2 °C for oral and 34.4–37.8 °C for rectal [Sund-Levander 

et al., 2002].)   This data also indicates that temperature gradients between deep and 

superficial brain areas can be as large as 0.8 °C, with deep brain cooler than 

superficial, and with up to 0.5 °C difference between right and left hemispheres.  

However, different temperature measuring devices, sites of measurement and subject 

conditions will all have had an influence; therefore firm conclusions regarding 

normal brain temperature would be unwise on the basis of this data.   

 

1.3.2 Brain temperature gradients 

Nevertheless, it is to be expected that brain temperature will vary and that 

temperature gradients exist in the human brain, as in the rest of the body.  Some of 

the brain temperature models predict that ‘core’ brain temperature is “practically 

homogenous” [Sukstanskii and Yablonskiy, 2007] but the temperature in each 

hemisphere is a reflection of heat production (metabolism) and heat removal (by 

various means but probably primarily blood flow).  Therefore, given that the 
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hemispheres are functionally and anatomically asymmetrical, it would be surprising 

if the temperature was the same in both.   

 

With regard to heat removal, it has been shown in goats, with a carotid rete 

(explained in section 1.6 below), that selective brain cooling can alter brain 

temperature unilaterally [Kuhnen, 1995] and an interhemispheric temperature 

difference has been shown in rabbits, who do not have a carotid rete [Yaitchnikov 

and Gurevitch, 1994].  Whether brain cooling mechanisms in humans, who also have 

no carotid rete, can reduce brain temperature unilaterally is not known.    

 

With regard to heat production, whilst both hemispheres can process most 

information  

“…they do so in fundamentally different manners.  The right 
hemisphere excels at more holistic and coarse processing of 
information, whereas the left excels at more analytic and 
fine-grained processing of information …” ([Banich, 2009] 
abstract).   

Therefore metabolism could be expected to vary between hemispheres depending on 

the tasks being undertaken.  Handedness, gender and age are some of the factors 

postulated to play a part in brain temperature asymmetry [Heusch and McCarthy, 

2005].  However, although brain temperature gradients are to be expected, which 

areas of the brain are more metabolically active under which circumstances and the 

reasons for this are highly complex and involve far more than ‘simple’ 

interhemispherical differences, as can be seen in imaging studies [Jaeggi et al., 

2007;Kowatari et al., 2008]. 

 

1.3.3 Cerebral arterial blood flow and brain temper ature 

The brain is highly metabolically active but performs no mechanical work which 

means much of the resultant energy ends up as heat.  There is some evidence in 

humans that when regional oxidative metabolism increases in response to 

stimulation, the blood flow to the area increases in excess of oxygen consumption 

which results in a reduction in local brain temperature [Fox and Raichle, 

1986;Yablonskiy et al., 2000].  However, whether this is ‘chicken’ or ‘egg’ is a 
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matter of debate.  Kiyatkin’s view is that brain temperature is not a passive parameter 

in this relationship and that cerebral blood flow is increased 

“… in advance of actual metabolic demands (“anticipatory” 
metabolic activation), thus providing a crucial advantage for 
successful goal-directed behavior and the organism’s 
adaptation to potential energetic demands.” ([Kiyatkin, 
2007b] p7). 

 

If incoming arterial blood is to remove heat from the brain then it must be cooler 

than the brain.  In conscious, non-human primates, the temperature of the arterial 

blood supply to the brain has been shown to be lower than various intracranial 

temperatures (for example in the hypothalamus) and arterial blood is considered to 

be the principle means of brain cooling [Hayward and Baker, 1968;Maloney et al., 

2007b].  This is commonly believed to be the case in healthy humans also, although 

there are no equivalent studies and the difficulties of measurement make it difficult 

to be certain [Mariak, 2002;Zhu et al., 2006].   

 

In the boy in Shiraki et al’s study, ventricular brain temperature was consistently 

about 0.4–0.5 °C above oesophageal temperature and parenchymal temperature about 

0.6–0.7 °C higher [Shiraki et al., 1988].  In three out of four patients in Mariak et al’s 

study, once they were self-ventilating, subdural temperature was 0.2–0.4 °C higher 

than oesophageal temperature but temperature at the base of the brain was about 0.2–

0.6 °C lower [Mariak et al., 1999].  These results give indirect support to the view 

that brain temperature is higher than carotid blood temperature.  However, it would 

be unwise to draw firm conclusions regarding the relationship between incoming 

arterial temperature and intracranial temperature in healthy humans from so few 

subjects, who were not fully healthy, with oesophageal temperature as a proxy for 

carotid or aortic arch temperature.  As Mariak wrote in a later paper:  

“The exact magnitude of this crucial temperature offset in … 
humans is … unknown.” ([Mariak, 2002] p220). 
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1.3.4 Summary: brain temperature in healthy humans 

Intracranial temperature is dynamic and not homogenous.  Temperature gradients 

exist within the brain and between the brain and the body and vary with changing 

metabolism, blood flow and thermoregulatory requirements. 

 

1.4 Non-invasive proxy brain temperature measuremen t 

A major problem in brain cooling research in humans is the difficulty of measuring 

intracranial temperature and some of the controversy over results, particularly with 

regard to selective brain cooling, is a consequence of this.  In healthy humans brain 

temperature is not measured invasively.  Two methods of non-invasive proxy 

measurement have been used — tympanic membrane temperature and auditory 

evoked potentials — which are discussed here. 

 

1.4.1 Tympanic membrane temperature 

Much of the research in healthy humans relies on tympanic membrane temperature 

which was developed as a non-invasive assessment of hypothalamic temperature, one 

of the gold standard sites for core temperature measurement [Benzinger and Taylor, 

1963].   Its proponents consider it to be an index of global brain temperature because 

blood coming from the brain via the jugular vein makes the thermal link between the 

brain and the ear drum [Nagasaka et al., 1998].  Precise and careful technique is 

important if reliable readings are to be obtained, without thermal contamination from 

the wall of the ear canal (subject to cooling from facial skin), and trauma avoided 

[Sato et al., 1996].  There is a risk of ear drum perforation, particularly in 

unconscious patients [Wallace et al., 1974].  The thermistor must be placed directly 

on the anterior lower quarter of the ear drum, secured so that it does not move and 

the ear carefully insulated [Brinnel and Cabanac, 1989].  If this is done it has been 

found to be a reliable measure of core temperature.  (NB Tympanic membrane 

temperature should not be confused with measurement of aural temperature with an 

infrared thermometer which is not equivalent and notoriously prone to error  

[Erickson and Meyer, 1994;Fulbrook, 1997;Guiliano et al., 2000].) 
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However, some researchers doubt the reliability of tympanic membrane temperature 

as a measure of brain temperature because it has been shown that it tracks changes in 

head skin temperatures resulting from cooling and heating of the head [Livingstone 

et al., 1983;McCaffrey et al., 1975a;McCaffrey et al., 1975b].  Livingstone and 

colleagues suggest that this may be because the tympanic membranes are supplied by 

both the internal and external carotid arteries whereas the hypothalamus is supplied 

from the internal carotids.  Therefore, 

“…external temperatures cooling the territory of venous 
drainage of the external carotid may, by a process of 
countercurrent heat exchange, cool the external carotid 
arterial blood and in consequence cool the tympanic 
membrane.  External temperatures may, by this mechanism, 
affect the tympanic temperatures more readily than other 
deep temperatures.” ([Livingstone et al., 1983] p1030). 

Zenon Mariak, a neurosurgeon, has undertaken several studies comparing tympanic 

membrane temperature to various intracranial temperatures [Mariak et al., 

1993;Mariak et al., 1994a;Mariak et al., 1994b;Mariak et al., 2003] and asserts that 

tympanic membrane temperature is the closest non-invasive proxy for mean brain 

temperature [Mariak et al., 1994b].   

 

These studies by Mariak and colleagues are open to criticism on statistical grounds 

because of the use of regression analysis to assess agreement between sites and 

methods of temperature measurement [Bland and Altman, 1986b].  However, they do 

support the thesis that there is a direct relationship between tympanic membrane 

temperature and brain temperature in humans, although this varies depending on 

individual anatomy (size of jugular bulb and bone thickness between the jugular bulb 

and the tympanum), thermoregulatory state (which affects the precise directions of 

venous outflow from the brain), and brain injury and ischaemia [Mariak, 2002].  But, 

in a reassessment of two early studies by Cabanac and Caputa [Cabanac and Caputa, 

1979a;Cabanac and Caputa, 1979b], Simon argues that the relationship is not close 

enough for tympanic temperature to be used as a substitute for intracranial 



Heat loss from upper airways and through skull: studies of direct brain cooling in humans 
 

Chapter 1: Brain temperature and brain cooling mechanisms in health  38 

temperature for the purposes of demonstrating selective brain cooling in humans 

[Simon, 2007].  His view is 

“Tympanic temperature seems to represent a tissue 
compartment which is to some extent peripheral to the body 
core, in particular to the brain.” ([Simon, 2007] p25). 

 

1.4.2 Auditory evoked brainstem potentials 

Measurement of interpeak latencies of auditory evoked brainstem potentials is 

another method of assessing brain temperature indirectly which has been used in 

studies of brain cooling in healthy humans [Jessen and Kuhnen, 1992;Nielsen and 

Jessen, 1992;Langer et al., 1994;Mekjavic et al., 2002].  It is a non-thermometric 

method of temperature measurement in which the auditory pathways to the brainstem 

are stimulated by clicks of varying sound frequencies.  The interpeak latencies of 

brainstem potentials which are evoked by the clicks are assumed to reflect speed of 

nerve conduction along the auditory pathway and are exponentially related to 

brainstem temperature [Jessen and Kuhnen, 1992].  Auditory evoked brain-stem 

potentials are subject to artefact [Jessen and Kuhnen, 1992;Nielsen and Jessen, 

1992], and have also been criticised in the context of brain cooling by face fanning 

because the sensitivity to temperature change is estimated to be only about 0.4 °C 

[Cabanac, 1993a]. 

 

1.4.3 Summary: non-invasive proxy brain temperature  measurement 

Neither tympanic membrane temperature nor auditory evoked brainstem potentials 

are entirely satisfactory substitutes for direct intracranial temperature measurement.  

However, of the two, tympanic membrane temperature has been more widely used 

for this purpose and has more evidence to substantiate it. 
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1.5 Evolution and anthropology of brain cooling 

 mechanisms 

In a thesis on human brain cooling some consideration of the evolution and 

anthropology of mechanisms is warranted; the possible genetic and environmental 

‘why’, as an adjunct to the anatomical and physiological ‘what’.  The evolution of 

the human brain is a complex and sometimes controversial subject involving many 

interrelated factors which include diet, climate and social organisation [Park et al., 

2007].  What is considered here are three elements of human anatomy which may 

have a relationship with brain cooling and that have, at least in part, been shaped by 

evolutionary adaptations to environmental stressors: cerebral veins (specifically 

emissary and diploic veins), nose size and shape, and the paranasal sinuses. 

 

1.5.1 Cerebral veins 

The evolution of a mechanism for human brain cooling, the radiator theory, has been 

a matter of some debate [Falk, 1990;Falk, 2004;Falk, 2006].  The general principle 

behind this theory is that the brain can only be as big as the venous system can cool.  

Therefore, as humans have evolved and developed larger brains it is thought they 

must also have developed an increased venous cooling capacity, although which 

came first is open to question.  According to Falk, selection for bipedalism 

necessitated adaption of the vascular system [Falk, 1990;Falk, 2004;Falk, 2006].  

The result was that a cranial ‘radiator’ system of veins developed which delivered 

blood to the vertebral plexus of veins surrounding the spinal cord, which was a 

gravity driven requirement for standing, and also helped cool the brain in conditions 

of thermal stress (Figure 1.2).  This meant that brain size was no longer held in check 

by thermal constraints.  Therefore when the brain developed in size its cooling 

system could keep pace with the increased temperature production. 
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Figure 1.2: The ‘radiator’ network of veins 

([Falk, 2004] Figure 7.2, p156 and http://www.anthro.fsu.edu/research/falk/concepts.html 

accessed 19.12.08) 

 

 

The ‘radiator network’ of veins is extensive.  Small veins on the surface of the skull enter the bone, 
within which they merge with diploic veins.  These, in turn, communicate with the meningeal veins on 
the inside of the skull as well as the venous sinuses.  Some veins, known as emissary veins, penetrate 
through the skull via small holes known as emissary foramina.  The named emissary veins, for 
example parietal (P) and mastoid (M) (there are others), are relatively large.  SS = sagittal sinus, T = 
transverse sinus, S = sigmoid sinus, V = veins of the vertebral plexus with the internal jugular vein 
running anterior to these from the sigmoid sinus. 

  

In support of the radiator theory, Falk’s research counting emissary foramina in 

skulls, from the fossil records through to modern humans, has shown that as the 

brains of early humans grew in size their emissary veins developed in tandem [Falk, 

1986].  Pélissier-Hermitte has confirmed this with skulls from other collections and, 
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additionally, demonstrated a relationship between increasing emissary drainage and 

higher environmental temperature [Pélissier-Hermitte, 2006].   

 

Hershkovitz et al have investigated diploic veins by X-raying 128 human skulls held 

in museum collections, including adults and children [Hershkovitz et al., 1999].  

They found diploic vein size and distribution was much more variable than most 

anatomy texts suggest (for example Gray’s Anatomy [Warwick and Williams, 

1973]); indeed the authors compared them to finger prints in their individuality.  

There was a tendency for larger skulls to have more well-developed systems and 

humans were found to have more complex and dense diploic vein systems than other 

apes.  The lack of change in diploic vein patterns with age in the skulls from seven 

families included in the study suggested a genetic basis to the distribution 

[Hershkovitz et al., 1999]. 

 

Cerebral venous cooling is considered so important that, on the basis of Falk’s 

research, Kunz and Iliadis have recently stated:  

“… hominid evolution can be viewed as an increase in the 
diversity of means to regulate brain temperature by cooling 
the cerebral venous blood.” ([Kunz and Iliadis, 2007] p1376).   

 

1.5.2 The nose 

A number of anthropological studies report that longer, narrower (leptorrhine) noses 

occur in populations from cold, dry climates and broader, flatter (platyrrhine) noses 

in populations from warmer, moister ones [Wolpoff, 1968;Carey and Steegmann, 

1981;Hall and Hall, 1995].  The potential significance of this for brain cooling is that 

there are two factors which affect heat loss from the upper airways.  Firstly, nose size 

and shape, which is fixed and, externally at least, appears to be related to the climate 

in which populations have evolved.  This may be, I suggest, primarily an inspired air 

conditioning mechanism.  Secondly, nasal mucosal blood flow which is not fixed and 

responds to changing conditions such as skin temperature, arousal, air temperature 
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and humidity.  Alterations in nasal mucosal blood flow may contribute to brain 

cooling. 

 

Considering, firstly, nose size and shape and inspired air conditioning.  Davies 

investigated the relationship between nasal index (width:length) and climate using 

anthropological data from many parts of the world, including Africa, Europe and 

North and South America [Davies, 1932].  When allowance was made for population 

migrations it seemed that people in cooler climates had lower nasal indices (a 

narrower nose in relation to nose height) than those in warmer climates [Davies, 

1932].  This premise has been supported by several subsequent studies which 

included skulls from a wide range of populations and climates [Wolpoff, 

1968;Glanville, 1969;Carey and Steegmann, 1981;Hall and Hall, 1995].  Hall and 

Hall concluded that  

"variation in the nasal index supports prior studies of 
selection of longer, narrower noses in cold and dry climates 
and broader noses in warmer, moister ones." [Hall and Hall, 
1995].    

In colder climates there is a greater need for warming and humidifying of inspired air 

than for brain cooling. The nose accounts for half or more of the total airway 

resistance and resistance is greatest during inspiration [Ferris et al., 1964].  The site 

of greatest resistance is the anterior valve at the entrance to the nose [Drake-Lee, 

1997].  Resistance causes turbulence and increased velocity in inspired air which 

increases conditioning of the air (i.e. heat and water loss from the nose to the inspired 

air).  A decrease in cross section also increases resistance and narrower noses are less 

circular in cross section, particularly at their entrance, than broader noses [Wolpoff, 

1968].  Glanville suggests that the area of the nostril openings is the same no matter 

whether the nose is broad or narrow, i.e. it is the shape which changes — rounder in 

broad noses and more oval in narrower noses because narrower noses are more 

prominent [Glanville, 1969].  However, for a specified cross-sectional area and mean 

air velocity, a round ventilation duct has less fluid resistance against airflow than 

rectangular and flat oval ducts.  It seems possible therefore that rounder (more 

dilated) nostrils may convey a brain cooling advantage appropriate for hotter 
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climates, because they produce less resistance to airflow thereby facilitating the 

increase in nasal airflow required by the increased ventilatory response to 

hyperthermia (for example when exercising).  The increased ventilatory response to 

hyperthermia may contribute to brain cooling [White and Cabanac, 1995b;White and 

Cabanac, 1996]. 

 

In summary, therefore, narrower, more projecting noses with less rounded nostrils 

may have greater inspired air conditioning capacity and be more suited to 

populations from colder, drier climates [Wolpoff, 1968;Glanville, 1969].  Wider, 

flatter noses have rounder nostrils, which may decrease nasal resistance and produce 

less conditioning, and therefore be helpful for populations in hotter and more humid 

climates.   

 

The other way in which heat loss from the upper airways can be increased is by an 

increase in nasal mucosal blood flow which increases resistance and also the surface 

area of nasal mucosa exposed to air and therefore the potential for heat loss.  

Generalised hyperaemia occurs in hyperthermia and in fever, once the chill phase is 

passed and heat loss mechanisms are activated, and venous blood cooled by the nose 

flows back to the cavernous sinus and may contribute to brain cooling (see below).  

Speculatively, therefore, narrower noses, by virtue of their shape and thus inherent 

resistance properties, may facilitate extraction of sufficient heat for conditioning 

even at reduced rates of nasal mucosal blood flow, helped by the fact that during 

inspiration blood from the nasal arteries flows in the opposite (countercurrent) 

direction to inspired air [Drake-Lee, 1997].   

 

On the other hand, noses which are structurally less resistant to airflow, i.e. which 

are wider and flatter with rounder nostrils, may be able to accommodate greater 

increases in nasal mucosal blood flow (swelling) and therefore may have greater 

capacity for brain cooling.  The “almost unlimited permutations of mucosal 

perfusion” as a result of changes in arterial and venous flow and arteriovenous 
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shunting ([Drake-Lee, 1997] p1/6/12) are likely to be explanatory in the air 

conditioning/heat loss/brain cooling equation, particularly as the nasal veins can 

carry blood cooled in the nose back to the brain.  However, detailed consideration of 

this is beyond the scope of this thesis and there is little research on the brain cooling 

aspect.   

 

Nevertheless, there is some circumstantial substantiation for the possible contribution 

of nasal mucosal blood flow to brain cooling.  Calhoun et al found that nose size and 

shape made no significant difference to nasal airflow and resistance when they 

studied black, white and Hispanic people [Calhoun et al., 1990].  However, they 

present no data on ambient air temperature and humidity or nasal mucosal blood flow 

and appear not to have controlled for these factors.  If their subjects were breathing 

temperate indoor air, not at extremes of temperature and humidity, which seems 

likely in hospital based research, one would expect the nasal resistance and therefore 

airflow to be similar between subjects, since a similar degree of inspired air 

conditioning and brain cooling would be required.  The factor which can be changed 

to achieve such between-subject consistency is nasal mucosal blood flow and 

consequently surface area.  Thus one would expect variation in nasal mucosal blood 

flow to account for the lack of variation in nasal resistance and airflow.   In hotter 

climates people with narrower noses could be expected to have increased nasal 

mucosal blood flow, since this would be the principle means of increasing upper 

airways heat loss, and therefore potentially facilitating cooling of the brain, in the 

absence of having a nose size and shape which was evolutionarily acclimatised.  In 

support of this possibility there is some evidence that white people living in tropical 

climates do exhibit greater nasal mucosal vasodilation than black people [Novotny, 

1975].   

 

1.5.3 The paranasal sinuses  

Humans have four pairs of paranasal sinuses — maxillary, sphenoidal, ethmoidal and 

frontal (Figure 1.3) — which develop from the nasal cavity lining during the growth 

of the face.  Their purpose has been and still is the subject of much debate.  Although  
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Figure 1.3: The paranasal sinuses in humans 

([Rae and Koppe, 2008] Figure 1, p212) 

 

 

“V irtual reconstruction of the head of Homo sapiens showing the size and position of the paranasal 
sinuses.  African apes, including humans, are the only extant taxa to possess all four of the sinuses 
found in primates.”  ([Rae and Koppe, 2008] p212). 

 

a number of theories have been proposed [Drettner, 1982;Rhys Evans, 1992;Drake-

Lee, 1997], some of which are evolutionary [Rhys Evans, 1992], the relevance of 

paranasal sinuses to humans in the 21st century remains unclear.  It may be that they 

do not have a function or that their current utility is now divorced from their 

evolutionary origin [Rae and Koppe, 2008].  Drake-Lee goes so far as to say  

“… they assume importance in the diseased state only ... 
whatever physiological role they play, it is not essential and 
of only minor importance.  ... It is probable that, apart from 
mucus production and some strengthening of the facial bones, 
the paranasal sinuses have little or no physiological 
function.” ([Drake-Lee, 1997] p1/6/19–20).   

However, one of the reasons sinus problems cause so much misery could be because 

the physiological role of the sinuses is impaired and this has as yet poorly understood 

ramifications for health in perhaps subtle but important ways.  Their role may not be 
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essential, having all ones limbs is not essential, but it may make a significant 

contribution to wellbeing. 

 

Many theories have been discredited but one which still receives support is the 

notion that the sinuses play a part in brain temperature regulation [Rae and Koppe, 

2008].  This idea seems to have been first proposed by Proetz, who conceived of the 

sinuses as a kind of insulating ‘jacket’ protecting nearby temperature sensitive 

structures, including the brain and eyes, from otherwise unhelpfully cold temperature 

fluctuations in the nasal cavity [Proetz, 1953].  Figure 1.4 shows a frontal view of the 

nasal cavity with the adjacent sinuses. 

 

The paranasal sinuses are particularly well developed in higher primates, and 

especially so in humans, indeed only humans have more than a vestigial ethmoid 

sinus [Rhys Evans, 1992;Lund, 1997] (Figure 1.4).  This is consistent with a role in 

brain cooling.  Koertvelyessy investigated the relationship between climatic 

conditions and the variation in size of human frontal sinuses in Eskimo skulls.  He 

found that populations associated with cold environments generally had smaller 

mean frontal sinus surface areas than populations associated with warmer 

temperatures [Koertvelyessy, 1972].  Shea found that maxillary sinus volume also 

decreased in Eskimo populations from colder areas, possibly because expanded 

internal nasal structures encroach on the area available for the maxillary sinus [Shea, 

1977].  Brothwell observed large frontal sinuses in African Negros [Brothwell, 

1968], although conversely in some Sudanese and Native Australians no frontal 

sinuses have been found [Rae and Koppe, 2008].  It was the tendency towards 

smaller sinuses in colder climates and larger ones in warmer climates which led some 

authors to discount Proetz’s thermal insulation theory on the grounds that if sinuses 

were to act as insulators larger ones would be required in colder climates [Rhys 

Evans, 1992;Keir, 2008].  However that may be looking at things the wrong way 

round.  
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Figure 1.4: Frontal coronal section of the nasal ca vity and paranasal 
sinuses (A: Diagram; B: Computerised tomography cis ternogram) 

A: Diagram 

 
The thin bone of the cribriform plate (on each side of the perpendicular ethmoid bone marked 1) 
forms the roof of the nasal cavity.  The superior, middle and inferior turbinates project into the nasal 
cavities (marked 3–5 respectively in the left nasal cavity).  NB Because no mucosa is shown on the 
turbinates the nasal cavities appear much more open than they are in reality.  The computerised 
tomography cisternogram (B below), although not normal, allows better appreciation of the 
narrowness of the nasal cavities.  (http://www.portal.dentexcare.com/students.php  Accessed 18.4.09) 

B: Computerised tomography cisternogram 

 

(http://www.nyee.edu/ent_rss_sts_csf01.html Accessed 18.4.09) 
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According to Drettner, a 90% air change takes about 5 minutes with quiet nose 

breathing and about 10 minutes with mouth breathing if the ostia are patent 

[Drettner, 1980].  Paulsson et al found the half-time washout for 133-Xenon was  

0–18 minutes (±8–23 minutes), depending on which sinus was assessed [Paulsson et 

al., 2001].  Sinus pressure is positive on expiration [Drettner, 1982] facilitating air 

change on inspiration rather than expiration.  Therefore air temperature in the sinuses 

is related to ambient air temperature, but subject to less rapid change than air in the 

nose, and ambient air temperature, even in hot climates, is usually lower than core 

body temperature.  Sinus air temperature will be higher than ambient air temperature 

because of conditioning [Drettner, 1982] but lower than core body temperature, since 

full conditioning does not occur until lower in the respiratory tract [Irlbeck, 1998].  

In the maxillary sinus, for example, temperature has been assumed to be 36 °C 

[Drettner, 1982], supposing core body temperature is 37 °C.  Therefore the cooler the 

ambient air temperature the cooler the temperature in the sinuses.  Thus the paranasal 

sinuses may act like a ‘cool pack’ rather than an insulator; the bigger the paranasal 

sinuses the bigger the ‘cool pack’ and vice versa.    They lie under the brain in front 

of the brainstem, i.e. adjacent to the parts of the brain which are not covered by the 

skull and dural venous sinuses.   

 

There is also another factor; blood flow in the sinuses is very high.  It is as high as in 

the nose, higher than cerebral blood flow and only exceeded by blood flow in the 

lungs and kidneys, and plays a part in transporting warm blood to the nose for heat 

removal [Drettner and Aust, 1977;Rae and Koppe, 2008].  Therefore smaller sinuses 

would be advantageous in colder climates because they would allow transport of less 

blood to the nose than larger sinuses and less heat would be lost.  Conversely larger 

sinuses would transport more blood to the nose for heat removal which would be an 

advantage in hot climates.   

 

A very recent hypothesis suggests a further function for the paranasal sinuses.  Lee 

has proposed that the sinuses, in conjunction with the teeth, may have a vibrational 
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function which prevents cerebrospinal fluid stasis around the frontobasal aspects of 

the brain and that loss of this function, for example with loss of teeth, may contribute 

to Alzheimer’s Disease [Lee, 2008].  If true, possibly this function might facilitate 

brain temperature regulation because cerebrospinal fluid contributes to brain cooling 

[Zenker and Kubik, 1996]. 

 

1.5.4 Additional considerations 

The full picture regarding the development of cooling mechanisms is complex 

because there is a good deal that can probably never be known with certainty about 

evolutionary influences on thermoregulation.  Climate is not the only factor which 

influences the size and shape of the nose and sinuses, others include mastication and 

dentition, the form and shape of the face and cranium as a whole, and genetics 

[O'Higgins et al., 2006].  The complexities of nasal airflow in relation to morphology 

are also considerable and there is still a great deal which is not understood [Churchill 

et al., 2004].  Furthermore, although there are general principles regarding 

morphology there is nevertheless considerable individual variation.  Nor are the 

aspects considered here divorced from other evolutionary thermoregulatory 

adaptations to climate, such as sweating patterns, blood flow rates, body morphology 

and skin colour (see for example [Samueloff, 1987]), or from the context of 

behavioural modification to climate (for example [Wolpoff, 1968;Koertvelyessy, 

1972]).  Finally, even though evolution has unquestionably shaped humans, it should 

be noted that consideration of racial difference is not without controversy because it 

is a complex subject and categorising populations and individuals on the basis of race 

can be associated with negative stereotyping and discrimination [Loue, 2006]. 

 

1.5.5 Summary: evolution of brain cooling mechanism s 

In summary, although there is much that is not known, it is suggested here that 

evolution has facilitated human brain development by producing the anatomical and 

physiological mechanisms for cooling larger brains and that these mechanisms are 

still relevant today.  In particular that increased venous cooling capacity allowed 



Heat loss from upper airways and through skull: studies of direct brain cooling in humans 
 

Chapter 1: Brain temperature and brain cooling mechanisms in health  50 

increased brain size, that nose size and shape and thus nasal mucosal blood flow 

facilitated climate appropriate heat loss and that the paranasal sinuses have some 

function as a ‘cool pack’. 

 

1.6 Selective brain cooling 

1.6.1 Definition and background 

Selective brain cooling is defined in the ‘Glossary of Terms for Thermal Physiology’ 

as: 

“Lowering of brain temperature, either locally or as a whole, 
below aortic (arterial blood) temperature.  Cool venous blood 
returning from cephalic heat dissipating surfaces acts as a 
heat sink, either for brain tissue directly or for arterial blood 
supplying brain tissue.  Special vascular arrangements, e.g., 
the ophthalmic or carotid retia mirabilia [carotid rete], 
support arterio-venous heat exchange underlying selective 
brain cooling.” [Commission for Thermal Physiology of the 
International Union of Physiological Sciences, 2001]. 

 

Selective brain cooling seems to have been first mooted in the 1960’s [Baker and 

Hayward, 1967;Magilton and Swift, 1967] but it does not feature in the first edition 

of the Glossary of Terms for Thermal Physiology [Bligh et al., 1973].  Initially the 

concept was viewed with scepticism because it was thought that local cooling of the 

brain would cool the hypothalamic thermoreceptors and thus suppress the defence 

response to hyperthermia, i.e. open the thermoregulatory loop and prevent the 

hypothalamic temperature sensors from detecting changes of body temperature 

[Cabanac and Brinnel, 1985;Cabanac, 1993b;Brengelmann, 1993].  Its existence in 

animals with a carotid rete was demonstrated fairly conclusively quite early on 

[Baker, 1979], but its purpose, as a thermoregulatory mechanism rather than a means 

of protecting the brain from hyperthermia, is still the subject of investigation and 

discussion [Jessen, 2001;Mitchell and Lust, 2008]. 
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1.6.2 Carotid rete and related anatomy 

The carotid retia mirabilia (marvellous network), or carotid rete, is present in two 

mammalian orders: felids (cats) and artiodactyls, which are animals with even-toed 

hooves (for example sheep, pigs, goats, deer, reindeer) [Jessen, 2001].  It is located 

in the cavernous sinus and consists of a fine network of arteries arising from the 

carotids; blood flows through the rete from the body to the brain (Figure 1.5). 

 

Figure 1.5: The carotid rete  

 ([Baker, 1979] p116) 

“The carotid rete, located within a hollow known as the cavernous sinus at the base of a sheep’s brain, 
is exposed in this cutaway drawing.  Venous blood, draining from the nose and mouth, enters the 
sinus from the left, bathes the small arteries of the rete and leaves via veins that enter the internal 
jugular vein at the right.  At the same time arterial blood from the heart enters the rete via branches of 
the external carotid artery (right) and travels on to the circle of Willis (top) after losing some of its 
heat to the pool of cooler venous blood.” ([Baker, 1979] p116). 
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The large surface areas of the rete and the sinus form a vascular countercurrent heat 

exchanger.  When venous blood cooled in the nasal mucosa is routed to the 

cavernous sinus via the angularis oculi vein, blood flowing through the rete is cooled 

and selective brain cooling occurs.  When blood from the nasal mucosa is routed 

away from the cavernous sinus to the facial vein and thence to the jugular vein, blood 

in the rete is not cooled and selective brain cooling does not occur.  Which direction 

the blood takes is under the control of the sympathetic nervous system, increased 

sympathetic tone constricts the angularis oculi vein and dilates the facial vein and 

prevents selective brain cooling [Baker, 1979;Baker, 1982;Jessen, 2001].  Flow 

direction in the angularis oculi vein also depends on temperature in the nose, because 

there must be a thermal gradient if the brain is to be cooled, and flow to the 

cavernous sinus appears only to occur when nasal mucosal temperature is below 

brain (hypothalamic) temperature [Maloney and Mitchell, 1997].  When selective 

brain cooling is active the brain is typically cooled up to 1 °C below incoming 

carotid blood temperature, but more than 2 °C appears to be possible [Baker, 

1982;Mitchell et al., 2002].  Figure 1.6 shows the angularis oculi and facial veins in 

sheep and Figure 1.7 shows the comparative anatomy of a sheep with a carotid rete 

and a monkey without one. 

 

1.6.3 Purpose of selective brain cooling 

Since interference with the thermoregulatory loop was an initial objection to the 

existence of selective brain cooling, Kuhnen and Jessen investigated this in goats  

[Kuhnen and Jessen, 1991;Kuhnen and Jessen, 1992].  The goats increased their 

minute volume and respiratory rate in conditions of high humidity to counteract the 

reduction in respiratory heat loss, which occurs when breathing humid air, and 

resultant increase in hypothalamic temperature.  When the temperature of the 

hypothalamus was kept constant an increase in breathing did not occur with high 

humidity compared with low humidity.  Kuhnen and Jessen concluded  

“… that selective brain cooling is not a passive side-effect of 
panting, but a controlled thermoregulatory mechanism.” 
([Kuhnen and Jessen, 1991] p208). 
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Figure 1.6: Angularis oculi and facial vein in shee p 

[Maloney and Mitchell, 1997] Figure 1, pR1109) 

 

 

They proposed that selective brain cooling contributes to rather than interrupts the 

thermoregulatory loop.  During normothermia  

“… its effect is to economize the onset of shivering and 
panting, and to establish a range of internal temperatures 
within which metabolic rate and respiratory evaporative heat 
loss are simultaneously at low levels.” ([Kuhnen and Jessen, 
1992] p204).   

 

Selective brain cooling has also been shown to be a water conservation mechanism; 

it increases during dehydration in sheep for example [Fuller et al., 2007].  In humans 

cycling at a rate sufficient to cause hyperthermia and sweating, Caputa and Cabanac 

found that dehydration reduced tympanic membrane temperature below oesophageal 

temperature and inhibited sweating on the body but not on the forehead [Caputa and 

Cabanac, 1988].  This suggests that even in humans, in whom global selective brain 
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Figure 1.7: Blood supply to the brain in monkey (wi thout carotid rete) 

and sheep (with carotid rete)  

([Baker, 1979] p115) 

 
“Supply of blood to the brain of a mammal moves from the heart in one of two basic ways, depending 
on whether or not the mammal has a carotid rete.  The sheep (top) has a rete but the monkey (bottom) 
does not.” [Baker, 1979, p115].  Arterial blood travels from the heart via the carotid (mainly) and 
vertebral arteries and their branches to the circle of Willis.  In sheep the common carotid arteries and 
branches detour through the network of vessels that form the carotid rete; this acts as a heat exchanger 
and is located within the cavernous sinus in a pool of venous blood.  In monkeys the carotid arteries 
pass through the cavernous sinus in an ‘S’ bend, but there is no rete so the facility for heat exchange 
with the venous blood in the sinus is greatly reduced [Baker, 1979]. 
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cooling is controversial (see below), heat loss from the head may have a water 

conserving function, or perhaps that cooling of the brain is given preference under 

conditions of dehydration.  The effect of lowering brain temperature is to reduce 

evaporative heat loss — water loss from sweat and respiration — which conserves 

water [White, 2006].  For this purpose it is believed that global brain temperature 

reduction is not necessary and that local cooling to adjust the temperature of the 

thermoregulatory effectors at the base of the brain is sufficient [Mitchell et al., 2002].   

 

Therefore, having originally been viewed as a mechanism to protect the (supposedly) 

particularly vulnerable brain from excessive hyperthermia, for which global brain 

temperature reduction would be necessary, selective brain cooling in animals with a 

carotid rete is now considered by some researchers to have the primary, if not sole, 

function of contributing to thermoregulation by adjusting hypothalamic temperature 

[Maloney and Mitchell, 1997].  Mitchell and Lust have summarised the effects of 

selective brain cooling in animals with a carotid rete as follows [Mitchell and Lust, 

2008].  By allowing core body and brain temperature to disassociate, selective brain 

cooling facilitates reduced thermoregulatory responses by comparison with the 

maximal responses which occur when brain and body temperatures change 

simultaneously.  When body temperature is relatively low rete activity is reduced and 

brain temperature is relatively high, therefore heat production mechanisms are not 

activated by brain temperature sensors.  When body temperature is relatively high, 

rete activity is increased which reduces brain temperature and therefore heat loss 

mechanisms are not activated.  At extremes of the normal body temperature range 

selective brain cooling is uncommon because then the full thermoregulatory 

responses are required to prevent hypo and hyperthermia and it does not occur during 

exercise (which is when it would be logical if the purpose were to prevent excessive 

increases in brain temperature) [Mitchell and Lust, 2008].  The overall effect of 

selective brain cooling is relatively wide variation in body temperature, with 

conservation of energy at lower body temperatures and conservation of water at 

higher body temperatures.  This allows animals with a rete to exist in thermal 

environments ranging from the desert to the arctic [Mitchell and Lust, 2008].   
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1.6.4 Existence of selective brain cooling in mamma ls without a rete 

Whether selective brain cooling occurs in mammals without a carotid rete, including 

humans and other primates, is somewhat controversial. 

 

1.6.4.1 Animals 

There is research showing that animal species without a rete, for example rats, 

monkeys, rabbits and horses, can attain a brain temperature which is lower than core 

body temperature [Caputa et al., 1991;du Boulay et al., 1998;Kluger and D'Alecy, 

1975;McConaghy et al., 1994].  However, in a recent study in three baboons no 

selective brain cooling was found [Maloney et al., 2007b].  Baboons were chosen 

because their cranial vasculature is similar to humans and they faced the same 

evolutionary thermal challenges.  Hypothalamic and carotid blood temperatures were 

measured by implanted data loggers over one week in an ambient temperature of 

22 °C.  This was followed by a week with night temperatures of 15 °C and higher 

daytime temperatures rising to 35 °C between 1000 and 1500, which included three 

days without water, to simulate the desert conditions which baboons inhabit.  

Hypothalamic temperature was always higher than carotid, mean +0.51 °C [Maloney 

et al., 2007b].  

 

Maloney and colleagues argue that studies which have supposedly shown selective 

brain cooling in animals without a carotid rete are either demonstrating thermal 

inertia or confounded by measuring body temperature at sites other than the aorta or 

carotid artery [Maloney et al., 2001;Maloney et al., 2009].  Rectal temperature in 

particular may be higher than arterial temperature [Maloney et al., 2001] and for 

animal research the hypothalamus and the internal carotid artery are cited as the most 

appropriate sites of temperature measurement for demonstrating selective brain 

cooling.  Brain ‘thermal inertia’ occurs when brain temperature change lags behind 

body temperature change.  For example, when body temperature increases rapidly as 

a result of physical exertion brain temperature may be transiently lower than carotid 
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temperature, not because the brain has become cooler (selective brain cooling) but 

because the body has become hotter [Maloney et al., 2009].   Brain temperatures 

lower than carotid temperatures as a result of thermal inertia have been shown in 

animals both with and without a carotid rete [Maloney et al., 2007a;Maloney et al., 

2007b;Maloney et al., 2009]. 

 

1.6.4.2 Humans 

The existence of selective brain cooling in humans has been hotly debated (for 

example, [Brengelmann, 1993;Cabanac, 1993b]).  As with animals, it was thought 

that selective local cooling of the hypothalamic thermoreceptors would suppress the 

defence response to hyperthermia, i.e. open the thermoregulatory loop and prevent 

the hypothalamic temperature sensors from detecting changes of body temperature 

[Cabanac, 1993b].  However, as Cabanac pointed out, this might be a logical 

objection if no animals demonstrated selective brain cooling but since they do it is 

hard to sustain this objection purely in humans [Cabanac, 1993b].  A more 

fundamental objection is that humans do not possess a carotid rete, but it has been 

suggested that they have other sites for arterio-venous countercurrent heat exchange 

for example in the cavernous and carotid sinuses [Cabanac, 1993b].  Another is that 

humans do not have a large heat sink in proximity to the brain, but Rasch et al 

demonstrated that the human head is physically capable of acting as a heat sink as a 

result of heat loss from head skin and from the respiratory tract [Rasch et al., 1991]. 

 

Mariak et al interpreted the conditions for demonstrating selective brain cooling 

more liberally than the ‘Glossary of Terms for Thermal Physiology’ (definition 

above) and stated that the unequivocal criterion is a decrease in any brain 

temperature to below that of trunk temperature [Mariak et al., 1999].  They 

investigated the effect of extubation on the relationship between intracranial 

temperatures and oesophageal temperature in mildly hyperthermic patients (further 

details in section 1.3.1) [Mariak et al., 1999].  After extubation intracranial 

temperature above the cribriform plate reduced below oesophageal temperature in 

three of the four subjects, which is evidence of selective brain cooling by their 
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definition.  Prior to extubation subdural and tympanic membrane temperatures were 

similar to the temperature above the cribriform plate; after extubation they paralleled 

oesophageal temperature and did not demonstrate a particular drop, but their upward 

course was deflected despite maintenance of external warming.  Mariak et al 

comment that because cooling did not affect tympanic membrane temperature it was 

likely to be limited to the frontal and basal regions of the brain [Mariak et al., 1999].  

The lack of subdural temperature reduction could also indicate that the effect of 

cooling diminishes with distance from the nasopharynx.  However, the deflection in 

rise of all temperatures after extubation suggests that heat loss from the upper 

airways may have more far reaching effects.  

 

Do humans selectively brain cool?  Without further measurements of intracranial 

temperature in healthy humans it is very difficult to be sure what happens.  Jessen 

concludes that  

“… there is neither physiological evidence nor anatomical 
potential for general cooling of the whole brain in humans.” 
[Jessen, 2001] (p298). 

However it is commonly recognised that local cooling of parts of the brain below 

body temperature is possible and the study by Mariak et al demonstrates that [Mariak 

et al., 1999].  Caputa argues that selective brain cooling exists in many homeotherms 

and that there is evidence, albeit much of it indirect, that this includes humans 

[Caputa, 2004].  

 

1.6.5 Selective brain cooling in hyperthermia, norm othermia and fever 

Since selective brain cooling was thought to provide protection for the brain against 

excessive hyperthermia some researchers believed that it only occurred during 

hyperthermia and not during normothermia or fever (for example [Cabanac, 1993b]).   

 

When temperature was in the normothermic range it was supposed that selective 

brain cooling was not necessary because the brain could be sufficiently cooled by 
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arterial blood from the trunk [Cabanac, 1993b].  However, although they do not point 

this out, Mariak et al demonstrated selective brain cooling with temperatures in the 

normothermic range in humans [Mariak et al., 1999].  Towards the end of their study 

oesophageal temperature in one patient was 36.8 °C and in another 37 °C, in both 

cases brain temperature was about 0.2 °C lower.  These patients were being actively 

warmed and were sweating so if selective brain cooling in humans also serves a 

function in conserving water this is a logical response, although it is hard to believe 

that these patients were particularly dehydrated as they were being cared for in a 

recovery room immediately following surgery. 

 

Fever is a regulated temperature increase and a defence mechanism which it has been 

argued it would be illogical for selective brain cooling to overcome.  However, in 

animals with a carotid rete, selective brain cooling has been shown to operate in 

fever.  In goats made feverish by administration of endogenous pyrogen, selective 

brain cooling by heat loss from the upper airways was less when temperature was 

increasing, compared with when temperature was reducing and the protective effect 

of increased temperature had therefore presumably occurred [Kuhnen, 1994].   

 

But the situation appears to be somewhat different in free-ranging animals in their 

natural habitat.  In four antelope studied in the wild, who developed fever as a result 

of pneumonia, the three who exhibited selective brain cooling employed it more 

frequently but at a lesser magnitude during fever than when afebrile, i.e. the extent to 

which brain temperature was reduced below carotid temperature was less during 

fever [Hetem et al., 2008].  In environments hot enough to generate evaporative heat 

loss, Hetem et al suggest that evaporative heat loss mechanisms are inhibited during 

feverish temperature increase [Hetem et al., 2008].  Temperature increase resulting 

from fever is a regulated increase and can be achieved by this means in these 

circumstances with less energy expenditure than by shivering.  Selective brain 

cooling in the antelope seemed to occur at the initiation of fever.  In animals with a 

carotid rete this is logical if the purpose is to facilitate feverish body temperature 

increase by further inhibiting evaporative heat loss.  Whatever the precise 
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relationship between the stages of fever and selective brain cooling and the 

explanation for this relationship, it is clear that animals with a carotid rete can exhibit 

selective brain cooling during fever.  Although the fact that one of the antelope 

exhibited no selective brain cooling perhaps illustrates Caputa’s point that selective 

brain cooling can be unpredictable because various thermal and non-thermal factors 

influence it [Caputa, 2004].  In animals without a carotid rete there is limited 

evidence, but in rabbits given a pyrogen selective brain cooling was not 

demonstrated [Tegowska and Narebski, 1985]. 

 

The situation in feverish humans is less clear because there is a paucity of 

satisfactory evidence.  Hirashita et al showed reversal of opthalmic vein flow in a 

feverish human [Hirashita et al., 1992].  However, in a retrospective study of 63 

neurosurgical patients, Mariak et al proposed that selective brain cooling did not 

occur in fever [Mariak et al., 1998].  But there are a number of problems with this 

study with regard to this.  No information is given on whether the patients were 

intubated, although it is reasonable to assume that the 14 who were unconscious 

(Glasgow Coma Score 6–8) were and were therefore unable to lose heat through their 

upper airways.  Mean differences between trunk (rectal or oesophageal) and brain 

(parenchymal or subdural) temperatures were calculated for the whole of each 

patient’s monitored time.  The differences for periods when temperature was above 

38 °C (their definition of fever) were calculated separately from periods when 

patients were not ‘feverish’.  This method of analysis obliterated information about 

changes in the relationship between brain and body temperature as temperature rose 

and fell.  Only 23 patients had a temperature above 38 °C and there is no data or 

discussion on whether these patients were truly feverish or possibly hyperthermic, 

perhaps because of damage to temperature regulation as a result of their injury.  

Many of the patients had rectal temperature monitoring which is unsuitable for 

demonstrating selective brain cooling [Maloney et al., 2001].  

 

In summary, if selective brain cooling is part of the thermoregulatory armoury, and 

not simply a means of protecting the brain against hyperthermia, it is logical to 
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suppose it would operate during the regulated temperature states of normothermia 

and fever, and it appears that this is the case. 

 

1.6.6 Summary: selective brain cooling 

Caputa has produced a comprehensive review of selective brain cooling which 

integrates the evidence across species, both with and without retes [Caputa, 2004].  

His views are cited here as a summary on selective brain cooling.  Caputa cogently 

argues that selective brain cooling has multiple functions which include protecting 

the brain from heat damage, conserving water in conditions of dehydration, delaying 

exhaustion in exercise, possibly modulating alertness and, in diving animals (for 

example ducks with ophthalmic retes), protecting the brain from asphyxic damage 

[Caputa, 2004] (Figure 1.8). 

 

Figure 1.8: Integrative functions of selective brai n cooling (SBC)  

([Caputa, 2004], Figure 4, p699) 

 

“Schematic diagram showing integrative functions of SBC: ⊕ , moderate stimulation of SBC; ⊕⊕ , 
strong stimulation of SBC;  ⊕⊕⊕, extremely strong stimulation of SBC; �, inhibition of SBC” 
([Caputa, 2004] Figure 4, p699). 

 

Selective brain cooling is under sympathetic control which means that it does not 

occur during emotional distress or in the cold but is active in the heat, during 
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exercise, relaxed wakefulness and non-REM (rapid eye movement) sleep [Caputa, 

2004].  The intensity of selective brain cooling is related to the level of body 

temperature, it is employed whenever body temperature exceeds its set-point value 

and is a means of keeping brain temperature more constant than body temperature 

[Caputa, 2004].  However, because selective brain cooling is influenced by thermal 

and non-thermal variables, including emotional stimuli, it can be unpredictable and is 

consequently difficult to research. 

  

1.7 Brain cooling mechanisms in humans: heat loss 

 through the skull and from the upper airways 

This section is about local venous cooling of the brain rather than arterial cooling, 

although, as will be seen, local venous cooling may influence carotid temperature.  

The mechanisms are categorised into heat loss through the skull, which includes 

venous brain cooling mechanisms of the head that facilitate heat loss through the 

skull from the scalp and face; and heat loss from the upper airways, with particular 

emphasis on how the nose contributes to heat loss.  The mechanisms are described 

and discussed and studies assessing the affect of each on temperature and heat loss 

from the head are presented.  Both mechanisms utilise convective, evaporative, 

conductive and countercurrent cooling elements.  There is of course overlap between 

the two; heat loss from the upper airways for example cools veins in the face which 

in turn cool the brain.  However, categorising the mechanisms in this way has a 

logical basis and is helpful when considering therapeutic brain cooling (Chapter 3), 

since the non-invasive methods generally either target the external head and promote 

heat loss through the skull or aim to induce heat loss from the upper airways. 

 

1.7.1 Heat loss through the skull 

1.7.1.1 Venous brain cooling mechanisms of the head  

For temperature transfer from the inner brain convection is more important than 

conduction [Hayward and Baker, 1969;Cabanac et al., 1987;Zenker and Kubik, 

1996].  Cooling by convection is achieved by changes in the direction and rate of 
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venous blood flow in veins of the face, scalp and skull which can deliver blood 

cooled in the skin and nose to the brain.   

 

Zenker and Kubik have provided the most comprehensive explanation of how it is 

anatomically possible for the skull and upper airways to achieve brain cooling in 

humans.  There are a large number of venous communications between the skin of 

the scalp and face and nasal mucosal membranes, and the intracranial dural veins and 

deep venous plexus of the head [Zenker and Kubik, 1996].  Figure 1.9 shows these 

schematically and Figure 1.10 diagrammatically. 

 

Figure 1.9: Complexity of venous communications bet ween vessels of 

skin and mucous membranes, and dural veins and deep  venous plexus 

of the head  

([Zenker and Kubik, 1996] Figure 6, p5) 
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“Venous communications between vessels of skin and mucosal membranes on the one hand and dural veins 
and deep venous plexus of the head on the other. The pathways of drainage into the jugular veins and 
vertebral venous plexus are indicated (light grey ground veins under influence of sweat evaporation, dark 
gray ground veins under influence of evaporation of mucosal secretions, 1 superior orbital fissure, 2 venous 
plexus of foramen ovale, 3 venous plexus of foramen spinosum, 4 veins traversing the foramen lacerum, 5 
venous plexus of hypoglossal canal, 6 venous plexus of carotid canal, 7 posterior condylar emissary vein, 8 
petro squamous sinus).” (Zenker and Kubik, 1996 Figure 6, p5). 
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Figure 1.10: Intracranial and extracranial routes o f venous drainage of 

the head    

([Wehr, 1992] Figure 9, p384)  

 

“Emissary veins connect the internal and external systems at sites shown (redrawn with permission 
from Gray’s Anatomy, Philadelphia: Lea and Febiger; 1965:741)”  ([Wehr, 1992] Figure 9, p384).  
Numerous diploic veins also traverse the skull.  The vertebral venous plexus is the network of veins at 
the back of the neck (below the mastoid emissary vein) (and see also Figure 1.2). 

 

The vessels which communicate between the intracranial and extracranial venous 

system include diploic and emissary veins.  Figure 1.11 shows diagrams of these 

veins and Figure 1.12 a corrosion cast of the innumerable connections to extracranial 
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veins.  Diploic veins have no valves and most emissary veins are also valveless, 

therefore blood can flow in either direction.  In fact Zenker and Kubik point out that 

emissary veins are misnamed, because blood in the these veins does not simply emit 

from the brain but “often flows from outside to inside”; they argue that perforating 

veins is a more appropriate name ([Zenker and Kubik, 1996] p4). 

 

Figure 1.11: Superficial cerebral, meningeal, diplo ic and emissary veins 

([Felten and Jozefowicz, 2003] p57 and 58) 

 

“The superior sagittal sinus and other dural sinuses receive venous blood from a variety of veins, 
including … diploic veins draining blood from channels located between the inner and outer tables of 
the calvaria, and emissary veins, which link the venous sinuses and diploic veins with veins on the 
surface of the skull.”  [Felten and Józefowicz, 2003, p57 and 58]. 

 



Heat loss from upper airways and through skull: studies of direct brain cooling in humans 
 

Chapter 1: Brain temperature and brain cooling mechanisms in health  66 

Figure 1.12: Corrosion cast of cranial blood vessel s 

([Zenker and Kubik, 1996] Figure 4, p4) 

 

Corrosion cast of cranial blood vessels.  Parietal bone preserved.  There are innumerable connections 
to the system of extracranial veins.  dv = dural vessels entering the bone.   

 

Evaporation of sweat from the scalp and face and of secretions from the nose cools 

blood in the diploic and emissary veins.  This cooled venous blood is transferred via 

the dural venous sinuses to the dura mater.  The dura mater can transmit cooling to 

the cerebrospinal fluid, which in turn influences parenchymal temperature by direct 

contact over a large surface area (around 2300 cm2 for the cerebral cortex alone), and 

via arteries extending over long distances within the subarachnoid space, pial 

vascular network and parenchyma.  (Figure 1.13 [Zenker and Kubik, 1996].) 

 

Others have proposed that the cavernous sinus system, which receives cool venous 

blood from the face and nose, is also involved in brain cooling by countercurrent heat 

exchange with the internal carotids, which change direction in the sinuses thus 

augmenting the surface available for heat exchange [Cabanac and Caputa, 

1979a;Cabanac and Brinnel, 1985;McIntosh et al., 1997;du Boulay et al., 1998;du 

Boulay et al., 2000].  Zenker and Kubik’s view, however, is that the contact area is 

too small, the thick walled arteries too large and the blood flow too fast for cooling 
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Figure 1.13: Summary flow chart of brain cooling by  evaporation of 

sweat and mucus in humans 

(Adapted from [Zenker and Kubik, 1996] Figure 15, p12) 

 

 

of the carotids to occur in this manner [Zenker and Kubik, 1996].  Figure 1.14 shows 

the change of direction (‘S’ bend) of the right carotid artery in the cavernous sinus; 

Figure 1.15 shows a closer view [Felten and Jozefowicz, 2003].  The cavernous sinus 

system is formed by a pair of connected valveless, venous sinuses.  Their anatomical 

relationship with the internal carotid arteries is close, with the pulsation of the 

carotids being partly responsible for sinus blood flow [Warwick and Williams, 

1973].  The cavernous sinus and superior sagittal sinus receive venous drainage from 

Skin veins Veins of nasal and paranasal 
mucous membranes 
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the nose and it is partly through these routes that brain cooling from the upper 

airways may be achieved. 

 

Figure 1.14: Right internal carotid artery changing  direction within the 

cavernous sinus 

([Felten and Jozefowicz, 2003] p47) 

 

 

The internal jugular veins may be another point of countercurrent heat exchange with 

the carotid artery.  Cooling of facial and forehead skin with ice packs in 

anaesthetised patients undergoing carotid angiography has been shown to reduce 

common carotid artery temperature [Rubenstein et al., 1960].  Rubinstein et al 

suggest that this occurred because of countercurrent heat exchange with the internal 
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Figure 1.15: Inferior view of cavernous sinuses sho wing part of the ‘S’ 

bend in the internal carotid arteries as they pass through the sinuses 

([Felten and Jozefowicz, 2003] p278) 

  

 

jugular vein which had been cooled by venous drainage from the cold face 

[Rubenstein et al., 1960].  Cabanac has pointed out that if this countercurrent 

exchange occurs it would only be helpful if the internal jugular vein temperature 

could be reduced below carotid temperature, because otherwise heat would be 

‘trapped’ in the brain  [Cabanac et al., 1987]. 

 

Cabanac and Brinnel demonstrated that venous flow from scalp to brain was 

anatomically possible in a post-mortem study of human calvaria with adhering scalp; 

massaging the scalp resulted in blood appearing on the inside of the skull in a large 

number of places [Cabanac and Brinnel, 1985].  They also studied human emissary 

vein flow under conditions of exercise hyperthermia (cycling until profusely 

sweating) and hypothermia (vasoconstriction and shivering induced in a climatic 

chamber) [Cabanac and Brinnel, 1985].  Doppler recordings showed that blood in the 

mastoid and parietal emissary veins (Figure 1.2) flowed rapidly away from the scalp 

to the brain in hyperthermia, thus taking blood cooled by evaporation of sweat to the 
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brain [Cabanac and Brinnel, 1985].  In hypothermia the flow was either undetectable 

or reversed (i.e. flowing away from the brain) and much slower [Cabanac and 

Brinnel, 1985].  Caputa and Cabanac subsequently discovered that 

“… dehydration results in active inhibition of sweating on the 
body but not on the forehead.” ([Caputa and Cabanac, 1988] 
p611).    

They interpreted preservation of the facility for evaporative heat loss from the head 

in dehydration as an indication of the importance of this mechanism in brain cooling, 

with facial sweating considered analogous to panting in animals. 

 

Similar flow patterns have been demonstrated in other studies in hyperthermic 

humans in the mastoid emissary vein and in other emissary veins, namely the 

angularis oculi veins and the ophthalmic vein, and in a feverish human in the 

ophthalmic vein [Caputa et al., 1978;Brinnel et al., 1989;Nagasaka et al., 

1990;Hirashita et al., 1992].  One study of the angularis oculi and ophthalmic veins, 

which carry blood from the face and nose, showed an increase in flow rate towards 

the brain in hyperthermia compared with hypothermia, but no change in flow 

direction [Deklunder et al., 1991].  It was Magilton and Swift who first suggested 

that the angularis oculi veins might be involved in brain cooling in humans by 

transmitting cooled blood from the nose, because they found the temperature in these 

veins reduced with increased mental activity and increased with reduced activity 

[Magilton and Swift, 1968;Magilton et al., 1984].   

 

A question remains about how flow direction change in emissary veins is achieved.  

Cabanac and Brinnel speculated  

“… that the reversal of blood flow in the emissary veins 
depends upon pressure gradient reversal between internal and 
external jugular venous systems due to skin vasodilatation 
during hyperthermia.” ([Cabanac and Brinnel, 1985] p175).   

Head up positions (30°) which increase the venous pressure gradient across the skull 

by gravity have been shown to increase emissary flow and enhance brain cooling 

(tympanic membrane temperature reduction) by comparison with supine positions 
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[Nagasaka et al., 1993].  Upright posture may increase the flow of blood from the 

brain by the partly gravity-driven siphon of the vertebral venous plexus [Eckenhoff, 

1970].  However, the relative balance between routes of venous flow from the brain 

is dependent on central venous pressure as well as posture [Gisolf et al., 2004].  In 

the upright position the jugular veins are relatively collapsed compared to the 

vertebral veins [Valdueza et al., 2000], but factors which increase central venous 

pressure, such as artificial positive pressure ventilation in critically ill patients, keep 

the jugular veins open even in the upright position [Gisolf et al., 2004].  In self-

ventilating people, low intrathoracic pressure on inspiration causes blood to drain 

freely from the jugular veins and the vertebral venous plexus [Eckenhoff, 1970] and 

yawning ‘squeezes’ blood out of the venous pterygoid plexus [Dean, 1988].  It may 

not be coincidental that blood flow to the jugular veins is greatest on inspiration, i.e. 

when the cooling effect of heat loss from the upper airways is greatest because 

venous blood returning to the brain from the nose has given up heat to warm inspired 

air.  Facilitation of the flow of venous blood, which has been cooled in the upper 

airways, scalp and venous plexuses, through the brain in these ways may enhance 

brain cooling. 

 

1.7.1.2 Studies of heat loss through the skull in healthy humans 

Studies assessing heat loss through the skull in healthy humans have been undertaken 

in conditions of hyperthermia (passive and exercise), because this can be induced and 

is also the condition which has commonly been supposed to be required for the 

mechanisms to reduce temperature.  Some of the studies have assessed the effect of 

active head cooling in addition to hyperthermia. 

 

There are a number of volunteer studies investigating heat loss from the head with 

face fanning during both passive and exercise hyperthermia, using tympanic 

membrane temperature as a substitute for intracranial temperature.  Most of these 

showed that tympanic temperature was attenuated [Germain et al., 1987;Kato et al., 

2001] or reduced (0.1–0.57 °C) with fanning [Cabanac and Caputa, 1979b;Hirata et 

al., 1987;Jessen and Kuhnen, 1992;Nielsen and Jessen, 1992;Thomas et al., 1997].  
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Some showed a reduction in tympanic temperature below oesophageal temperature 

which was interpreted as evidence of selective brain cooling [Brinnel et al., 

1987;Cabanac et al., 1987;Ogawa et al., 1988;Brinnel et al., 1989].  Two studies 

showed no change in tympanic membrane temperature with forehead fanning and 

face fanning respectively [Shibasaki et al., 1998;Sato et al., 1996].  Nybo et al 

measured jugular bulb and aortic arch temperature in two of their subjects during 

exercise hyperthermia and showed that both these temperatures continued to increase 

with face fanning and misting with water (20 °C for 5 minutes), although tympanic 

membrane temperature decreased 0.1 °C [Nybo et al., 2002]. 

 

These studies are not particularly homogenous with regard to purpose or cooling 

intervention which makes it difficult to draw firm conclusions on heat loss.  The 

majority fanned for at least 15 minutes with air temperatures ranging from 22–28 °C.   

Three fanned for only five minutes [Thomas et al., 1997;Kato et al., 2001;Nybo et 

al., 2002], which is unlikely to be long enough [Caputa, 2004] and therefore suggests 

that any temperature change was coincidental and not a result of cooling.  Two used 

colder air (8–15 °C) [Cabanac and Caputa, 1979b] and one used warm air (35 °C) 

[Hirata et al., 1987].  However these variations do not seem to explain differences in 

results, in that colder convective air temperatures and longer cooling periods or vice 

versa do not relate neatly to changes in tympanic temperature.   

   

Three studies used auditory evoked potentials as an indirect measure of brainstem 

temperature response to active cooling.  The temperature did not change with face 

fanning in exercise hyperthermia with air at 8-15 °C for 15 minutes [Jessen and 

Kuhnen, 1992] and at 35 °C for 15-20 minutes [Nielsen and Jessen, 1992], or with 

scalp cooling for 15 minutes using a water circulating cooling cap [Langer et al., 

1994].  

 

There are also some studies of whole head heat loss.  Desruelle and Candas 

investigated head cooling during mild hyperthermia at rest and during exercise 
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[Desruelle and Candas, 2000].  A hood enclosing the subjects’ heads delivered 10 °C 

air at 12 m/s while they breathed air at 40 °C.  Head cooling reduced tympanic 

membrane temperature very slightly (<0.2 °C) at rest but not with exercise, by 

comparison with hood and breathed air both at 40 °C [Desruelle and Candas, 2000].  

Rasch et al measured evaporative and convective heat loss from the head skin and 

upper airways by enclosing subjects’ heads in a hood and having them breathe 

through a mouthpiece with a nose clip [Rasch et al., 1991].  During exercise 

hyperthermia (150 W) without active cooling and ambient temperature 25 °C, 

tympanic temperature was reduced below oesophageal temperature and heat loss was 

sufficient for heat not to be stored in the brain [Rasch et al., 1991].  Under these 

conditions head skin and upper airways contributed roughly equal amounts to heat 

loss [Rasch et al., 1991]. 

 

Nybo et al assessed cerebral heat loss by measuring cerebral blood flow and 

metabolism and aortic arch/jugular bulb temperature difference.  With exercise 

hyperthermia (174 W) they concluded that heat removal was not sufficient and there 

was a net gain of heat by the brain [Nybo et al., 2002].  This conclusion was 

primarily based on finding that heat removal by the jugular veins was reduced in 

hyperthermia, largely as a result of reduced cerebral blood flow.  However this 

assumes that jugular bulb temperature is sufficient for an accurate assessment of heat 

removal from the head to be made.  It may not be sufficient, especially in subjects in 

an upright position (on a cycle ergometer in this case) when the vertebral veins 

together with the spinal epidural veins may be receiving the majority of cerebral 

venous outflow [Valdueza et al., 2000].  Cerebral blood flow velocity was measured 

by Doppler in the middle cerebral artery and in two subjects’ global cerebral blood 

flow was also measured, using the Kety-Schmidt technique with Xenon and arterial 

and jugular bulb sampling.  These measurements might not account for increased 

cerebral blood flow through other pathways, which could conceivably come into play 

to a greater extent if carotid vasoconstriction occurs in response to higher body 

temperatures [Mustafa et al., 2004;Mustafa et al., 2007], and would not account for 

outflow through routes other than the internal jugular veins. 
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An overall difficulty with these head cooling studies in healthy subjects is that 

intracranial temperature could not be measured directly, and there is doubt over 

whether tympanic membrane temperature and evoked potentials are satisfactory 

substitutes, as discussed previously.  The studies are also small and varied in 

methods.  However, aside from any effect it may have on tympanic temperature as a 

proxy for brain temperature, face fanning can reduce physiological heat strain, 

possibly by virtue of its effect on skin temperature although an effect on brain 

temperature cannot be discounted; exercise performance is improved and perception 

of effort, thermal discomfort and sweating response reduced [Nunneley et al., 

1982;Hirata et al., 1987;Ogawa et al., 1988;Desruelle and Candas, 2000;Kato et al., 

2001;Armada-da-Silva et al., 2004]. 

 

1.7.2 Heat loss from the upper airways  

The part the upper airways play in heat loss is considered here.  The mechanisms of 

heat loss from the nose are explained and studies of the effect of this heat loss on 

temperature are presented.  The route by which blood cooled in the nose is 

transmitted to the brain has been covered above.  However, it is possible the 

relatively cool nasal cavity also has a more direct brain cooling effect as a ‘cool 

pack’ or heat sink under the base of the brain, absorbing and dissipating heat from 

the brain. 

 

1.7.2.1 Mechanisms of heat loss from the upper airways 

It has been suggested that the nose may be more important for temperature regulation 

than for respiration because of its heat transfer ability, and because turbinate 

complexity in different mammals is related to body insulation [Cole, 1982a] and heat 

loss from the upper airways accounts for over 10% of body heat loss in humans 

[Drake-Lee, 1997].   This view gains support from the fact that the nose has 

thermoregulatory responses and controls.  Nasal mucosal blood flow decreases in 

response to skin cooling and increases in response to skin warming and to rises in 
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core temperature [Cole, 1982a;White and Cabanac, 1995a].  Nervous control of heat 

and moisture exchange in the nose is regulated by the hypothalamus [Eccles, 1982]. 

 

Heat loss from the upper airways occurs in the following manner [Walker and Wells, 

1961;Houdas and Ring, 1982;Jackson, 1996;Irlbeck, 1998].  Ambient air is usually 

cooler than the body.  In a temperate environment, for example, it might be 25 °C 

with 50% relative humidity (water content approx 10 mg/L).  Ambient air inspired 

through the nose gains heat by convection down the temperature gradient from the 

warmer nasal mucosa to the cooler air.  It also gains water vapour by evaporation 

from the mucosa.  This convective and evaporative heat loss to inspired air cools the 

nasal mucosa.  It also warms and humidifies the air to body temperature (say 37 °C) 

and 100% saturation (water content approx 44 mg/L at 37 °C) by the time the alveoli 

are reached.  On expiration the warm and humid air from the lungs loses heat in a 

reverse process of heat transfer down the temperature gradient from the now warmer 

air to the now cooler mucosa.  Expired air also loses water by condensation because 

as the air cools the amount of water it can hold reduces; it remains fully saturated but 

because the temperature is lower the water content is less.  At the point of expiration 

air temperature is about 32 °C and still 100% saturated (water content approx 

33.8 mg/L), therefore, in this example, 5 °C and 10.2 mg/L water have been regained 

by the mucosa during expiration.  The result over a respiratory cycle is a net loss of 

heat and water from the body, because the expired air is warmer and moister than the 

inspired air; in this example the net loss is 7 °C and 23.8 mg/L water. 

 

Thus both evaporative and convective heat transfer occur in the upper respiratory 

tract with the highly vascular, mucus-producing nasal cavity contributing the 

majority of heat and moisture to inspired gases [Irlbeck, 1998], so that by the time 

the air leaves the nose it is at nearly alveolar conditions [Naftali et al., 1998].   

Evaporative heat transfer takes place because the formation of water vapour for 

humidification requires thermal energy, which causes heat loss [Houdas and Ring, 

1982].  About 600 kcal/g are required to convert water to gas [Ritter, 2005].  This is 

energy expensive by comparison with convective heat loss and accounts for about 
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80% of the heat loss with respiration [Parbrook et al., 1990].  Moisture for 

humidification is provided by mucus from goblet cells and nasal glands and by water 

loss.  Moisture secretion is facilitated by arterio-venous anastomoses, which 

probably affect circulation through the nasal glands and therefore the level of 

moisture for humidification [Dawes and Pritchard, 1953].  Convective heat transfer 

occurs because airflow through the nose is not laminar as a result of:  

• two 90° bends between the anterior nares and the larynx, 

• orifice flow i.e. airflow passing through the narrow nasal valve/vestibule to the 

wider part of the nose, and 

• irregularities of the walls, particularly the turbinates, increasing the surface area 

of the cavity walls and also causing turbulence.   

Figure 1.16 shows the anatomy involved.  Inspiratory flow is more laminar with the 

turbinates channelling the air into narrower passages and causing laminar swirls 

downstream; turbulent flow is more prevalent on expiration [Naftali et al., 1998].  

Swirling and turbulence prevent an insulating layer of air being maintained between 

  

Figure 1.16: Lateral view of the right nasal cavity  

 
Superior turbinate (1), middle turbinate (2), inferior turbinate (3).  Sphenoethmoid recess (arrow 
above 1).  Superior, middle and inferior meatus — small spaces under the turbinates (at tips of arrows 
at 1, 2, 3 respectively).  The nasal vestibule (or exterior nasal valve) is the projecting part of the nose 
anterior to the turbinates.  The wider internal nasal passages are posterior to the vestibule and contain 
the turbinates.  Between the two is the area of the internal nasal valve, at the anterior tip of the inferior 
turbinate, which forms the narrowest part of the airway. 
(http://www.portal.dentexcare.com/students.php Accessed 18.4.09) 
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incoming air and the nasal mucosa and allow contact between inspiration and expired 

air and the nasal mucosa, which is important for rapid heat and moisture exchange 

[Cole, 1982b]. 

 

Conditioning is further facilitated by nasal mucosal swelling which, by reducing the 

lumen (increasing resistance), brings the air into even closer contact with the mucosa 

and increases velocity and turbulence [Cole, 1982b].  Nasal airway resistance 

accounts for 50–75% of total airway resistance and is greater during inspiration 

[Ferris et al., 1964].  Resistance comes from the nasal vestibule, the nasal valve and 

the turbinates (Figure 1.17). 

 

Nervous control of heat and moisture exchange in the nose is complex [Eccles, 

1982;Eccles, 2000].  Broadly speaking airflow is under sympathetic control and nasal 

secretions under parasympathetic control.  Parasympathetic stimulation resulting 

from acetylcholine release increases nasal vasodilation and secretion of watery 

mucus.  Sympathetic vasoconstriction causes a greater change in the volume of blood 

in the nasal mucosa than parasympathetic vasodilation.  Sympathetic stimulation is a 

result of adrenaline and noradrenaline release acting mainly on α1 receptors to cause 

vasoconstriction; this is regulated by the hypothalamus [Drake-Lee, 1997].  Nasal 

blood vessels are very sensitive to adrenaline (up to four times as sensitive as the 

heart) which causes them to vasoconstrict.  Because the basal endothelium in the 

nasal blood vessels is porous, unlike in other blood vessels, the muscle of these 

vessels responds more quickly to drugs, both circulating and topical [Cauna, 1970]. 

 

The nasal mucosa vasoconstricts increasingly with exercise and thus nasal resistance 

to airflow goes down which helps maintain nose breathing for longer [Eccles, 1982].  

This is probably a result of increased sympathetic tone and is consistent with the 

‘fight or flight’ response, either of which actions could require an increased minute 

volume.  In the absence of increased ventilation sympathomimetics (for example 

noradrenaline) will inhibit heat loss by reducing nasal resistance.   



Heat loss from upper airways and through skull: studies of direct brain cooling in humans 
 

Chapter 1: Brain temperature and brain cooling mechanisms in health  78 

Figure 1.17:  Diagram of the nose showing the compo nents of nasal 

airway resistance: the nasal vestibule, the nasal v alve and the 

turbinates 

([Eccles, 2000] Figure 1, p581) 

 

“The compliant wall of the nasal vestibule is supported by the alae nasi muscles which contract on 
inspiration, to prevent vestibule collapse, and dilate on expiration. The nasal valve is at the level of the 
anterior tip of the inferior turbinate. The diagram illustrates the normal asymmetry of nasal 
congestion, with one side of the nose congested due to swelling of the venous sinuses in the nasal 
turbinates and the other side open and decongested due to constriction of the venous sinuses. The 
degree of congestion of the tip of the inferior turbinate determines the dynamic cross-sectional area of 
the nasal valve area and nasal airway resistance.” ([Eccles, 2000] p581). 

 

The vascular mechanisms for vasoconstriction and vasodilation are as follows 

[Eccles, 1982;Eccles, 2000].  The arterial supply to the nasal mucosa divides into 

superficial and deep layers, with arteries in the deep layer of the mucosa entering 

canals in the bony skeleton of the turbinates.  The canals are lined with periosteum 

which contains the venous plexuses carrying blood away from the layer of erectile 

tissue.  Dilation of the arterial vessels in the canals of the turbinates increases filling 
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of the venous plexus and also applies pressure which restricts outflow and brings 

about congestion of the erectile tissue.  The nasal mucosa is very vascular and can 

take considerable volumes of blood passing through and within it, especially in the 

veins, which are larger and more numerous than the arteries [Dawes and Pritchard, 

1953].  The turbinates fill such a large proportion of the nasal cavity that even minor 

swelling from increased blood flow produces large changes in nasal airflow 

resistance [Stradling, 1996], conversely a decrease in blood flow reduces resistance. 

 

Changes in nasal mucosal blood flow are induced by a number of factors including 

ambient air temperature, changes in posture and thermal stimulation of the skin.  

Lying supine increases nasal resistance by a passive hydrostatic effect [Eccles, 

2000].  However, this passive increase in resistance does not improve air 

conditioning, nor therefore increase heat loss [Assanasen et al., 2001].  The reasons 

are not fully understood but it may be that although the venous sinuses become 

engorged this is not accompanied by an increase in nasal mucosal blood flow, 

perhaps because the engorgement causes back pressure [Assanasen et al., 2001].  The 

temperature of the nasal mucosa also decreases in the supine position, this too may 

be a function of reduced flow and will reduce the conditioning capacity of the nose 

[Assanasen et al., 2001].  Lying down on one side superimposes a reflex from 

pressure in the axilla, which is mediated by sympathetic nerves, onto the passive 

increase in nasal resistance such that the lower nostril has the greatest congestion and 

can become completely obstructed [Eccles, 2000].  Why this happens is not clear, but 

it is also accompanied by a decrease in sweating on the lower side of the body and an 

increase on the upper side which would facilitate cooling [Eccles, 2000].   

 

About 80% of humans have a nasal cycle in which, over a period of around 2–4 

hours, airflow switches from one nasal passage to the other because of alternating 

congestion and constriction.  The total resistance to nasal airflow remains relatively 

constant and therefore most people are unaware that this is happening [Eccles, 

1982;Stradling, 1996].  Again, the purpose of this cycle is not clear but it may have a 

role in lymphatic movement and respiratory defence because nasal inflammation and 



Heat loss from upper airways and through skull: studies of direct brain cooling in humans 
 

Chapter 1: Brain temperature and brain cooling mechanisms in health  80 

infection exaggerate it [Eccles, 1996], it is also linked to cerebral activity (see 

below).  Whatever the purpose, the nasal cycle appears to be sympathetically 

regulated and under hypothalamic control [Eccles, 1996]. 

 

There is considerable evidence in humans that nasal mucosal and nasal expiratory air 

temperature, and therefore heat loss from the upper airways, changes in response to 

thermal stimulation of the skin and extremities.  This is because the nasal mucosa 

behaves in a similar way to the cutaneous circulation in response to thermal 

stimulation of the skin, i.e. when the skin cools and vasoconstricts so does the nasal 

mucosa and vice versa.  Warming of the feet increases nasal mucosal temperature 

without increasing body temperature [Assanasen et al., 1999].  Body heating and 

localised heating of dorsal thoracic skin each increase nasal expiratory air 

temperature and nasal mucosal temperature, again without increasing body 

temperature; when the heating is turned off nasal expiratory temperature returns to 

baseline [Cole, 1982a].  None of these changes are demonstrated during mouth 

breathing [Cole, 1982a].  Conversely cooling the feet or back decreases nasal 

mucosal temperature [Cole, 1982a].  These changes in nasal mucosal blood flow and 

nasal mucosal temperature in response to changes in skin temperature happen rapidly 

and are controlled by the autonomic nervous system and the hypothalamus.  

Warming of the feet, for example, causes local vasodilation by loss of sympathetic 

vasoconstriction.  This change is signalled to the hypothalamus which results in a 

decrease in sympathetic activity in the nose and therefore increased nasal mucosal 

vasodilation, with a consequent increase in nasal blood flow and temperature 

[Assanasen et al., 1999]. 

 

Passive heat stress is a ventilatory stimulant and breathing cold air is a respiratory 

depressant [Burgess et al., 1988].  In unanaesthetised cancer patients undergoing 

hyperthermia treatment minute volume could increase on average 200% by the time 

oesophageal temperatures of 40 °C were reached [Lees et al., 1980].  From 37–39°C 

the increase was mainly because of increasing tidal volume, above 39 °C it was 

because of increasing respiratory rate [Lees et al., 1980].  White argued that thermal 



Heat loss from upper airways and through skull: studies of direct brain cooling in humans 
 

Chapter 1: Brain temperature and brain cooling mechanisms in health  81 

hyperpnoea is a thermoregulatory response which facilitates brain cooling locally in 

the vicinity of the hypothalamus by increasing heat loss from the upper airways 

[White, 2006]. 

 

The increased work which nose breathing requires by comparison with oral 

breathing, particularly in babies who are obligatory nose breathers, and the fact that 

85% of adults preferentially nose breathe [Cole, 1982b] with oral only breathing 

being very rare [Proctor, 1982], suggests that nose breathing is important 

physiologically.  Conditioning of inspired air can be achieved by mouth breathing, 

but breathing through the nose also gives mechanical, chemical and immunological 

protection to the lower airways and allows smelling [Drake-Lee, 1997].  Whilst these 

functions are important none of them require changes in nasal mucosal blood flow to 

be effective.  Brain cooling does and would be a physiological justification for the 

extra work.  It may be particularly important in babies if heat loss from the upper 

airways is a preventative factor in sudden infant death syndrome [du Boulay et al., 

1998;du Boulay et al., 2000]. 

 

1.7.2.2 Studies of heat loss from the upper airways in healthy humans 

Few studies of the effect of heat loss from the upper airways on intracranial 

temperature or a brain temperature proxy in healthy humans have been found.  

Rubenstein et al had an anaesthetised patient breathe 4 °C air for 3 minutes and 

found carotid temperature did not change [Rubenstein et al., 1960].  In healthy 

normothermic volunteers, breathing 3 °C air for 20 breaths compared to 33 °C air for 

20 breaths did not change tympanic membrane temperature or hand heat loss (used as 

an indicator of hypothalamic defence against cooling) [Burgess et al., 1988].  In both 

these studies it seems entirely probably that in such a short time no effect would be 

seen.  When cold dry air (-1 °C), hot saturated air (41 °C) and room air (24 °C) were 

each breathed for 25 minutes by normothermic subjects no difference in tympanic 

membrane temperature or interpeak latencies of auditory evoked brainstem potentials 

was found [Mekjavic et al., 2002].  In the study by Desruelle and Candas breathing 

cool air (10 °C) through a mask did not reduce tympanic temperature either during 
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exercise or at rest compared to breathing 40 °C air [Desruelle and Candas, 2000].  

Subjects’ heads were exposed to air at 40 °C during this test.  When the head was 

exposed to 10 °C air at 12 m/s through a hood and subjects were also breathing air at 

10 °C, tympanic temperature did reduce very slightly at rest (<0.2 °C) but not with 

exercise, by comparison with 40 °C air.  Hirata et al showed tympanic membrane 

temperature was slightly (<0.1 °C) but consistently higher with oral-only respiration 

by comparison with nasal-only respiration during moderate exercise [Hirata et al., 

1978].   

 

The best evidence that brain temperature is affected by heat loss from the upper 

airways comes from a study in four patients after surgery for minor subarachnoid 

haemorrhage, who were selected for being close to a normal physiological state 

[Mariak et al., 1999].  The patients were conscious, intubated and being warmed with 

a heating pad to induce mild hyperthermia, evidenced by sweating (oesophageal 

temperatures variously 36.9–37.5°C).  Intracranial temperature was measured  

“… on the midline between the cribriform plate and the 
frontal lobes …” ([Mariak et al., 1999] p1610).   

When airflow through the upper respiratory tract was reinstated by extubation, brain 

temperature above the cribriform plate fell by 0.4–0.85 °C (mean 0.55±0.21 °C) and 

in three patients reduced below oesophageal temperature.  The lowest point was 

reached in 5.3–18 min (mean 9.6±5.7 (SD) minutes).  Once the temperatures had 

stabilised the patients were asked to breathe intensively (18–20 breaths/minute), in 

through their noses and out through their mouths, for three minutes.  This 

immediately caused a decrease in the temperature above the cribriform plate of 0.20–

0.30 °C (mean 0.26±0.04 °C).  The monitoring was continued for between about an 

hour and 1 hour 40 minutes following extubation.  During this time selective brain 

cooling (defined as cribriform plate temperature below oesophageal temperature) 

was maintained in the three patients who exhibited it, apart from a period of about 20 

minutes in one of them.   
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A second intracranial temperature was measured subdurally at the brain convexity.  

Up to extubation subdural temperatures and cribriform plate temperatures ran in 

parallel about 0.1–0.2 °C apart.   After extubation subdural temperatures paralleled 

trunk temperatures and not cribriform plate temperatures, i.e. they did not 

demonstrate a particular reduction, but their upward course was deflected.  This 

could indicate that the effect of brain cooling by heat loss from the upper airways 

reduces with distance from the nasopharynx.  Tympanic membrane temperature was 

measured in three of the patients and followed the course of subdural temperature, 

both reduced very slightly (approximately 0.1 °C) for a short time after extubation in 

one patient, but otherwise there was no reduction.   

 

It is not known if core brain temperature was reduced but the authors state that 

“Removal of the endotracheal tube deflected the upward 
course of all core temperatures in all patients with a 10–20 
minute lag, despite maintenance of external warming.” 
([Mariak et al., 1999] p 1611).   

This in itself does not demonstrate brain cooling in the rest of the brain, but it 

suggests that cooling of the rest of the brain (and the body) may be facilitated by heat 

loss from the upper airways as a result of nose breathing. 

 

1.7.3 The complementary nature of brain cooling mec hanisms 

Brain cooling by heat loss through the skull and from the upper airways appear to be 

anatomically complementary since between them they almost completely encircle the 

brain with cool venous blood and cool air (Figure 1.18 A and B).  In other words, the 

anatomy which makes heat loss through the skull possible, for example the dural 

venous sinuses, surrounds the brain under the skull from the front right round to, and 

into, the back of the brain.  Under the base of the brain lies the anatomy for cooling 

via the upper airways, i.e. the nose, paranasal sinuses and cavernous sinus.  Around 

the brainstem, filling the remaining ‘gap’, lies the vertebral venous plexus, which 

may receive some cooling from the vertebral artery as a result of nose breathing [du 

Boulay et al., 2000].  
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Figure 1.18: Anatomy for heat loss from the upper a irways and through 

the skull surrounding the brain (A: Diagram; B: Com puterised 

tomography scan) 

A) Diagram 

([Felten and Jozefowicz, 2003] p59]) 
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B) Computerised tomography scan – lateral coronal s ection of head 

 

 

These mechanisms may also be physiologically complementary.  Niinimaa et al 

investigated the switching point from nasal to oronasal breathing during submaximal 

exercise in 30 men and women [Niinimaa et al., 1980].  Nasal resistance and the 

perception of effort in breathing  

“… predicted the switching point with only 68.9% accuracy, 
suggesting that there may be determinants other than those 
investigated in the present study.” ([Niinimaa et al., 1980] 
p69).   
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If the balance between heat loss through the skull and heat loss through the upper 

airways alters during exercise, then it may be that as head sweating increases with 

increasing exercise it becomes possible to switch to oronasal breathing, thus reducing 

the work of the increased minute volume which exercise requires, but without 

compromising brain temperature. 

 

1.7.4 Effect of nasal airflow on cerebral activity and mood 

There is a long history of breathing exercises (for example in Yoga) being used to 

influence mood and health by fostering and adjusting nasal airflow [Eccles, 

2000;Holloway and Ram, 2004;Holloway and West, 2007].  Deep nasal breathing 

can alter the electroencephalogram (EEG) and the EEG is more active on the 

opposite side of the brain to the dominant nasal airflow, with alteration in 

hemisphere activity coupled to the nasal cycle [Eccles, 2000;Werntz et al., 

1987;Shannahoff-Khalsa, 1991].  Forced breathing through one nostril has been 

shown to enhance brain function in the opposite hemisphere [Saucier et al., 2004]. 

 

Nose breathing is also postulated to affect mood by altering brain temperature.  The 

vascular theory of emotional efference (VTEE) says that, given the brain produces 

considerable heat from metabolism and needs constant cooling, physiological 

processes which affect brain temperature influence affect [McIntosh et al., 1997].  

Those processes which facilitate brain cooling will be experienced as pleasurable and 

those which impede brain cooling as uncomfortable or unpleasant.   The logic behind 

this is that  

“Neurochemical brain processes are temperature-sensitive; 
thus, brain-cooling might have subjectively felt effects 
mediated by temperature-dependent changes in the release 
and synthesis of emotion-related neurochemicals (e.g. 
endorphins, serotonin, and dopamine).” ([McIntosh et al., 
1997] p173).    

 

The theory proposes that regulation of the temperature of arterial blood entering the 

hypothalamus is one of the processes which can influence affect.  Regulation of 
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hypothalamic temperature is influenced by heat loss from the upper airways and the 

theory assumes that the mechanism for this is cooling of the internal carotid by the 

veins of the cavernous sinus.  Consequently it is possible that changes in nose 

breathing will influence affect.  Conversely, pain and emotion are reported to alter 

nasal mucosal vascular status [Cole, 1982b].  Therefore 

“The vascular theory of emotional efference states that facial 
action can alter the volume of air inhaled through the nose, 
which in turn influences brain temperature and affective 
states.  Cooling enhances positive affect, whereas warming 
depresses it.” ([McIntosh et al., 1997] p171). 

 

There is support for this theory from experimental studies in animals and humans.  In 

rats, Berridge and Zajonc found that hypothalamic cooling caused the same 

behaviours as pleasurable stimulation [Berridge and Zajonc, 1991].  In human studies 

forehead skin temperature has been used to estimate changes in brain temperature 

[McIntosh et al., 1997].  Temperature probes were sited on or near the frontopolar 

branch of the anterior cerebral artery, which issues from the internal carotid as it 

enters the brain.  These branches of the anterior cerebral artery are close to the 

cavernous sinus and therefore it is considered they will reflect changes in blood 

temperature caused by the passage of the internal carotid through the cavernous 

sinus.  Temperature changes in the frontopolar arteries are said to be highly 

correlated with changes in tympanic membrane temperature, which is the more usual 

site for estimating brain temperature in volunteers, but which the researchers in this 

case felt they could not justify using because of the potential risks [McIntosh et al., 

1997]. 

 

Zajonc et al demonstrated that facial actions influence forehead temperature and 

affect and that nasal breathing is associated with forehead temperature and affect 

[Zajonc et al., 1989].  They found that facial actions associated with negative 

emotions (pronouncing ü) resulted in the greatest increase in forehead temperature, 

were liked least, and put subjects in a negative mood.  Facial actions associated with 

positive emotions (pronouncing e — as in ‘cheese’ — and ah) had the opposite 
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effects.  Zajonc et al also found that breathing cool air through the nose was 

pleasurable and breathing warm air was aversive and resulted in higher forehead 

temperatures than breathing cool air [Zajonc et al., 1989].  McIntosh et al in a further 

series of experiments demonstrated that facial actions associated with negative 

emotions decreased the volume of air inhaled through the nose, increased forehead 

temperature and resulted in more negative affect [McIntosh et al., 1997].  Prevention 

of nasal breathing generated negative affect and increased forehead temperature 

(without forehead muscle movement), but facial movement and prevention of nasal 

breathing had no effect on arm temperature (i.e. facial movement had only a local 

effect on temperature) [McIntosh et al., 1997].  Furthermore, subjects’ emotions 

became more negative with time when they breathed only through their mouths, 

which is consistent with the VTEE prediction that oral breathing does not alter 

cavernous sinus temperature and therefore does not reduce brain temperature. 

 

The effects found in these studies were not large and the authors are at pains to point 

out that 

“VTEE is only one of the many parts of the explanation for 
how facial action can cause emotional responses, and how 
emotions in general are caused by, and influence, subjective 
and physiological changes.” ([McIntosh et al., 1997] p192). 

Also, the data  

“… cannot prove that mouth breathing and breathing hot air 
are not merely uncomfortable in the way general aversive 
stimuli are uncomfortable, and, that breathing cooled air is 
pleasant in the same way innately pleasurable stimuli are 
pleasant.” ([McIntosh et al., 1997] p193).   

However the basic relationships which VTEE predicts do appear to exist and this has 

considerable implications for all intubated patients and indeed anyone who cannot 

breathe through their nose.  Perhaps this may be one of the reasons colds make one 

feel so rotten! 
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1.7.5 Summary: brain cooling mechanisms in humans 

There is anatomical and physiological evidence that humans have mechanisms for 

losing heat through the skull and from the upper airways.  It is less clear to what 

extent these affect intracranial temperature and under what circumstances, and what 

other effects possibly small changes in temperature may have on other factors, 

including affect and neurotransmitter function.  It does appear that intubation may 

increase brain temperature, which has implications for critically-ill patients, and 

further investigation of this seems warranted. 

 

1.8 Concluding summary: brain temperature and brain  

 cooling mechanisms in health  

Although there is much that is not known about human brain cooling, it has been 

argued in this chapter that evolution facilitated human brain development by 

producing the anatomical and physiological mechanisms for cooling larger brains.  

Heat loss from the upper airways and through the skull are two of the mechanisms of 

brain cooling in humans, the other is cooling by arterial blood supply from the body.  

In non-human primates, the temperature of the arterial blood supply to the brain has 

been found to be lower than brain temperature and arterial blood is therefore usually 

considered to be the principle means of brain cooling.  This is commonly believed to 

be the case in healthy humans also, although the difficulties of measurement make it 

difficult to be sure.  Heat loss through the skull and from the upper airways can 

reduce the temperature of cerebral venous blood and further reduce the temperature 

of the arterial supply.  In mammals with a carotid rete this results in selective brain 

cooling.  Selective brain cooling has multiple functions which include protecting the 

brain from heat damage, conserving water in conditions of dehydration and delaying 

exhaustion in exercise.  Whether humans, who do not have a carotid rete, can employ 

selective brain cooling is not fully answered, although it is recognised that local 

cooling of parts of the brain below body temperature is possible. 
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Heat losses from the upper airways and through the skull are potentially clinically 

important because factors which enhance or inhibit them may affect brain 

temperature.  Regarding heat loss from the upper airways the best evidence is the 

study by Mariak et al which showed intracranial temperature reduced when patients 

were extubated [Mariak et al., 1999].  It was this which led to the decision to 

investigate restoring nasal airflow in brain-injured patients whose upper airways 

were bypassed by intubation and who therefore did not have this normal and 

potentially useful heat loss mechanism. 
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Chapter 2: Temperature and temperature 

management after brain trauma and stroke 

 

2.1 Introduction  

This chapter reviews temperature and temperature management after brain injury 

with particular reference to traumatic brain injury and stroke.  Brain trauma and 

stroke are common and potentially devastating conditions after which temperature is 

frequently increased above the normothermic range.  Considerable research effort 

has been expended on investigating temperature, the association of temperature with 

morbidity and mortality and methods of temperature reduction, with the aim of 

improving care of and functional outcome for patients. 

 

As with Chapter 1 this chapter is a narrative review which was begun in 2001 and 

has been added to over subsequent years.  An extensive database of references has 

been built up by a combination of methods including searches of databases 

(principally PubMed and Ovid Medline) and references in relevant papers.  On some 

of the subjects in this chapter there were existing systematic reviews and use has 

been made of these. 

 

2.2 Incidence, prevalence and consequences of brain  injury 

 in the United Kingdom 

Brain injury resulting from stroke and trauma are common and costly in human and 

resource terms.  Stroke affects 130,000 people a year with about 450,000 living with 

severe disability [The Stroke Association, 2006]; it  

"is the third biggest cause of death in the United Kingdom 
and the largest single cause of severe disability." [Department 
of Health, 2007].   
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The figures for traumatic brain injury are similar to those for stroke [Tennant, 2005], 

although mortality is lower at 6–10 per 100,000 population per year [National 

Institute for Clinical Excellence, 2007].  However, brain trauma is more common in 

younger people and it has been estimated that 4,700 of those admitted to hospital 

each year are unable to return to work at six weeks [Tennant, 2005].  A study in 

Scotland of a representative cohort of patients admitted to hospital with mild, 

moderate or severe head injury (n=549) found 38% (28/73) of patients with a severe 

injury (GCS<9) had died or were in a vegetative state by one year, of those still alive 

78% (35/73) had moderate or severe disability [Thornhill et al., 2000].  After a 

further follow-up the authors concluded  

“admission to hospital, even after what was judged 
conventionally to be a minor head injury, is followed 5–7 
years later by disability in a high proportion of survivors” 
[Whitnall et al., 2006] p645.   

Brain injury is associated with further physical and mental deterioration many years 

later and a possible increased risk of Alzheimer’s Disease [Fleminger, 2008]. 

 

The devastating personal and societal effects of brain injury have led to a major 

research effort to find ways of improving outcome.  Temperature and its 

manipulation are factors which have received considerable scrutiny because 

temperature is implicated in a whole cascade of sequelae following brain trauma and 

stroke.  

 

2.3 Mechanisms of injury and the effect of increase d 

 temperature after brain trauma and stroke 

The initial brain insult is different in brain trauma, cerebral ischaemia and primary 

brain haemorrhage.  Brain trauma is a heterogeneous injury which can cause focal 

and diffuse damage including contusions, haemorrhage and axonal injury.  Ischaemia 

may be focal, as in ischaemic stroke for example, or global, as in cardiac arrest and 

neonatal hypoxic-ischaemic encephalopathy.  Approximately 80% of strokes are 

ischaemic, caused by thrombi or emboli, and the remainder are haemorrhagic, caused 
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by intracerebral or subarachnoid bleeding.  The result of all of these insults, however, 

is reduced oxygen and glucose delivery to brain cells and inflammation, 

excitotoxicity, cell damage and death through a cascade of cellular and molecular 

responses [Bramlett and Dietrich, 2004;Maas et al., 2008;Doyle et al., 2008;Kadhim 

et al., 2008].  Figure 2.1 illustrates this [Bramlett and Dietrich, 2004]. 

 

Figure 2.1: Phases of injury after cerebral ischaem ia and trauma  

([Bramlett and Dietrich, 2004] Figure 2, p143) 

“Flow chart summarizing various pathophysiological events involved in cerebral ischaemic and traumatic 
insults. Four phases of injury are indicated that divide the spectrum of processes into immediate, acute, 
subacute, and ultimate outcome. As indicated, similar pathomechanisms are considered to participate in the 
structural and functional abnormalities associated with cerebral ischaemia and trauma. Degrees of 
involvement as well as temporal profiles of these events are important in determining whether they play a 
dominant role in cell death and injury. As in any type of injury, injury severity and the presence of secondary 
injury mechanisms impact on the robustness of these pathological events. It should be emphasized that there 
are generally more similarities in terms of pathogenesis between cerebral ischaemia and trauma than there are 
differences.” ([Bramlett and Dietrich, 2004] Figure 2, p143).  (ATP = adenosine triphosphate; PMNLs = 
polymorphonuclear leukocytes; HSP = heat shock proteins; Wallerian Degeneration = degeneration of a 
nerve fibre distal to a site of damage to the fibre, because nutrition from the cell body is cut off). 
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The principal cellular and molecular pathways activated after brain injury are shown 

in Figure 2.2 [Kadhim et al., 2008].  This also illustrates that the response to brain 

trauma and stroke is not purely detrimental; it also has some neuroprotective and 

reparative effects [Leker and Shohami, 2002;Schmidt et al., 2005;Morganti-

Kossmann et al., 2007;Kadhim et al., 2008].  A simpler illustration of the damaging 

and protective elements is shown in Figure 2.3 [Leker and Shohami, 2002].  The 

response to cerebral ischaemia has been described as “Janus-faced” because many of 

the pathomechanisms have both beneficial and deleterious effects [Endres et al., 

2008]. 

Figure 2.2: Schematic summary of the principal cell ular and molecular 

pathways activated in association with brain injury   

([Kadhim et al., 2008] Figure 2, p243) 

 
TNF, tumour necrosis factor; NF-κβ, nuclear factor κβ; SODD, silencer of death domain; BBB, blood-
brain barrier; IL, interleukin; MAC, membrane attack complex; CNS, central nervous system; FR, free 
radicals; NO, nitric oxide;  iNOS, inducible nitric oxide synthase;  PG, prostaglandin; COX, 
cyclooxygenase; IFN, interferon; NGF, nerve growth factor; BDGF, brain-derived growth factors; 
CNTF, ciliary neurotrophic factor; Epo, erythropoietin.  NB Diapedesi are blood cells which have 
passed through intact vessel walls. 
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Figure 2.3: Endogenous protective and damaging mech anisms 

triggered after ischaemic and traumatic brain injur y 

([Leker and Shohami, 2002] Figure 2, p59) 

 
“Brain injury triggers pathological pathways that may potentially harm brain cells.  These mechanisms 
include excitotoxicity, formation of free radicals, inflammation and apoptosis among others.  Auto-
protective mechanisms are also induced by brain injury including formation of heat shock proteins 
(HSPs), anti-inflammatory cytokines, growth factors (GFs) and endogenous antioxidants.  The 
balance between harming and protective mechanisms employed will ultimately determine the fate of 
the injured brain.” ([Leker and Shohami, 2002] p59). 

 

Although the picture is complex and the precise effects of increased temperature 

unclear, it is considered that raised temperature aggravates ischaemic damage and 

many of the pathomechanisms of injury.  It can, for example, exacerbate 

inflammatory cascades, increase neuronal excitotoxicity by glutamate activation, 

increase metabolism and the imbalance between energy supply and demand and alter 

the permeability of the blood-brain barrier [Dietrich and Bramlett, 2007;den Hertog 
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et al., 2007].  However, Sacho and Childs have sounded a note of caution because 

some of the animal research on the effects of increased temperature after brain injury 

has used induced hyperthermia which may not be equivalent in effect to spontaneous 

temperature increase after injury [Sacho and Childs, 2008].  Nevertheless, 

neurological damage can also be directly caused by heat, whether environmental or 

therapeutic, [Sharma and Hoopes, 2003] and this is both temperature and exposure-

time dependent [Goldstein et al., 2003].  Heat tolerance can be increased by pre-

conditioning [Shein et al., 2007] and is impaired by dehydration [Goldstein et al., 

2003].   

 

In hyperthermia therapy it is recommended that temperatures should not exceed an 

hour at 42.5 °C or 10 minutes at 43 °C in the central nervous system, and 44 °C for 

up to 30 minutes in the peripheral nervous system [Haveman et al., 2004;Haveman et 

al., 2005].  This is based on the assumption that there are no pre-existing diseases or 

abnormalities of the nervous system, such as ischaemia, which may increase 

susceptibility to superimposed thermal damage.  In brain-injured patients, during 

episodes of effervescence and defervescence, with brain temperatures ranging on 

average from 38 to 39.3 °C, the lactate-pyruvate ratio measured in “normal 

appearing” brain tissue remained unchanged [Stocchetti et al., 2005].  This suggests 

that spontaneous central nervous system temperature increases after brain injury, at 

least within the upper limits typically seen, may not be harmful per se in non-

ischaemic areas.  

 

The upper core body temperature limit for working in hot environments is generally 

set at 38 °C, although there is some evidence that impaired cognition can occur at 

<38 °C [Goldstein et al., 2003].  Cognitive impairment in heat stress is apparent 

before physiological tolerance limits are reached [Hancock and Vasmatzidis, 2003].  

It is the nature and complexity of the task, rate and duration of temperature increase 

and direction of temperature movement, more than absolute temperature, which 

affects cognitive performance [Hancock and Vasmatzidis, 2003].  Although the 

thermal state of patients after brain-injury is not directly comparable to that of people 
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undergoing environmental heat stress, nevertheless this data suggests that the 

nervous system is affected by temperature in subtle ways which may not be easily 

detectable simply by temperature measurement. 

 

In summary, brain trauma and stroke trigger a complex sequence of cellular and 

molecular events which causes cell damage and death but also has some protective 

effects.  Increased temperature may exacerbate the damaging effects. 

 

2.4 Incidence of increased temperature after brain trauma 

 and stroke  

Inflammation, cell death, and infection if present, means that temperature increase is 

common after both stroke and brain trauma [Corbett and Thornhill, 2000;Thompson 

et al., 2003b], although the reported incidence is affected by time from injury, 

definition of temperature increase and site of measurement.  On the day of admission 

25% of patients (97/390) admitted within 6 hours of stroke had an ear canal 

temperature of >37.5 °C [Reith et al., 1996].  Within 48 hours of stroke, 54% of 

patients (140/260) had an axilla temperature  >37.5 °C [Castillo et al., 1998] and 

25.2% (30/119) had an oral temperature of  ≥38 °C [Grau et al., 1999].  During the 

first 72 hours following spontaneous supratentorial intracerebral haemorrhage 91% 

of patients (178/196) had an oral or rectal temperature of ≥37.5 °C [Schwarz et al., 

2000].  In a random sample of all patients who were admitted to hospital and 

survived for 24 hours, 70% (28/40) with a subarachnoid haemorrhage and 68% 

(27/40) with traumatic brain injury had a temperature of ≥38 °C and 3% (1/40) and 

38% (15/40) respectively ≥39 °C, within 72 hours of admission [Albrecht et al., 

1998].  After severe traumatic brain injury, 67% of patients (567/840) had a rectal 

temperature of ≥37 °C within 48 hours [Jiang et al., 2002], 73% (80/110) had a 

temperature of >38 °C (axilla or core measurement) in the first week after injury 

[Stocchetti et al., 2002] and 85% (106/124) had a rectal temperature of >38 °C over 

the duration of their stay [Jones et al., 1994]. 
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Body temperature has been most commonly measured.  Some studies have measured 

intracranial temperature but this site of measurement is rarely used in stroke patients.  

Site of measurement is important because it is brain temperature which is most 

relevant after brain injury and which has been shown to be related to outcome in 

animal studies.  Furthermore, brain temperature cannot be reliably predicted from 

body temperature (see ‘Brain temperature’ below).  Childs et al prospectively 

observed parenchymal brain temperatures of >37.5 °C in 42% of patients (15/36) on 

admission and in 17% (6/36) when the mean over the first 48 hours was calculated 

[Childs et al., 2006].  Spiotta et al retrospectively found 85% of patients (61/72) with 

traumatic brain injury had a parenchymal brain temperature of  ≥38.1 °C, measured 

on the most severely injured side of the brain [Spiotta et al., 2008]. 

 

2.5 Definitions of increased temperature and treatm ent 

 thresholds 

Altered temperature in humans is a symptom, not a disease.  Despite the arrow 

traditionally pointing at 37 °C on many mercury-in-glass thermometers designed for 

use in humans, normothermia is not a single temperature but falls within a range 

which varies over 24 hours and with other factors, including gender and age [Sund-

Levander et al., 2002].  The definition of 37 °C as normothermia was based on Karl 

Wunderlich’s study of axilla temperature in the nineteenth century, although he 

actually reported a temperature range [Sund-Levander et al., 2002].  Sund-Levander 

et al’s review of normothermia gives the range for oral temperature as 35.7–37.7 °C 

in men and 33.2–38.1 °C  in women, and the range for rectal temperature as 36.7–

37.5 °C in men and 36.8–37.1 °C in women [Sund-Levander et al., 2002].  This 

illustrates that there is gender variation, and variation between sites of measurement 

both within and between individuals. 

 

In brain injury and stroke there is no universal definition of the threshold for an 

increased temperature or where and how temperature should be measured.  In 

critically ill patients, the task force of the American College of Critical Care 
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Medicine and the Infectious Diseases Society of America propose that “as a broad 

generalization” for “many ICUs” a temperature of  ≥38.3 °C can reasonably be 

considered a fever, “in the absence of an obvious environmental cause” and in 

patients who are not immunocompromised (in whom a lower threshold would be 

appropriate) [O'Grady et al., 2008].   The qualifications attached are an indication of 

the problems of a precise definition.   A specific site of measurement is not 

prescribed.  This would be difficult because of varying patient circumstances, but the 

guidelines say that intravascular (specifically pulmonary artery), followed in order by 

oesophageal, bladder, rectal, oral and ear canal measurements are the most accurate; 

axilla should not be used in intensive care [O'Grady et al., 2008].  In a survey of 

practice in the UK choice of site of measurement was found to be variable in neuro 

intensive care units, but axilla and groin were commonly used sites [Childs et al., 

2004].   

 

In stroke, the algorithm in the most recent National Institute for Clinical Excellence 

guidelines includes control of temperature to <37.2 °C [National Collaborating 

Centre for Chronic Conditions, 2008].  However, there is nothing in the text to 

support this recommendation or explain the basis on which it was made and nothing 

on measurement sites or methods of temperature control.  The short form of the 

guidelines makes no mention of temperature management at all [National Institute 

for Clinical Excellence, 2008].  European stroke guidelines recommend treating 

temperature if  ≥37.5 °C [The European Stroke Initiative Executive Committee and 

the EUSI Writing Committee, 2003].  The American Heart and Stroke Associations 

suggest that in febrile patients with ischaemic stroke or spontaneous intracerebral 

haemorrhage causes of fever should be treated and temperature lowered with 

antipyretics [Adams, Jr. et al., 2007;Broderick et al., 2007]; hypothermia is not 

recommended [Adams, Jr. et al., 2007].   

 

In head injury, Stocchetti et al make a distinction between non-core (external) and 

core (internal) sites of measurement and define fever as an axilla (external) 

temperature higher than 38 °C or rectal, bladder or pulmonary artery (internal) 
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temperature higher than 38.4 °C [Stocchetti et al., 2002].  The European Brain Injury 

Consortium guidelines for management of severe brain injury in adults recommend 

avoiding hyperthermia but do not define this [Maas et al., 1997].  The most recent 

Brain Trauma Foundation Guidelines for the management of severe traumatic brain 

injury have new chapters on prophylactic hypothermia (which is not recommended 

as standard care because of lack of evidence) and infection prophylaxis.  However, 

fever thresholds and management of increased temperature are not mentioned, except 

for a comment, with regard to sedatives and analgesics, that  

“It is felt beneficial to minimize painful or noxious stimuli as 
well as agitation as they may potentially contribute to … 
body temperature elevations …” ([Brain Trauma Foundation 
et al., 2007] pS-71).   

It is as if considering hypothermia has led to normothermia (or any other temperature 

management strategy) being overlooked.  In the previous edition of the guidelines 

“control of body temperature” (p139) was recommended as one of the interventions 

for established intracranial hypertension and infection is noted as a secondary insult 

(p55), but fever thresholds and temperature management were not discussed [Brain 

Trauma Foundation, 2000].  As a note in passing, this could be interpreted as 

supporting the view that fever after brain trauma is so unarguably detrimental that 

treating it should be taken as read!  There are many published papers which take this 

stance.  Nuanced views are not always appreciated! 

 

Surveys of neurological units indicated ‘normothermia’ was most frequently the 

temperature target in the UK and around 38 °C the target in the USA, although 

relatively few units had written temperature management protocols [Johnston et al., 

2006;Thompson et al., 2007].  A published UK protocol advocates treating 

temperature if above 38 °C, and inducing hypothermia to 35 °C as part of the 

treatment for refractory increased intracranial pressure [Clayton et al., 2004].  Our 

own intensive care protocol at the Western General Hospital also advocates treating 

core temperature if it is >38 °C in patients with traumatic brain injury and stroke. 
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In summary, it is probably possible to argue that temperatures of >37.5 °C in stroke 

and >38 °C in traumatic brain injury could be defined as increased because they 

would be likely to trigger a temperature reducing intervention.  But this does not take 

account of site of measurement. 

 

2.6 Brain temperature after brain injury 

In the context of cerebral protection from injury brain temperature is more important 

than body (core trunk) temperature.  Busto et al, for example, demonstrated this 

some time ago in rats when they studied the effect of brain cooling during and after 

an ischaemic injury.  With rectal temperature held constant at 37 °C they found that 

hypothermic brain temperatures significantly reduced infarct volume [Busto et al., 

1987;Busto et al., 1989].  Consequently it is considered that 

“monitoring brain temperature in all models of brain injury is 
essential in decreasing experimental variability” ([Dietrich, 
1992] pS476).   

Equally it would seem logical that if invasive brain monitoring is warranted in the 

care of severely brain-injured patients this should include temperature.   

 

Since around 1990 it has been possible to measure human intracranial temperature 

clinically with thermistors incorporated in intracranial pressure monitors and 

ventricular access devices [Mellergard et al., 1990;Hayashi, 2009].  Brain 

temperature was measured during surgery even before this [Whitby and Dunkin, 

1971].  More recently cerebral microdialysis catheters have included a temperature 

monitoring facility.  Thus temperature measurement does not require an additional 

invasive probe.  Nevertheless, invasive intracranial monitoring is not without risks 

and cannot always be justified clinically, especially in patients who are not critically 

ill, which includes the majority of stroke patients. 

 

Even when it could be justified, monitoring brain temperature directly has not 

necessarily been considered a clinical priority because of the commonly held view 
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that brain temperature can be predicted from core trunk temperature, being about 

0.5 °C higher.  This view may stem originally from Hayward and Baker’s seminal 

work in monkeys [Hayward and Baker, 1968] (p394), but more recent human 

research is sometimes cited in support of such statements.  Stocchetti et al for 

example cite Rossi et al in support of their statement that 

“Brain temperature usually exceeds body core temperature, 
the mean difference being 0.4 °C at the febrile peak.” 
([Stocchetti et al., 2005] p1137).   

But reporting the mean in this way obscures the fact that the difference “varied 

widely” [Rossi et al., 2001].  

 

Although on average brain temperature may be higher than core body temperature 

[Mcilvoy, 2004], it has increasingly been recognised that the difference is not 

predictable after injury and can vary between and within individuals.  A large 

increase in brain temperature over body temperature, by as much as 2 °C or more, 

has been termed brain ‘thermopooling’.  It is partly attributable to lack of normal 

cerebral blood flow as a result of oedema and vessel damage, aggravated by 

inadequate systolic blood pressure or cerebral perfusion pressure [Hayashi et al., 

1994;Hayashi, 2009].  In neurosurgical patients, temperature differences have, for 

example, been shown to range within patients from -0.3–2.1 °C between frontal lobe 

and rectal temperatures [Rumana et al., 1998], and between patients from -0.7–2.3 °C 

between ventricular and pulmonary artery temperatures [Rossi et al., 2001].   

 

After brain trauma Childs et al found “unpredictable and inconsistent differences” 

within patients between brain parenchymal and rectal temperatures, ranging from 

-2.9–1.8 °C [Childs et al., 2005].  Within patients following a severe middle cerebral 

artery stroke the difference between parenchymal temperature and bladder 

temperature ranged from 1.0–2.1 °C and was not constant, although parenchymal 

temperature was always higher [Schwab et al., 1997].  Intrahemispheric temperature 

differences were also variable in these patients, with temperature up to 0.6 °C higher 

in the infarcted hemisphere within the first 12 hours and lower after 12 hours 
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[Schwab et al., 1997].  Using MRS brain temperature measurement in patients within 

25 hours (median 7 hours) of acute ischaemic stroke Karaszewski et al found that an 

increase in brain temperature preceded an increase in body temperature [Karaszewski 

et al., 2006].  Brain temperature was highest in what was considered to be penumbral 

tissue, followed by definitely abnormal (ischaemic lesion core) and normal brain 

tissue.  There was less difference between temperature in the ischaemic lesion and 

normal tissue in the contralateral hemisphere in patients scanned after 10 hours from 

stroke onset than before 10 hours, because contralateral temperature was relatively 

higher after 10 hours. 

 

Although the relationship between brain and trunk temperature can vary for a 

number of reasons, Rossi et al observed in acute neurosurgical patients that the mean 

difference between ventricular and pulmonary artery temperatures widened as 

pulmonary artery temperature increased in fever, i.e. brain temperature increased 

proportionately more than body temperature [Rossi et al., 2001].  Reduction in brain 

temperature below body temperature can be associated with low cerebral blood flow 

and reflect more severe injury [Soukup et al., 2002], and may also be a precursor of 

brain death [Orita et al., 1995;Schwab et al., 1997]. 

 

Intracranial temperature is generally recognised as the gold standard for measuring 

brain temperature.  However, it is usually only possible to make measurements in 

critically ill patients, which may not reflect normality, and at a single site which may 

not reflect temperature across the brain, particularly after injury.  Invasive brain 

monitoring is uncommon in stroke patients and intracranial temperature is not 

necessarily measured even in severe stroke and brain injury [Childs et al., 2004].  

Proxy measures of intracranial temperature used in clinical practice include jugular 

bulb temperature (the jugular bulbs are not within the cranium) and infrared 

thermometry in the ear canal.  However, a number of studies have questioned the 

accuracy and precision of the latter (for example [Moran et al., 2007]) and both are 

potentially susceptible to contamination by scalp blood temperature [Kety and 

Schmidt, 1948], which is of particular relevance with external head cooling 
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interventions and significant changes in environmental temperature.  True tympanic 

membrane temperature is not often measured clinically in unconscious patients 

because of the risk of perforating the ear drum.   

 

The difficulties of measuring brain temperature, particularly in uninjured human 

subjects, makes it difficult to define what constitutes normality, or conversely what 

temperatures should be considered abnormal in brain injury.  Stocchetti et al defined 

an intracranial temperature >38.7 °C as pyrexia and around 38 °C as normothermia 

[Stocchetti et al., 2005].  They arrived at this definition of intracranial pyrexia by 

taking O’Grady et al’s definition of fever as a body temperature of ≥38.3 °C 

[O'Grady et al., 1998] and adding 0.4 °C, on the basis that Rossi et al had shown 

0.4 °C was the mean difference between body and brain temperature at the febrile 

peak [Rossi et al., 2001]. 

  

However, temperature gradients exist in the human brain just as they do in the body.  

Even if ‘core’ brain temperature may remain fairly stable it is possible that 

intracerebral gradients vary under normal circumstances (Chapter 1) and more so 

after brain injury.  Omori et al measured intracranial temperatures during shunt 

insertion in 12 patients with normal pressure hydrocephalus 53±25 days after 

subarachnoid haemorrhage; these patients had had their aneurysms clipped within 72 

hours [Omori et al., 2004].  Intracerebral temperature was measured at 1 cm intervals 

from the brain surface to the anterior horn of the lateral ventricle.  Ventricular 

temperature was higher than temperature 2 cm below the brain surface and the 

difference ranged from 0.3–2.7 °C [Omori et al., 2004].  Unfortunately the other 

intracranial temperature measurements are not reported.  Whitby and Dunkin 

measured brain temperature at 2 and 4 cm below the brain surface in 70 patients 

during surgery for glioma:  

“The brain at 4 cm was warmer than at 2 cm in fifty-nine 
cases, colder in five and the same temperature in six.” 
([Whitby and Dunkin, 1971] p674).  
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In the 64 patients who had craniotomies the mean difference was 0.4 ° C (SD 0.29) 

and in the six who had biopsies it was 0.1 °C (SD 0.18), the maximum difference 

observed was 1.2 °C [Whitby and Dunkin, 1971].  Craniotomy may increase the 

gradient because the skull and dura no longer shield the brain from environmental 

temperature.  Gradients will be affected by the injury itself, intubation, whether heat 

loss or heat retention mechanisms are active, and also factors such as ambient 

temperature and humidity and possibly head coverings (for example hair, dressings, 

bandages). 

 

In summary, brain temperature is more important than body temperature for cerebral 

protection purposes.  When invasive intracranial monitoring is justifiable 

temperature can be measured without an additional invasive probe.  Intracranial 

temperature measurement is the gold standard and is important because there is 

considerable within and between-patient variation, thus predicting brain temperature 

from body temperature is unreliable.  However, only one site of measurement is 

usually possible which means that intracerebral temperature gradients, which may be 

large, will not be detected. 

 

2.6.1  Causes of increased temperature 

Increased temperature after brain trauma and stroke can result from a regulated, and 

therefore defended, inflammatory response (fever) or an unregulated (forced) 

hyperthermia resulting from heat loss mechanisms being overwhelmed by heat gain 

or heat production.  A regulated temperature increase is supported by changes in 

thermoeffector activities and will generally be self-limiting at the top of the regulated 

temperature range, around 41–42 °C, as a result of antipyretic feedback mechanisms 

[Mackowiak and Boulant, 1996;Roth, 2006;Commission for Thermal Physiology of 

the International Union of Physiological Sciences, 2001].  An unregulated increase, 

however, may continue to levels which are damaging to the nervous system, unless 

checked by increased heat loss (cooling interventions for example) or reduction or 

removal of the cause of excess heat production [Thompson et al., 2003a]. 
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The immune system does not discriminate between endogenous and exogenous 

danger signals, i.e. between, for example, endogenous molecules released by necrotic 

and apoptotic cells and exogenous bacteria and viruses, and mounts an immune 

response to both [Matzinger, 2002;Chen et al., 2007].  Therefore a regulated 

temperature increase can result from an inflammatory response to injury (physical or 

chemical for example) or to infection or psychological stress [Kossmann et al., 

1995;Arvin et al., 1996;Feuerstein et al., 1998;Barone and Feuerstein, 1999;Shiozaki 

et al., 2005;Soszynski, 1999;Soszynski, 2006;Roth, 2006]. 

 

Injury to the central nervous system disturbs the balance between the nervous system 

and the immune system.  Hence injury to the brain or spinal cord is an independent 

risk factor for infection because it may induce systemic immune depression and 

therefore increase susceptibility to infection, particularly if the immunodepression is 

not balanced by systemic inflammation [Meisel et al., 2005].  Possibly this increased 

infection risk is the evolutionary penalty for reducing autoimmune disorders of the 

nervous system, which might otherwise result from the response to molecules 

released by damaged cells in the nervous system.  But a certain amount of 

autoimmunity may be required for repair and the overall balance of benefit versus 

detriment is not yet properly understood [Meisel et al., 2005].  (Incidentally, some 

antibiotics may improve outcome after stroke.  This is thought not to be simply due 

to prevention of infection, but perhaps also a result of neuroprotection through 

reduction of glutamate and an increase in neurotrophins and hence cell survival 

[Thone-Reineke et al., 2008]). 

 

In the general population hyperthermia most commonly occurs as a result of 

environmental or exertional heat gain but after brain injury there are other possible 

causes involving both heat production and/or heat loss mechanisms.  Hyperthermia 

can be caused by injury to parts of the brain involved in thermoregulation (the 

hypothalamus and related structures), so called neurogenic or central fever, although 

in this case temperature may not be completely unregulated [Thompson et al., 

2003b].  The incidence of neurogenic fever after traumatic brain injury has been 
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reported variously at 4–37% [Thompson et al., 2003a], although hypothalamic 

damage (microhaemorrhage and/or ischaemic necrosis) was found in 43% of 106 

patients with acute closed head injury at post-mortem [Crompton, 1971].  

Hyperthermia may also occur as a genetically determined response to certain 

anaesthetic drugs such as halothane (malignant hyperpyrexia), a response to 

antipsychotics such as haloperidol (neuroleptic malignant syndrome) or be a result of 

withdrawal from drugs, including alcohol and opiates [Eyer and Zilker, 

2007;O'Grady et al., 2008]. 

   

It can be difficult to be certain why temperature is increased after brain injury and 

stroke, and in particular to differentiate categorically between infectious and non-

infectious causes of a regulated increase, largely because a non-infectious cause is a 

diagnosis of exclusion (see [O'Grady et al., 2008] for examples).  Although one rule-

of-thumb which it has been suggested helps discriminate is that in most non-

infectious fevers temperature does not rise above 38.9 °C (the 102 °F rule) [Cunha, 

1998].  Rabinstein and Sandhu investigated patients in a neurological intensive care 

unit whose bladder temperature was  ≥38.3 °C at least once on two consecutive days 

(n=92) [Rabinstein and Sandhu, 2007].  They used a combination of sampling and 

computerised tomography scanning to detect infection and found an infectious 

reason for increased temperature was more common in patients with traumatic brain 

injury (32% versus 11%), but not if the temperature increase occurred within 72 

hours of admission.  In patients with subarachnoid haemorrhage, infections were less 

likely to be found (11% versus 15%) and increased temperature was associated with 

vasospasm [Rabinstein and Sandhu, 2007].  It is unclear if viral and fungal causes of 

infection were investigated in addition to bacterial causes.  Commichau et al studied 

all patients admitted to a neurosurgical intensive care unit (n=387) and found that 

23% (90/132) developed a temperature of ≥38.3 °C on at least one occasion 

[Commichau et al., 2003].  Using a similarly rigorous screening system to Rabinstein 

and Sandhu [2007] they found 52% (47/90) of these temperature increases were 

explained by infection (42% pneumonia or bronchitis) and 28% (25/90) were 
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unexplained, although again it is unclear if viral and fungal causes of infection were 

investigated. 

 

In summary, increased temperature after brain injury is most likely to be a fever, 

although whether this is a result of infection can only be determined by thorough 

assessment.  The possibility that it may be a hyperthermic increase resulting from 

neurological damage or drugs, for example, should not be discounted and of course 

there may be more than one underlying cause. 

 

2.6.2 Association of increased temperature with out come 

Data on the relationship between temperature and outcome in stroke and traumatic 

brain injury is considered here. 

 

2.6.2.1 Stroke 

The evidence for a relationship between increased temperature and outcome in 

humans is arguably stronger in stroke than for traumatic brain injury.  In a meta-

analysis of nine studies increased temperature after stroke was significantly 

associated with mortality and morbidity compared with no increase [Hajat et al., 

2000].  Five of the studies included all forms of stroke and four excluded at least 

some types of haemorrhagic stroke.  The definition of increased temperature for 

dichotomising the data was somewhat heterogeneous because the nine studies used 

varying cut-off points ranging from 37–38 °C.  In studies of temperature and 

outcome the sites, times and frequency of temperature measurement has also varied, 

as has investigation of the cause of increased temperature (for example infection), the 

method of analysis, length of follow up and severity and outcome scores used.  

Therefore it is perhaps not surprising that the results are not completely uniform.   

 

The prospective Copenhagen Stroke Study studied the effect of admission 

temperature in stroke particularly extensively [Reith et al., 1996;Jorgensen et al., 
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1999;Kammersgaard et al., 2002].  Temperature was measured in the ear canal with 

an infrared thermometer in 390 consecutive patients admitted within 6 hours of 

ischaemic stroke (median 2.4 hours).  Twenty-five percent of patients had an 

admission temperature of >37.5 °C.  One of the strengths of this study is that 

temperature was analysed as a continuous variable using multiple regression, thus the 

effect of the whole temperature spectrum was investigated and, essentially, patients 

with higher temperatures had worse outcomes than those with lower temperatures.  A 

1 °C increase in admission temperature independently increased the relative risk of 

poor outcome (death or Scandinavian Stroke Score <30 points) at discharge by 2.2 

(OR 2.2; 95% CI 1.4 to 3.5) [Reith et al., 1996] and at five years “independently 

predicted a 30% relative increase (95% CI 4% to 57%) in mortality risk” 

[Kammersgaard et al., 2002].  With regard to lower temperatures, patients with 

“mild” hypothermia on admission had lower mortality and better outcome on 

discharge [Reith et al., 1996].  It was also found that spontaneously decreasing body 

temperature was predictive of better than expected outcome [Jorgensen et al., 1999].  

Of 223 patients with the most severe stroke (Scandinavian Stroke Scale Score of <15 

points) 62% died in hospital, but 31% of the survivors had a good outcome (Barthel 

Index of ≥50 points) and decreasing body temperature on admission was an 

independent predictor of this (OR 1.8 per 1 °C decrease; 95% CI 1.1 to 3.1, p=0.01) 

[Jorgensen et al., 1999].  In addition, admission temperature was significantly but 

independently related to infarct size and stroke severity, with a difference in 

temperature of 1 °C being equivalent to a 15mm difference in infarct size and a 

4-point difference in stroke severity score.  The independent nature of these 

relationships mean that stroke severity did not explain the effect of temperature on 

outcome, but this still does not constitute proof of a direct cause and effect 

relationship as the investigators point out. 

 

Several studies have been published since Hajat et al’s review was undertaken [Hajat 

et al., 2000].  In a retrospective study Wang et al modelled the relationship between 

“the first aural temperature recorded in the medical notes” and mortality in-hospital 

and at one year in 509 patients after acute stroke [Wang et al., 2000].  In the 437 
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patients with ischaemic stroke, each 1 °C increase in admission temperature 

increased the odds ratio for in-hospital mortality by 3.9 (95% CI 1.9 to 7.8, p<0.001) 

and the risk of death at one year by 2.1 (95% CI 1.4 to 3.2, p=0.001).  In the 72 

patients with haemorrhagic stroke, temperature was not a significant predictor of in-

hospital mortality (p=0.777).  There were insufficient haemorrhagic stroke survivors 

to analyse the relationship between temperature and mortality at one year since 64% 

(46/72) had died by that time, 54% (39/72) in hospital.  In another retrospective 

study Schwarz et al analysed data over the first 72 hours of admission in 196 patients 

after spontaneous supratentorial intracerebral haemorrhage [Schwarz et al., 2000].  

Logistic regression showed that duration of fever was independently associated with 

worse outcome on the Glasgow Outcome Scale at discharge.  Other independent 

predictors of worse outcome included admission Glasgow Coma Score of ≤7, 

haematoma volume of >60 cm3 and secondary haemorrhage.   

 

A prospective study of 725 consecutive patients admitted to an acute stroke unit 

within 6 hours of ischaemic (n=584) and haemorrhagic stroke (n=141) investigated 

the relationship between admission temperature (ear canal) and outcome at 3 months 

(death and modified Rankin score) [Boysen and Christensen, 2001].  Admission 

temperatures of >37.5 °C (4.7%; 35/725) were not related to stroke severity or 

outcome but lower temperatures on admission were associated with worse outcome.  

Temperature was measured 2 hourly for the first 24 hours and temperature increase 

after admission was related to stroke severity.  Patients with mild to moderate 

ischaemic stroke (56%; Scandinavian Stroke Score >25 on admission) had no 

increase in mean temperature over the first 18 hours.  Patients with severe stroke 

(22.9%; Scandinavian Stroke Score ≤25 on admission) and with haemorrhagic stroke 

(11.6%) increased their mean temperature within the first 12 hours, and from 8 hours 

after stroke onset higher temperature was associated with worse outcome. 

 

A more recent prospective study (n=261) assessed complications after the acute stage 

of stroke, i.e. following discharge from an acute stroke unit to a step-down stroke 

facility 1–7 days after stroke onset [Rocco et al., 2007].  Increased temperature, 
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defined as a body temperature of >37.8 °C (site not specified), occurred in 20% of 

the patients, urinary and pulmonary infections occurred in 27% and increased 

cerebral damage (assessed radiologically) in 8%.  All these were significantly and 

independently associated with change to a worse outcome category (National 

Institutes of Health Stroke Scale) at discharge and with increased mortality [Rocco et 

al., 2007].   

 

Despite the variations in individual study results there is overall an associational 

relationship between increased temperature and worse outcome after stroke.  This is 

not necessarily causal because the time of onset of increased temperature appears to 

have an influence and temperature elevation can be a marker of more severe injury 

and of infection, both of which are also associated with worse outcome after stroke. 

 

Although Hajat et al’s systematic review suggests infection may not play a 

significant part in the relationship between temperature and outcome in stroke [Hajat 

et al., 2000] there is some evidence that infection is an independent risk factor for 

ischaemic stroke (OR 4.5; 95% CI 2.1 to 9.7) [Grau et al., 1995] (RR 9; 95% CI 2.2 

to 80) [Syrjanen et al., 1988].  Grau’s group also found that in 83% of patients 

(n=30) who developed fever (measured orally) within the first 48 hours after stroke, 

the fever could be explained by aspiration pneumonia or bacterial or viral infection, 

which was probably pre-existing in nearly half the cases [Grau et al., 1999].  

Therefore infection cannot be discounted as an element in the complex relationship 

between temperature and outcome after stroke. 

 

In summary, there is considerable evidence of a relationship between increased 

temperature and worse outcome after stroke although whether this is causative or 

simply associational is not certain. 
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2.6.2.2 Traumatic brain injury 

The association between increased temperature and outcome after traumatic brain 

injury in humans is somewhat less consistent than with stroke [Sacho and Childs, 

2008], although a formal meta-analysis has not been undertaken.  Again, studies vary 

in site, frequency and duration of temperature measurement, use of therapeutic 

cooling interventions, length of follow-up and study design (for example 

retrospective versus prospective), but, in contrast to stroke, not in outcome 

assessment since the standard instrument for brain trauma is the Glasgow Outcome 

Scale.  Variability in these factors may account for some of the inconsistency in 

results.  As with stroke, the relationship between increased temperature and outcome 

may not be directly causal and could be a function of more severe injury or infection.   

   

Jones et al used continuous electronic data collection to prospectively monitor 124 

adult head-injured patients for secondary insults [Jones et al., 1994].  Core body 

temperature was one of the variables measured and temperature was considered an 

insult if ≥38 °C for 1 hour and resolved once below this for 1 hour.  Eighty-five 

percent (n=106) of the patients had an increased temperature by this definition.  This 

was despite a temperature management protocol stipulating maintenance of 

normothermia (<37 °C), using surface cooling and paracetamol [Andrews et al., 

2002].  In a sub-set of 71 patients (out of 124) who had complete data for eight 

potential secondary insults, including temperature, logistic regression showed 

duration of temperature increase to be significantly associated with mortality at 12 

months (p=0.014), along with duration of hypotension (p=0.006) and hypoxia 

(p=0.024) [Jones et al., 1994].  The relationship between temperature and morbidity 

i.e. good outcome (Glasgow Outcome Scale good recovery and moderate disability) 

versus poor outcome (severe disability, vegetative state and death) did not quite 

reach statistical significance (p=0.077).  The duration of temperature increase was 

not significantly related to severity of illness (coma on admission versus moderate 

and minor head injury).  The role of infection was not assessed.   
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In a retrospective study of brain-injured patients Xiao et al found that an admission 

temperature of <36 °C or >37.3 °C was associated with worse Glasgow Outcome 

Score on discharge and at one year [Xiao et al., 2002].  Unfortunately details are 

lacking as this study is published in Chinese and only the abstract is available in 

English. 

 

Jiang et al found in a retrospective analysis that increased rectal temperature within 

48 hours of traumatic brain injury was significantly associated with worse Glasgow 

Outcome Scale at one year after injury [Jiang et al., 2002].  However, abnormal pupil 

response and high intracranial pressure were also associated with worse initial 

Glasgow Coma Score which suggests that severity of injury was a factor.  Again, 

infection was not assessed.  It is implied in the methods that some of the patients 

received therapeutic hypothermia as part of their care but this is not mentioned in the 

results and therefore the effect of this is unknown. 

 

In a retrospective study of 110 patients with traumatic brain injury, 73% had a 

temperature of >38 °C (axilla) or >38.4 °C (core body) but this was not associated 

with worse outcome at 6 months [Stocchetti et al., 2002].  Increased temperature was 

however significantly associated with worse injury; 78% of the 87 patients with ‘post 

stabilisation’ Glasgow Coma Score ≤8 had an increased temperature compared with 

48% of the 23 with a Glasgow Coma Score of >8 (p=0.009).  And worse injury, a 

‘post stabilisation’ coma scale of ≤7, was associated with worse outcome (OR 5.4; 

95% CI 1.9 to 15).  It is somewhat disconcerting that the authors use different 

dichotomies for Glasgow Coma Score in their analyses [Stocchetti et al., 2002]; it 

appears the analyses were not pre-planned and as this was also a retrospective study 

the results should perhaps be treated with caution.  It is hard to interpret the infection 

data because of the 87% (96/110) of patients diagnosed with infection (mainly 

pneumonia) only 76% had a temperature increase, although this does suggest that 

infection was a common reason for fever.  According to the methods some patients 

had physical cooling interventions but this is not accounted for in the results.   
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Jeremitsky et al undertook a retrospective study of secondary insults in adult patients 

with severe traumatic brain injury (Glasgow Coma Score ≤8) admitted to a trauma 

centre within 2 hours of injury (calculated from the time of arrival of emergency 

personnel on the scene) [Jeremitsky et al., 2003].  Patients whose transport time to 

the centre was >2 hours, who died or whose Glasgow Coma Score increased to >13 

within the first 24 hours, and those who had no haemorrhagic lesion on CT scan, 

were excluded, leaving 81 out of 356 patients for inclusion.  Forty-two percent of 

those included had a temperature >38.5 °C in the first 24 hours (measurement site 

was not stated) but this was not associated with increased mortality or increased 

hospital length of stay.  Injury severity (Abbreviated Injury Score), however, was 

independently associated with mortality (p=0.020).  The authors do not specify the 

period over which mortality was assessed but it appears to have been in-hospital 

mortality.  Infection was not assessed.   

 

Childs et al prospectively measured parenchymal brain temperature during the first 

48 hours and survival at 3 months after traumatic brain injury [Childs et al., 2006].  

Thirty six consecutive patients admitted to intensive care were included.  Patients 

who had had emergency neurosurgery were excluded.  Initial brain temperature was 

not associated with risk of death at 3 months.  But the authors also used linear 

logistic regression to explore whether survival at 3 months was associated with either 

higher or lower mean brain temperatures over the first 48 hours, and found higher 

temperature was related to increased survival (OR for death per 1 °C was 0.31; 95% 

CI 0.09 to 1.1, p=0.06).  Quadratic logistic regression, on the other hand, suggested 

that temperatures in the middle range were related to improved survival.  In this 

analysis both high and low temperatures tended to be associated with increased 

mortality, although the relationship was not statistically significant (p=0.06).  This 

study is of particular interest since brain temperature is the temperature of most 

relevance with regard to brain injury.  The relationship found between higher 

temperatures and increased survival may be an indication that spontaneous 

temperature change in humans is not equivalent to therapeutic or experimental 

temperature manipulation.  This may be a confounding factor in some of the animal 
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research, in which hyperthermia was induced, as Childs points out in a later paper 

[Sacho and Childs, 2008].  

 

It is likely that the true relationship between increased temperature and outcome after 

traumatic brain injury is complex.  This is illustrated in work by McQuatt who used 

decision tree analysis to explore possible predictors of outcome at 12 months after 

injury in the patients in Jones et al’s study [McQuatt, 1998;Jones et al., 

1994;Andrews et al., 2002].  All patients whose 12 month Glasgow Outcome Score 

was known were included and analyses were carried out on the whole patient group 

(n=121) and the sub-set with complete data for potential secondary insults (n=69).  

The original logistic regression analysis in the patient sub-set (discussed above, 

p112) showed duration of temperature increase to be significantly associated with 

mortality at 12 months (p=0.014), which the authors argued was congruent with 

pyrexia being detrimental to the brain [Jones et al., 1994].  However, McQuatt’s 

decision tree analyses in these patients showed that there were small groups who did 

not conform to the regression analysis results for pyrexia for the group as a whole 

[McQuatt, 1998].  Three decision tree analyses were carried out: predicting death or 

survival, predicting good (moderate disability and good recovery) or bad outcome 

(death and severe disability), and predicting Glasgow Outcome Score.  Each of these 

analyses was run with four types of data: demographic data; secondary insult data 

(high intracranial pressure, arterial hypo- and hypertension, cerebral perfusion 

pressure, hypoxaemia, pyrexia, brady- and tachycardia); demographic plus insult 

data; and complication data.  Pyrexia was a factor in predicting Glasgow Outcome 

Score with insult data and also with demographic plus insult data.   

 

The analysis with insult data had the best predictive accuracy and the results were as 

follows (Figure 2.4).  Seven patients had one occurrence of cerebral perfusion 

pressure grade 3 (≤40 mmHg) and grade 2 hypotension (systolic blood pressure ≤70 

or mean arterial pressure ≤55 mmHg) for ≤18 minutes of monitored time and a 

pyrexia (≥38 °C) [McQuatt, 1998].  Of these, the four who were pyrexial for ≥31% 

of monitored time were predicted to make a good recovery and did so, the three who 
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had pyrexia for less than 31% time were severely disabled as predicted.  Thus in this 

group of seven patients those who were pyrexial for longer made a good recovery 

and those with pyrexia for less time did not, which runs counter to the overall picture 

of pyrexia being associated with worse outcome.  The analyses which combined 

demographic and insult data to predict Glasgow Outcome Score showed similar 

results to that for insult data alone, for both the whole patient group and the sub-set.  

Patients with no or relatively few occurrences of hypotension who had pyrexias for 

longer, did better than patients who had pyrexias for a shorter time, even if, as in the 

whole group analysis, they were patients with a relatively high Injury Severity Score 

(>33).   

Figure 2.4: Decision tree using secondary insult da ta to predict 

Glasgow Outcome Score  

([McQuatt, 1998] Figure 21, p125) 
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One of the purposes of decision tree analysis is hypothesis generation:  

“Statistical methods tend to be very good at confirming 
existing hypotheses, but not so good at finding new 
hypotheses.  Decision tree classification, on the other hand, 
can be applied without having initial hypotheses; ‘mining’ 
the data for as yet unknown information.” ([McQuatt, 1998] 
p87).   

The emerging hypothesis from some of the decision trees was that pyrexia may have 

beneficial effects, or at least may not always be detrimental, and the investigators 

noted in a subsequent paper that this would bear further evaluation [Andrews et al., 

2002].   

 

One aspect of the relationship between temperature and outcome after traumatic 

brain injury which appears to be clearer is that spontaneous hypothermia is not 

beneficial.  It is less clear whether this is a direct result of being spontaneously cold, 

being cold and subsequently warming (or being warmed), remaining (or being kept) 

hypothermic during the acute phase after injury, or because hypothermia is more 

likely after a worse injury [Clifton et al., 2002].  In Clifton et al’s trial of 

hypothermia versus normothermia after traumatic brain injury (n=392), patients with 

hypothermia on admission (bladder temperature ≤35 °C, n=102) had worse outcomes 

and worse injuries than patients who were not hypothermic on admission [Clifton et 

al., 2001].  But they were also warmed if they were randomised to normothermia 

which complicates interpretation [Clifton et al., 2002].  In Childs et al’s prospective 

survey, as reported above (p114), a non-significant tendency to increased mortality 

with lower temperatures was found [Childs et al., 2006].  In Jeremitsky et al’s 

retrospective study (reported on p114) 26% of the patients had hypothermia 

(temperature <35 °C), despite preventative measures, and there was a significant, 

independent relationship between hypothermia and mortality (p=0.002) [Jeremitsky 

et al., 2003].  The authors point out that spontaneous hypothermia is not directly 

comparable to therapeutic hypothermic but note that an association between 

hypothermia and worse mortality is nevertheless a “provocative observation” 

[Jeremitsky et al., 2003].  This comment probably references the general tide of 

opinion in neurocritical care regarding temperature and outcome which is held 
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despite the fact that therapeutic hypothermia has not been conclusively shown to be 

of benefit (as is discussed below).  The largest study of the effect of spontaneous 

hypothermia on outcome is a recent meta-analysis [McHugh et al., 2007], which is 

part of the IMPACT study’s assessment of the relationship between secondary insults 

occurring prior to or on admission to hospital and Glasgow Outcome Scale at 6 

months [Marmarou et al., 2007].  Of 4195 patients 10% had suspected or definite 

hypothermia (temperature <35 °C) which was shown to be strongly associated with 

worse outcome (OR 2.2; 95% CI 1.6 to 3.2) [McHugh et al., 2007].  

 

In summary, although amongst clinicians generally, and in much of the literature, the 

‘received wisdom’ is that increased temperature worsens outcome after traumatic 

brain injury, the picture is complex and data are not as strongly supportive of that 

view as in stroke. 

 

2.6.2.3 Temperature and outcome: a complex relationship 

In addition to potential confounders, such as severity of injury and infection, there 

are many other factors which contribute to the complexity of the relationship 

between temperature and outcome, of which the following are examples.  

Temperature is a symptom, therefore the reasons for temperature increase (for 

example infection, inflammation, hyperthermia) or decrease (for example 

spontaneous hypothermia, low cerebral blood flow, impaired immune response) are 

likely to be important in explaining the relationship.  The reasons may be impossible 

to determine with certainty, and there is a complex interplay with other influences on 

temperature in addition to severity of injury and infection, for example hypotension, 

blood sugar, hydration and sleep [Mekjavic and Eiken, 2006].  The ability to mount 

an adequate immune response is important both in response to infection and also to 

inflammation [Schmidt et al., 2005;Morganti-Kossmann et al., 2007;Kadhim et al., 

2008].  Thus, although [Jones et al., 1994] found that duration of temperature 

increase was a significant predictor of mortality, in McQuatt’s decision tree analysis 

of their data some patients who were able to mount a robust immune response 

(supposing a longer duration of temperature increase indicates this) had a better 
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outcome [McQuatt, 1998] (Figure 2.4).  Increased temperature, unless high enough 

to cause thermal damage, may not be detrimental in the absence of ischaemia 

[Stocchetti et al., 2005], therefore differences in cerebral blood flow in ischaemia 

compared with trauma may be a reason why there is more consistent evidence for 

detriment in stroke.  Another factor is that some individuals may have been subject to 

heat acclimation and thus preconditioned to better withstand a neurological insult.  

Heat acclimation may convey neuroprotection against brain injury by augmenting 

endogenous defence mechanisms and attenuating detrimental post-injury processes 

[Shein et al., 2007]. 

 

2.6.2.4 Summary: increased temperature and outcome in stroke and 

traumatic brain injury 

There is experimental and observational evidence that increased temperature is 

associated with worse outcome after both stroke and traumatic brain injury but the 

full picture is somewhat complex [Hajat et al., 2000;Mcilvoy, 2005;Aiyagari and 

Diringer, 2007;Dietrich and Bramlett, 2007].  This does not mean the relationship is 

necessarily causal since factors such as infection and severity of insult can influence 

both temperature and outcome. 

 

2.7 Therapeutic temperature reduction 

There is considerable evidence in animal research that reducing temperature, and 

more especially inducing hypothermia, reduces the extent of brain injury and that the 

sooner cooling is instigated the more effective it is [Dietrich and Bramlett, 2007;van 

der Worp et al., 2007].  In stroke, experimental cooling in animals was most effective 

when initiated before or at the start of ischaemia [van der Worp et al., 2007], which 

is not easy to achieve in humans!  However, the same certainty regarding the benefits 

of temperature reduction does not pertain in humans after traumatic brain injury and 

stroke.  As Aiyagari and Diringer comment in their recent review of fever control 

and outcome: 
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“ … there is a body of experimental data and clinical 
experience that relate fever to more substantial neurologic 
injury and worse outcome, [but] the answer to the critical 
question: “Does fever control improve outcome?” is not 
known.  This is not to indicate that absence of proof is proof 
of absence.  The definitive study has not been performed.” 
([Aiyagari and Diringer, 2007] p44). 

 

In humans without a neurological injury there is little evidence that treating fever is 

beneficial and it may actively be harmful, although there is a lack of robust research 

[Hasday et al., 2000;Mackowiak, 2000;Greisman and Mackowiak, 2002].  In a 

randomised, controlled trial in patients in a trauma intensive care unit (excluding 

brain trauma), aggressively treating fever of >38.5 °C with paracetamol, and a 

cooling blanket if temperature was >39.5 °C, resulted in a higher mortality rate (7 

versus 1 deaths).  There was also a trend towards increased infection in the cooled 

group, compared with patients whose temperature was not treated unless >40 °C.  

The value of this study is somewhat limited by the fact that it was stopped early 

because of the mortality difference, after 82 of the planned 672 patients had been 

recruited [Schulman et al., 2005].  This was despite the fact that the mortality 

difference was not statistically significant (p=0.06) (and an argument can be made 

that a smaller p value than 0.05 should be required if stopping early because of the 

risk of a false positive result [Pocock, 1992]).  However, the stopping decision was 

heavily influenced by waiver of consent having been granted in this study on the 

basis that cooling carried minimal risk to the participants.  The increase in mortality 

was considered sufficiently suggestive that the risks were not necessarily minimal. 

 

One of the complicating factors in decisions to treat fever is that the inflammatory 

response does not have purely deleterious effects but is also a defence and repair 

mechanism [Schmidt et al., 2005;Morganti-Kossmann et al., 2007;Kadhim et al., 

2008] and therefore the relatively undiscriminating effect of physical cooling may 

not be entirely beneficial.   Fever has a protective role and has been shown to 

correlate with survival from infection [Kluger et al., 2001], although exactly what 

part the thermal element plays is hard to tease out [Blatteis, 2003].  It makes 
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conditions less favourable to pathogens by enhancing host defence, with potentiation 

of immunological responses, activation of T-lymphocytes, stimulation of interferon 

production, and hypoferraemia (which has a bacteriostatic effect), and may also 

compensate for disturbances in cell membrane structure caused by the inflammatory 

response [Kluger et al., 2001]. 

 

In brain trauma and stroke the perceived advantage of cooling, by comparison with 

most other putative neuroprotective interventions, is that it has multifactorial effects 

with regard to cerebral protection and prevention and reduction of secondary insults.  

Hypothermia has even been described as “the ultimate neuroprotective cocktail” 

[Corbett and Thornhill, 2000].  Although the effects of cooling are not fully 

understood they include reduction of metabolic rate, modulation of cerebral blood 

flow and the inflammatory response, and reduction of excitotoxic damage and 

cerebral oedema [Sahuquillo and Vilalta, 2007;Dietrich and Bramlett, 

2007;Polderman, 2008].  Table 2.1 shows the possible mechanisms involved in 

neuroprotection with hypothermia from [Polderman, 2008].  One of the additional 

attractions of hypothermia is that it is possible it may extend the time window within 

which restoration of blood supply, for example with thrombolysis in stroke, could be 

effective. 

 

With the exception of comatose survivors of cardiac arrest and in neonatal hypoxic- 

ischaemic encephalopathy [Cheung et al., 2006;Jacobs et al., 2007], induction of 

hypothermia in humans after a cerebral insult has not convincingly been shown to 

improve outcome [Harris et al., 2002;Henderson et al., 2003;McIntyre et al., 

2003;Peterson et al., 2008;Sydenham et al., 2009;Olsen et al., 2003;den Hertog et al., 

2007;den Hertog et al., 2009].  Sufficient doubt is considered to remain in traumatic 

brain injury and stroke to warrant further trials [Sydenham et al., 2009;den Hertog et 

al., 2009].   
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Table 2.1: Possible mechanisms underlying the prote ctive effects of 

hypothermia   

(from [Polderman, 2008] Table 1, p1956) 

Possible mechanisms Explanation 

Prevention of apoptosis* Ischaemia can induce apoptosis and calpain-
mediated proteolysis.  Hypothermia can prevent or 
reduce this process 

Reduced mitochondrial 
dysfunction, improved energy 
homoeostasis† 

Mitochondrial dysfunction is a frequent occurrence 
in the hours to days after an episode of ischaemia, 
and might be linked to apoptosis.  Hypothermia 
reduces metabolic demands and might improve 
mitochondrial function 

Reduction of excessive free 
radical production† 

Production of free radicals such as superoxide, 
peroxynitrite, hydrogen peroxide, and hydroxyl 
radicals is typical in ischaemia.  Mild-to-moderate 
hypothermia (30–35 °C) is able to reduce this event 

Mitigation of reperfusion 
injury† 

Cascade of reactions following reperfusion, partly 
mediated by free radicals but with distinctive and 
broader features.  Suppressed by hypothermia 

Reduced permeability of the 
blood-brain barrier and the 
vascular wall; reduced oedema 
formation* 

Blood-brain barrier disruptions induced by trauma 
or ischaemia are moderated by hypothermia.  The 
same effect occurs with vascular permeability and 
capillary leakage 

Reduced permeability of 
cellular membranes (including 
membranes of the cell 
nucleus)† 

Decreased leakage of cellular membranes, with 
associated improvements in cell function and 
cellular homoeostasis, including decrease of 
intracellular acidosis and mitigation of DNA injury 

Improved ion homoeostasis† Ischaemia induces accumulation of excitatory 
neurotransmitters such as glutamate and prolonged 
excessive influx of Ca2+ into the cell.  This 
activates numerous enzyme systems (kinases) and 
induces a state of permanent hyperexcitability 
(excitotoxic cascade), which can be moderated by 
hypothermia 

Reduction of metabolism* Cellular oxygen and glucose requirements decrease 
by an average of 5–8% per degree Celsius decrease 
in temperature 

Depression of the immune 
response and various 
potentially harmful 
proinflammatory reactions* 

Sustained destructive inflammatory reactions and 
secretion of proinflammatory cytokines after 
ischaemia can be blocked or mitigated by 
hypothermia 
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Reduction in cerebral 
thermopooling* 

Some areas in the brain have significantly higher 
temperatures than the surrounding areas and 
measured core temperature.  These differences can 
increase dramatically during injury, with up to 2–
3 °C higher temperatures in injured areas of the 
brain.  Hyperthermia can increase the damage to 
injured brain cells; this is mitigated by hypothermia 

Anticoagulant effects* Microthrombus formation might add to brain injury 
after CPR.  Anticoagulant effects of hypothermia 
might protect against thrombus formation.  
Thrombolytic therapy has been shown to improve 
outcome after CPR 

Suppression of epileptic 
activity and seizures* 

Many patients experience seizures after ischaemic 
episodes or trauma, or both, which might add to 
injury.  Hypothermia has been shown to mitigate 
epileptic activity 

Based on observations in animal studies, with some support from clinical 
observations (for example reduction in inflammatory response and pro-inflammatory 
cytokine levels associated with hypothermia after traumatic brain injury and CPR; 
decrease in excitatory transmitters measured using microdialysis probes in human 
beings; decrease in local brain hyperthermia).  CPR=cardiopulmonary resuscitation. 
*Some supporting clinical evidence.  †Animal studies only. 

 

There are a number of possible reasons for the relative lack of conclusive evidence.  

One consideration is that perhaps anaesthesia confounds the good results with 

hypothermia shown in animal studies; humans are not generally anaesthetised prior 

to a stroke or brain injury.  However, in stroke there have been no large human 

studies of hypothermia [Olsen et al., 2003;den Hertog et al., 2009].  This is in part 

because relatively few stroke patients are intubated and cared for in intensive care 

and therefore induction of hypothermia is more problematic.  Even within relatively 

homogenous injury categories, the heterogeneity of cerebral damage and of 

thermoregulatory state between individuals may be factors.  Commonly cited reasons 

for failure to show conclusive benefit from hypothermia are that it is difficult to cool 

patients early and quickly enough and that the side effects of hypothermia, such as 

increased infection, may outweigh the benefits [Alderson et al., 2004;Cheung et al., 

2006;Jacobs et al., 2007;den Hertog et al., 2007;Peterson et al., 2008].  Given the 

potentially immunodepressive effect of central nervous system injury [Meisel et al., 
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2005] it is perhaps not surprising that the addition of hypothermia, which can also 

cause immunosuppression [Schubert, 1995], can result in increased infection.  The 

authors of a recent systematic review of hypothermia in traumatic brain injury note:  

“Reductions in risk of mortality were greatest (RR 0.51; 95% 
CI 0.33 to 0.79) and favorable neurologic outcomes much 
more common (RR 1.91; 95% CI 1.28 to 2.85) when 
hypothermia was maintained for more than 48 hours.  
However, this evidence is presented with the suggestion that 
the potential benefits of hypothermia may likely be offset by 
a significant increase in risk of pneumonia (RR 2.37; 95% CI 
1.37 to 4.10).” ([Peterson et al., 2008], abstract).   

 

One might question why hypothermia is effective after cardiac arrest and neonatal 

hypoxic-ischaemic encephalopathy [Cheung et al., 2006;Jacobs et al., 2007], i.e. why 

these conditions are the exception.  There are some possible explanations.  In both 

cases the primary hypoxic-ischaemic insult is systemic and the cerebral insults are a 

result of global ischaemia and hypoxia without primary physical damage from 

embolus, haemorrhage or trauma.  The great majority of infants in the neonatal 

studies were born in hospital, therefore cooling could be started promptly after the 

insult (assuming this occurred during birth rather than during pregnancy); 

furthermore neuroprotective interventions may be more effective in the young.  In 

cardiac arrest it is not yet clear to what extent systemic cooling contributes to 

improved outcome, in other words how much of the effect results from cooling the 

rest of the body and how much from cooling the brain.  There is some evidence, for 

example, that myocardial reperfusion injury, which can be ameliorated by 

hypothermia, may contribute to post-arrest morbidity and mortality [Yellon and 

Hausenloy, 2007;Zhao et al., 2007].  Nevertheless, the titles of two recent systematic 

reviews indicate that in the view of the authors neuroprotection is the reason for 

improved outcome: “Hypothermia for neuroprotection after cardiac arrest …” 

[Holzer et al., 2005] and “…therapeutic hypothermia as a neuroprotectant in post 

cardiac arrest patients” [Cheung et al., 2006].  The outcome assessment tool used for 

cardiopulmonary resuscitation is even called the Cerebral Performance Category 

Scale [Chamberlain and Cummins, 1991] (the Glasgow Outcome Score doesn’t fall 

into that trap!).  But this scale is a relatively crude instrument for assessing cognitive 
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impairment.  When cognitive and neuropsychological outcome was studied with 

more specific and sensitive testing, no significant difference in cognitive function 

was found at 3 months between patients who were treated with hypothermia after 

cardiac arrest and those who were not, although this was a small study (n=70) 

[Tiainen et al., 2007].   It is true that recovery of cognitive function is crucially 

important to a good outcome but effects on outcome after cardiac arrest are likely to 

be multifactorial (and will include critical illness), therefore may not be determined 

simply by virtue of cooling the brain.  Despite this, in a recent scientific statement on 

post-cardiac arrest syndrome, by the International Liaison Committee on 

Resuscitation, the American Heart Association and others, therapeutic hypothermia 

is only listed as a potential treatment for the brain injury element of the syndrome 

and not for myocardial dysfunction or for systemic ischaemic reperfusion injury 

([Nolan et al., 2008] Table 1, p354).  Yet almost invariably cooling is induced 

systemically after cardiac arrest thus cooling both the heart, body and the head.  

There has been only one study of head cooling in cardiac arrest [Hachimi-Idrissi et 

al., 2001], which was included in both reviews [Holzer et al., 2005;Cheung et al., 

2006], but systemic hypothermia (bladder temperature 34 °C) was in fact achieved.  

Therefore, there seems to be insufficient evidence that the improved outcome with 

hypothermia after cardiac arrest is solely attributable to neuroprotection from cooling 

of the brain. 

 

It is perhaps worth noting that in human trials of hypothermia in brain trauma and 

stroke it is now probably impossible to have a true placebo group, as opposed to a 

normothermic control group, since clinicians generally are so convinced that 

increased temperature is damaging after neurological injury (see for example 

[Marion, 2004] for a fairly typical view).  The control intervention in the most recent 

reviews of hypothermia in traumatic brain injury is described as normothermia 

[Peterson et al., 2008;Sydenham et al., 2009].  There is only one reported randomised 

controlled trial of hypothermia in stroke.  This was a pilot study in the USA and, 

somewhat surprisingly, temperature in the control group, other than on admission, is 

not mentioned [De-Georgia et al., 2004].  However, given the guidelines for 
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management of stroke in the USA [Adams, Jr. et al., 2007;Broderick et al., 2007] it 

would be surprising if normothermia in controls was not the aim and it is possible 

that this was taken as read. 

 

Since there is insufficient evidence that inducing hypothermia improves outcome in 

humans, clinical temperature management in stroke and brain injury is usually 

directed at promoting normothermia, although hypothermia may be used to treat 

refractory increased intracranial pressure [Johnston et al., 2006;Lescot et al., 2008].  

There are no standard recommendations on methods of temperature management but 

in clinical practice cooling interventions are almost invariably systemic.  The most 

common first-line approach to reducing increased temperature is to reduce the 

thermoregulatory set-point [Gordon, 2001] and the usual means of achieving this is 

pharmacological.  Paracetamol is the most commonly used drug [Johnston et al., 

2006] and has been found to reduce mean temperature by 0.3 °C in patients with 

stroke by comparison with placebo [Dippel et al., 2003b].   Non-steroidal anti-

inflammatory drugs are also sometimes used, although [Dippel et al., 2003b] found 

ibuprofen had a non-significant effect compared to placebo.  Stocchetti et al found 

non-steroidal anti-inflammatory drugs reduced mean temperature in patients with 

head injury by 0.58 °C but also caused a significant drop in cerebral perfusion 

pressure [Stocchetti et al., 2002].  Low dose infusion seems to be preferable in terms 

of effectiveness and side effects [Cormio and Citerio, 2007].   

 

To reduce temperature by more substantial amounts requires physical interventions, 

which include non-invasive methods such as ice packs, cooling blankets and gel 

pads, and invasive methods including ice cold intravenous fluids and intravascular 

cooling catheters [Jordan and Carhuapoma, 2007;Hoedemaekers et al., 2007;Holzer, 

2008].  Physical cooling interventions can be labour intensive, slow and of limited 

effectiveness [Kilpatrick et al., 2000].  Even the most sophisticated cooling devices 

are not always completely effective.   In a prospective study of fever control in 

neurological patients in intensive care (n=296), intravascular cooling did not 

eliminate fever, although it did reduce the total fever burden by 64% (p<0.01), 
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compared with controls who had paracetamol and cooling blankets (2.87 versus 7.92 

hours) [Diringer and Neurocritical-Care-Fever-Reduction-Trial-Group, 2004].  A 

more recent prospective study compared five commonly used methods of physical 

temperature reduction (to both normo- and hypothermia) in intensive care patients 

(n=50) and found that intravascular cooling catheters maintained target temperature 

significantly better than other methods, but temperature was nevertheless out of 

target range 11.2±18.7% of the time [Hoedemaekers et al., 2007].  However, the 

method of cooling is not the only factor in cooling effectiveness. 

 

If physical cooling is to be effective it is crucial to prevent shivering [Jordan and 

Carhuapoma, 2007] which can be a significant problem even if normothermia, rather 

than hypothermia, is the aim [Badjatia et al., 2007].  In a study of fever reduction by 

surface cooling to reduce systemic oxygen consumption after severe brain injury, 

temperature was reduced but only the patients who did not shiver had a significant 

reduction in oxygen consumption [Hata et al., 2008].  Sedative and (sometimes) 

neuromuscular blocking drugs may be required to prevent shivering, particularly if 

hypothermia is induced [Knoll et al., 2002;Schmutzhard et al., 2003].  These drugs 

can mask neurological changes and may be contraindicated in less severely ill 

patients without sufficient monitoring to detect possible deterioration. 

 

In traumatic and haemorrhagic brain injury it is unclear how much temperature 

reduction is required to have a clinically relevant effect or indeed what the ‘best’ 

temperature is; clinical practice therefore varies.  Guidelines generally recommend 

treating increased temperature but this still leaves the question of what constitutes a 

clinically relevant reduction and what the target temperature should be.  Busto et al 

showed that a reduction of 2 °C in brain temperature, which they described as ‘small’ 

in the context of previous research, provided neuroprotection from ischaemic brain 

injury in rats [Busto et al., 1987].  Smaller reductions, of <0.5 °C for example, in 

traumatic brain injury have sometimes been dismissed by clinicians as of little 

relevance.  But Mariak makes the valid point that  
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“… 0.2–0.4 °C seems to matter in cerebral thermoregulation, 
when taking into consideration the fact that a difference 
between brain and arterial blood temperature as small as 
0.3 °C is enough for the clearance of all metabolic heat from 
the brain.” ([Mariak, 2002]  p223-4). 

With regard to ischaemic stroke, Dippel et al have argued that because the relative 

risk of poor outcome has been found to rise by a factor of 2.2 (95% CI 1.4 to 3.5) 

with each °C increase in body temperature [Reith et al., 1996], a decrease of only 

0.3 °C may reduce the relative risk by 10–20% [Dippel et al., 2003a].  Poor outcome 

in this instance being death or Scandinavian Stroke Score of <30 points (range 0-58) 

at discharge [Reith et al., 1996]. 

 

In the brain, the swelling which results from inflammation can have more critical 

effects than in other parts of the body because the cranium is virtually a closed box 

and compression of the contents can be life threatening.  Cooling can be an effective 

treatment for increased intracranial pressure and this is the most usual clinical reason 

for aggressive fever control [Polderman et al., 2008;Stocchetti and Citerio, 2008] and 

induction of hypothermia in severe traumatic and haemorrhagic brain injury [Soukup 

et al., 2002;Tokutomi et al., 2003;Clayton et al., 2004].  Jeremitsky et al comment 

“…  it is textbook teaching that intracranial pressure will be 
elevated 3 to 4 mm Hg for every 1 °C of temperature 
elevation.” ([Jeremitsky et al., 2003] p317).   

But whether the relationship is that simple and formulaic is debatable.  Rossi et al 

studied 20 patients in a neurological intensive care unit and found no relation 

between absolute ventricular temperature and absolute intracranial pressure, but 

increases in intracranial (ventricular or parenchymal) temperature were nevertheless 

associated with significant increases in intracranial pressure (p<0.05) and vice versa 

(p=0.02) [Rossi et al., 2001].   

 

Regarding depth and length of hypothermia for intracranial pressure control it seems 

longer cooling at less cold temperatures may be more optimal.  Shiozaki and 

colleagues studied 22 severely head-injured patients with intracranial pressure >40 

mmHg which was unresponsive to conventional therapy and cooling to 34 °C 
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[Shiozaki et al., 2003].  Additional cooling to 31 °C increased fluid and inotrope 

requirements and further reduced white cell and platelet counts yet only reduced 

intracranial pressure below 40 mmHg in three patients, all of whom died of multiple 

organ failure.  Tokutomi et al carried out a retrospective review of 31 patients with 

severe traumatic brain injury (Glasgow Coma Score ≤5) treated with systemic 

hypothermia (rectal temperature 33 °C), in order to determine the optimal treatment 

temperature.  Their results suggested that this is 35–35.5 °C, since at this temperature 

intracranial hypertension was reduced and cerebral perfusion pressure maintained 

without cardiac dysfunction or oxygen debt [Tokutomi et al., 2003].  When 

hypothermia (33–35 °C) was used to control intracranial pressure in 215 patients 

with severe traumatic brain injury [Jiang et al., 2006] found that a longer duration of 

cooling (five rather than two days) was necessary to avoid rebound increases on 

rewarming.   

 

In summary, cooling interventions are commonly employed to treat fever and 

increased intracranial pressure after brain trauma and stroke, but there is insufficient 

evidence that therapeutic hypothermia has a beneficial effect on outcome. 

 

2.8 Conclusion 

Increased temperature is common after brain trauma and stroke.  It is also generally 

considered to be detrimental to outcome; therefore systemic cooling interventions to 

treat fever and increased intracranial pressure are part of normal clinical care.  

However, because it is the brain which is injured, targeting cooling interventions at 

the head is logical, thus the next chapter reviews the literature on brain cooling. 
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Chapter 3: Direct brain cooling 

 

3.1 Introduction  

This chapter reviews research on direct brain cooling.  Direct brain cooling is 

therapeutic cooling targeted specifically at the head, for the purpose of reducing 

intracranial temperature and, ultimately, improving functional outcome.   

 

Two reviews were undertaken.  The first was begun in 2001, prior to the first trial in 

this thesis (Chapter 4), and updated until the end of 2003 after the second trial 

(Chapter 5).  It has two parts: Part I reviews the effects of direct brain cooling and 

Part II catalogues the methods of non-invasive direct brain cooling in adult animals 

and humans.  In the published version of this review ([Harris and Andrews, 2005] 

Appendix IV) the catalogue of methods is not age limited and also includes invasive 

methods.  I conducted the searches, obtained and read the papers and wrote the 

review.  Professor Andrews provided supervision and advice and commented on the 

final version before it was submitted for publication.  This first review was extensive, 

in that studies of any kind which included direct brain cooling were searched for, but 

because of issues with terminology and description of cooling methods (discussed in 

more detail below) it was difficult to be sure that nothing had been missed.  

Subsequently a systematic review of non-invasive methods of direct brain cooling in 

adult humans was undertaken, the data includes studies up to early 2006.  This 

second review was conducted prior to the final study in this thesis (Chapter 6). 

 

Before presenting the reviews, intracranial temperature measurement and direct brain 

cooling terminology and methods are defined. 
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3.1.1 Intracranial temperature 

Measurement of intracranial temperature is necessary in order to know whether head 

cooling is affecting brain temperature (i.e. achieving its initial aim).  Brain 

temperature cannot be reliably predicted from body temperature and proxy measures 

of intracranial temperature (tympanic membrane and jugular bulb temperature for 

example) have drawbacks, particularly in the context of head cooling (Chapters 1 and 

2).  Therefore, for assessing the effect of head cooling on brain temperature, 

intracranial temperature is defined here as any temperature within the skull inside the 

dura.  The intracranial sites most commonly used clinically are subdural, 

parenchymal (typically a centimetre or two into a frontal lobe in humans) and 

ventricular. 

3.1.2 Brain cooling terminology and methods 

Reviews of cooling interventions after traumatic brain injury and stroke have not 

differentiated between cooling methods.  In Cochrane reviews, for example, the only 

review of the effectiveness of a specific cooling method is that of paracetamol for 

fever in children [Meremikwu and Oyo-Ita, 2002].  In the Cochrane reviews of 

cooling for acute stroke and of hypothermia for head injury the effect of temperature 

reduction on outcome is the focus and not the method(s) of achieving this [den 

Hertog et al., 2009;Sydenham et al., 2009].  Yet cooling methods differ in their 

effectiveness and complications; as further research is undertaken it may become 

more obvious that cooling methods are not equivalent and that discrimination 

between methods is necessary in reviews of the effect of cooling on outcome.  

 

This failure to discriminate between cooling methods, even on the relatively basic 

level of whether they are invasive or non-invasive, brain directed or systemic, makes 

literature searching on brain cooling somewhat difficult.   The difficulty is 

compounded because brain cooling terminology is not standardised, therefore key 

words are variable (if used at all in relation to cooling method), and existing medical 

subject headings (MeSH) are not helpful.  Animal studies are particularly 

problematic because papers frequently do not specify the cooling method in the 
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abstract.  This is also true with some human studies, for example Hayashi’s group 

refer to ‘brain hypothermia therapy’ and ‘cerebral hypothermia’, which suggests they 

use direct brain cooling.  However, on reading the full text it appears their cooling 

methods are systemic, although even their full papers give little detail on the methods 

(water blanket, ‘compartment cooler blankets’) and do not specify a device or 

manufacturer [Hayashi, 1998;Hayashi, 1999;Kinoshita et al., 2003;Hayashi, 

2004;Utagawa et al., 2006]. 

 

Selective brain cooling is the term commonly used in clinical literature for 

therapeutic direct brain cooling.  But this conflates what is essentially a natural 

thermoregulatory mechanism (Chapter 1) with a therapeutic intervention.  Applying 

cooling to the head can reduce brain temperature below body temperature, as will be 

seen in this chapter, and in this sense selective brain cooling is achieved, but most of 

the methods are far from natural and are intended to induce hypothermia.  Therefore, 

direct brain cooling is the term used in this thesis for therapeutic brain cooling 

interventions and proposed as a more appropriate alternative to selective brain 

cooling in that context [Harris and Andrews, 2005].  As previously explained it 

includes any therapeutic cooling targeted specifically at the head for the purpose of 

reducing intracranial temperature and, ultimately, improving outcome. 

 

Since direct brain cooling methods are varied and terminology not standardised it 

was necessary to develop a classification system for the purposes of this thesis and 

for publishing a review [Harris and Andrews, 2005].  Methods were classified as 

follows: 

Non-invasive methods 

• heat loss from the upper airways — by gas flow and lavage; 

• heat loss through the skull — by convection (fanning, cooling hoods) and 

conduction (ice and circulating and non-circulating cooling caps and helmets). 
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Invasive methods 

• antegrade and retrograde cerebral perfusion;  

• carotid flush; 

• open irrigation of the brain surface; 

• semi-closed and closed irrigation of the brain surface or ventricles; 

• contact (conductive) cooling of specific areas of the brain. 

Use of invasive direct brain cooling methods in humans has been largely confined to 

surgery on the aortic arch, heart, brain and spinal cord and to experimental treatment 

of epilepsy; carotid flush has occasionally been employed following cardiac arrest 

[Harris and Andrews, 2005;Rothman et al., 2005]. 

 

The term direct brain cooling does not define the extent or nature of intracranial 

temperature reduction, which will depend on the method and specific aim [Harris and 

Andrews, 2005].  In general, direct brain cooling methods aim for either a warm 

body/cool brain or a cool body/cooler brain.  A warm body/cool brain may be 

achieved with active body warming, typically to normothermia, to counter the 

cooling effect of venous return from the cooled head on core trunk temperature.  

Sometimes extracorporeal cooling circuits are used, somewhat like cardiopulmonary 

bypass, which allow brain and body temperatures to be clamped at different levels, 

for example intracranial hypothermia with core trunk normothermia [Harris and 

Andrews, 2005].  A cool body/cooler brain can be achieved by allowing the venous 

return from the head to induce systemic cooling.  Depending on the method and 

circumstances, the core trunk may eventually become as cold as the brain. 

 

3.2 Review I: direct brain cooling (data to end of 2003) 

There are two parts to this review.  Part I reviews the effects of direct brain cooling 

and Part II catalogues non-invasive methods of direct brain cooling, i.e. methods 

utilising heat loss from the upper airways and through the skull. 
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3.2.1 Part I (Review I): effects of direct brain co oling on cerebral 

function and damage, functional outcome, cooling co mplications, 

shivering and sedation requirements 

If cooling is to be used in brain injury and stroke the brain would seem to be the 

logical target since that is where the damage has occurred.  The purpose of this 

review was therefore to assess the effects of direct brain cooling, including whether it 

has benefits compared with no cooling and systemic cooling.  What it was possible to 

assess was limited by the studies available and has been categorised under cerebral 

effects, functional outcome and cooling complications.   

 

The searches were conducted in Medline, pre-Medline and Embase with no date 

limits, Cochrane Database of Systematic Reviews, National Research Register, 

Database of Abstracts of Reviews of Effectiveness, Health Technology Assessment 

Database, Ongoing Reviews Database.  MeSH terms were not found to be helpful 

when searching for methods of therapeutic cooling or cooling targeted at particular 

organs; they are not designed for that purpose and direct brain cooling crosses a 

number of subject areas.  The MeSH tree structure for therapeutic cooling for 

example is: therapeutics; cryotherapy; hypothermia, induced; gastric hypothermia.  

Gastric hypothermia is the only named method and temperature reduction to 

normothermia is not included.  Free text key words were therefore used for searching 

including selective brain cooling, head or brain and cooling or hypothermia.  No 

type of brain injury or study design was specified in the search terms.  The reference 

lists in all the relevant papers found were searched as were the contents lists of a 

number of journals.  An extensive database of papers was built up in this way which 

extends back to the early years of cooling therapy in the twentieth century.  The hand 

searching was facilitated by the University of Edinburgh’s entire and extensive stock 

of medical journals being shelved in the Erskine Medical Library.  When the Erskine 

Library was closed in 2004 most of the holdings went into store.  Document retrieval 

from storage is available but necessitates knowing what is there and does not 

facilitate hand searching, especially on such a wide ranging subject as brain cooling 
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which spans a number of subject areas and journals.  Fortunately the availability of 

electronic journals, including archived issues, has greatly increased since then which 

has been invaluable for reviewing purposes more recently.  

 

A single reviewer (me) conducted the searches, reviewed the papers and wrote the 

review.  Professor Andrews provided tutorial input as required, particularly relating 

to brain injury and cerebral physiology, including cerebral blood flow and blood flow 

measurement.  He read and commented on the final draft before publication.  

 

Most of the research on mechanisms of direct brain cooling has been in animals, 

often infant animals, using cerebral hypothermia and a variety of injury models.  

Therefore in this review studies involving animals and humans of any age, 

temperature and brain injury were included.  The most common use of direct brain 

cooling in humans has been in babies with hypoxic-ischaemic encephalopathy, for 

example [Gluckman et al., 2005].  This is why there are studies in infant animals, 

which have been mainly for explanatory and safety purposes. 

 
 
3.2.1.1 Direct brain cooling and cerebral function and damage 

Studies of the effects of direct brain cooling on cerebral function and damage were 

found which investigated neuronal damage and cerebral oedema, reduction of 

neuronal excitotoxicity, cerebral blood flow and metabolism and intracerebral 

temperature gradients.  These are therefore the headings used in discussing the 

findings.  However, there is obviously overlap between these factors, particularly in 

the real world of patients as opposed to the highly controlled pre-clinical research 

field.   

 
 
Neuronal damage and cerebral oedema 

Compared with systemic normothermia, direct brain cooling with maintenance of 

normothermic rectal temperature (cool head/warm body), has been shown to reduce 

neuronal damage from ischaemia in rats, rabbits, cats and dogs [Busto et al., 
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1987;Kuluz et al., 1992;Lo and Steinberg, 1992;Barone et al., 1997;Huh et al., 

2000;Hagioka et al., 2003;Noguchi et al., 2002;Natale and D'Alecy, 1989] and in 

cats with no body warming (cool body/cooler head) [Horn et al., 1991].   The brain 

temperatures assessed ranged from 27–34 °C with lower temperatures being 

generally more neuroprotective.  Cooling methods included non-invasive convective 

and conductive methods, for example fanning and ice packs, nasopharyngeal lavage 

and semi-closed irrigation of the brain surface. 

 

Two studies of the effect of cooling on neuronal damage compared direct brain 

cooling and systemic hypothermia [Minamisawa et al., 1990;Park et al., 1998].  

Minamisawa et al assessed histological cell damage following forebrain ischaemia in 

rats [Minamisawa et al., 1990].  Rats maintained at systemic temperatures of 37 °C 

and 38 °C (n=10 per group) were compared with rats allowed to become 

systemically hypothermic to 33 °C and 35 °C (n = 10 per group) prior to ischaemia, 

and with rats whose brain temperatures were allowed to reduce to 32 °C (n=8) as a 

result of ischaemia, but whose bodies were maintained at 37 °C (i.e. cool head/warm 

body achieved by an unusual method).  Once the desired temperatures were reached 

they were maintained with warming.  Systemic hypothermia in this study was 

therefore protective (induced prior to insult) and brain cooling was preservative 

(induced during the insult).  Neuronal damage was reduced by both these cooling 

methods, although significance tests are not reported for comparison because this 

was not the main purpose of the study.  Nevertheless the quantitative data shows that 

the damage reduction in neurons in the hippocampus CA1 sector with brain cooling 

was more similar to that provided by systemic hypothermia at 35 °C than at 33 °C.  

However, this apparently reduced protection, even with a lower brain temperature of 

32 °C, may simply reflect the difference between protective and preservative cooling 

rather than a difference between brain cooling and systemic hypothermia.    

 

Park et al compared the effects of normothermia, systemic hypothermia and brain 

cooling (n=6 in each group) on infarct volume and oedema in rats after permanent 

left middle cerebral artery occlusion [Park et al., 1998].  Cooling was started 15 
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minutes after occlusion to reduce brain temperatures (left frontal lobe) to 32 °C.  

How cooling was achieved is not specified.  The rats having brain cooling had their 

rectal temperatures maintained at 36.6–37 °C (cool head/warm body).  By 

comparison with normothermic controls, infarct volume reduced by 49.2% with 

systemic hypothermia and 26.7% with brain cooling.  Cerebral oedema volume 

reduced by 23.6% with systemic hypothermia and 7.8% with brain cooling.  

Occlusion of the middle cerebral artery reduced cerebral blood flow (laser-doppler 

flowmetry) to about 40% of baseline in the ischaemic area in all three groups.  

During rewarming this reduction was maintained in the normothermic and systemic 

hypothermia groups but in the brain cooling group it increased to about 70% of 

baseline.  All these results were statistically significant (p<0.05).  The authors 

conclude that their study  

“… indicates that mild systemic hypothermia has much 
stronger protective effects against focal cerebral infarction 
and edema than selective brain cooling.  The lack of 
protective effects of selective brain cooling may be caused by 
post-cooling cerebral hyperemia in the ischemic area.” ([Park 
et al., 1998] p225). 

It is conceivable that the hyperaemia resulted from an influx of warm blood from the 

body during rewarming; possibly this caused vasodilation and thus an increase in 

cerebral blood flow (see below). 

 

Neuronal excitotoxicity — glutamate 

In a small observational study in awake patients after subarachnoid haemorrhage 

(n=4) a cooling hat (whether circulating or otherwise is not specified) was applied for 

1 hour per day over four consecutive days [Shuaib et al., 1996].  Microdialysis was 

used to measure extracellular glutamate for 1 hour before, the hour during and 1 hour 

after head cooling.  Brain temperature was not monitored therefore it is not known 

whether it was reduced, but glutamate was significantly reduced after application of 

the cooling hat and the reduction was greater when the glutamate levels were high. 
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Cerebral blood flow, oxygen consumption and metabolism 

There are some studies, all in animals, of the effect of direct brain cooling on 

cerebral blood flow.  The results are not entirely consistent but this is also true of 

studies of cerebral blood flow in systemic hypothermia [Barone et al., 1997]. 

 

Compared with normothermia, six studies of direct brain cooling showed a reduction 

in cerebral blood flow [Laptook et al., 2001;Lo and Steinberg, 1992;Noguchi et al., 

2002;Ibayashi et al., 2000;Schwartz et al., 1996;Walter et al., 2000], two showed an 

increase [Miyake et al., 1984;Kuluz et al., 1993] and one showed no change [Gelman 

et al., 1996].  These studies used cool head/warm body methods, apart from Miyake 

et al and Schwartz et al who used cool body/cooler head [Miyake et al., 

1984;Schwartz et al., 1996].  In three studies the animals were uninjured [Schwartz 

et al., 1996;Walter et al., 2000;Kuluz et al., 1993].  In the others the animals had 

received brain insults resulting from hypoxic injury [Laptook et al., 2001] and 

ischaemic injury induced by various methods [Gelman et al., 1996;Miyake et al., 

1984;Lo and Steinberg, 1992;Ibayashi et al., 2000;Noguchi et al., 2002].  Only one 

study of cerebral blood flow compared direct brain cooling (cool brain/warm body) 

to systemic hypothermia, this was in uninjured rats; cerebral blood flow reduced to a 

similar extent with both cooling methods as did oxygen extraction [Hagioka et al., 

2003].   

 

It has been suggested that differences in cerebrovascular responses to cooling 

between species or age groups  [Walter et al., 2000;Kuluz et al., 1993] or in methods 

of direct brain cooling, i.e. whether brain cooling is applied internally or externally 

[Busto et al., 1989], might account for the inconsistency in results with regard to the 

effect of brain cooling on cerebral blood flow.  However, neither these factors nor 

the presence or absence of brain injury, degree of cooling or the methods of 

measuring cerebral blood flow (laser-Doppler, hydrogen clearance, microspheres and 
133Xenon) appear to explain the inconsistencies. 
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Vasodilation with hypothermia (20, 25, 30, 33 and 35 °C) from a baseline 

temperature of 37.5 °C was shown to occur in isolated intracerebral arterioles taken 

from rats [Ogura et al., 1991].  Vasoconstriction would be expected with systemic 

cooling and the authors suggest that hypothermia resulting from direct brain cooling 

therefore has an effect on the cerebral microcirculation that is independent of 

mechanisms occurring in systemic hypothermia.  Mustafa and Thulesius found that 

cooling of isolated rabbit carotid arteries also induced vasodilation, the degree of 

dilation was inversely proportional to temperature, and the vasoconstrictive effects of 

norepinephrine and potassium chloride were reduced with cooling [Mustafa and 

Thulesius, 2002].  They suggested that in vivo carotid cooling should therefore 

increase cerebral blood flow.  This is not consistently confirmed by the three studies 

that used carotid cooling and measured cerebral blood flow [Schwartz et al., 

1996;Walter et al., 2000;Miyake et al., 1984], only one of which showed an increase 

in blood flow [Miyake et al., 1984]. 

 

Although the effect of head cooling on cerebral blood flow is not clear cut it does 

appear that increases in cerebral blood flow in situations in which the brain is cooler 

than the body will cause brain temperature to increase.  This seems to be completely 

logical and was demonstrated in three studies of brain cooling in animals with brain 

hypothermia and normothermic rectal temperatures (cool head/warm body).  During 

resuscitation of piglets after cardiac arrest, Gelman et al showed a temporary increase 

in brain temperatures early in reperfusion in the brain cooling group (n=7) by 

comparison with the normothermia group (n=7), which was greater in deep brain 

than superficial brain [Gelman et al., 1996].  They attributed this to hyperaemia from 

increased cerebral blood flow (microspheres) causing “a net influx of heat from 

warm arterial blood to brain.” ([Gelman et al., 1996] p1013).  After resuscitating rats 

from cardiac arrest Hagioka et al also found that reactive hyperaemia occurred but it 

was less and of longer duration in the head cooled group (n=7) by comparison with 

the systemic normothermia group (n=7) [Hagioka et al., 2003].  The rats who were 

head cooled had less neuronal damage than those who were normothermic and 

Hagioka et al attribute this to the attenuation of hyperaemia [Hagioka et al., 2003].  
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Laptook et al compared brain cooling with systemic hypothermia in piglets 

(crossover, n=8) [Laptook et al., 2001].  When hypoxia was superimposed on cooling 

cerebral blood flow increased equally in both groups but brain temperatures 

increased only in the brain cooling group.  Again, this was presumably because there 

was an influx of blood from the warm body.  These studies were in small animals 

and Gelman et al suggest that the effect of the influx of warmed blood to the brain 

may be more significant in larger mammals [Gelman et al., 1996]. 

 

Three animal studies measured cerebral oxygen consumption with direct brain 

cooling and all found it decreased [Laptook et al., 2001;Gelman et al., 1996;Walter et 

al., 2000].  Other studies, again in animals, have shown that cerebral energy 

metabolite depletion and lactate accumulation with ischaemia were not different with 

direct brain cooling compared to normothermia [Busto et al., 1987;Natale and 

D'Alecy, 1989].  Ibayashi et al report similar results except that cerebral adenosine 

triphosphate was significantly higher with brain cooling than with normothermia 

[Ibayashi et al., 2000].  In humans, Hachimi-Idrissi et al report that after head 

cooling to a bladder temperature of 34 °C “the mixed venous oxygen content was 

significantly higher, whereas arterial lactate concentration and the oxygen extraction 

ratio were significantly lower” (p277) in the hypothermic (n=16) compared with the 

normothermic group (n=14) [Hachimi-Idrissi et al., 2001].  Lactate also reduced in 

the hypothermic group compared with baseline.  However, the time spent at target 

temperatures varied between and within groups in this study. 

 

Intracerebral temperature gradients 

Both externally applied and invasive direct brain cooling methods have been shown 

to increase intracerebral temperature gradients by comparison with normothermia 

and systemic hypothermia.  This is not surprising since heat travels down 

temperature gradients and cooling delivered to the head will set up such a gradient.  

Gradients will be steeper the lower the coolant temperature. 
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Laptook et al compared systemic hypothermia with brain cooling, using conductive 

cooling caps and core trunk normothermia, in piglets (crossover, n=9) [Laptook et 

al., 2001].  Systemic hypothermia did not change brain temperature gradients 

compared to baseline, but brain cooling resulted in greatly increased gradients 

between the dura and 2 cm depth into brain tissue (mean 7.5 °C).  This is illustrated 

in Figure 3.1 [Laptook and Corbett, 2002]. 

 

Gelman et al also showed an increased temperature gradient, mean 2.3 °C, between 

the caudate nucleus and superficial parietal cortex in piglets (n=14) with cooling caps 

and core trunk normothermia (n=7), compared with <0.5 °C in normothermic 

controls (n=7) [Gelman et al., 1996].  Caudate nucleus temperature was reduced to 

about 31 °C.  In a similar study, also in piglets, they compared brain cooling (n=1) 

with systemic hypothermia (n=1) and found that the average temperature difference 

across the brain was 3.22 °C with head cooling compared to 0.49 °C with systemic 

hypothermia [Gelman et al., 1997]. 

 

Brain cooling in dogs (n=16) using a convective cooling helmet, with normothermic 

trunk temperature maintained with cardiopulmonary bypass, produced a mean 

temperature difference of 1.9 °C between the parietal cortex 1 cm and 2 cm below 

the dura after 2½ hours of cooling, compared with a mean 0.1 °C at normothermic 

baseline [Wass et al., 1998]. 

 

Ibayashi et al achieved brain cooling in rats using a metal plate on the scalp cooled 

by a water-circulating system with core trunk normothermia [Ibayashi et al., 2000].  

Brain temperature was measured every millimetre from 2 mm below the dura to 

9mm below.  When temperature at 2 mm was reduced to 33 °C (n=3) and 30 °C 

(n=3), temperatures at 9 mm were warmer by 2.5 °C and 4 °C respectively, 

compared with 0.2 °C in controls maintained at normothermia (n=3). 
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Figure 3.1:  Temperature of the brain, scalp and re ctum in piglets 

before, during, and after whole body cooling (top p anel) or head cooling 

with a cooling cap and maintenance of body normothe rmia (bottom 

panel) 

([Laptook and Corbett, 2002] from Figure 1, p1105 and Figure 2, p1106) 

 

Temperature was monitored from 5 sites in each animal (n=9).  Temperatures before and after the 
break in the time axis represent values during the first 30 minutes of cooling and during the final 30 
minutes of cooling. 
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Brain temperature gradients also occurred in uninjured rats who were brain cooled by 

nasopharyngeal lavage with rectal temperature maintained at normothermia (n=7) 

[Hagioka et al., 2003].  During 10 minutes of cooling to a hippocampal temperature 

of 31 °C epidural temperature remained lower by 1±0.9 °C, there was no appreciable 

brain temperature gradient in the systemic hypothermia group (n=7) [Hagioka et al., 

2003].  Part of the reason for this study was to assess the safety of nasopharyngeal 

cooling and no histological damage was found in the hippocampus at seven days 

after cooling in either group [Hagioka et al., 2003].  This is encouraging but does not 

necessarily mean that increased brain temperature gradients have no deleterious 

effects. 

 

Although cooling is more rapid than with external methods, cooling by antegrade 

cerebral perfusion also produces increased intracerebral temperature gradients.  With 

bilateral carotid perfusion, areas of the brain supplied by the vertebral arteries are 

slower to cool and do not cool as much as the areas supplied by the carotids.  White 

et al found in dogs (n=20) that the frontal lobes were around 5 °C cooler than the 

brainstem (duration of cooling not reported) [White et al., 1983b] and Kuhnen et al 

in pigs (n=8) that the frontal lobes and striatum were cooled most and the cerebellum 

least (actual temperature differences are not reported) after 40 minutes of cooling 

[Kuhnen et al., 1999]. 

 

With unilateral carotid perfusion, the side of the brain at which cooling is directed 

cools more quickly than the contralateral side, causing a persisting gradient between 

the hemispheres.  Mori et al cooled pigs (n=6) through the right carotid to a right 

frontal lobe temperature of about 30 °C [Mori et al., 2001].  After 30 minutes the left 

frontal lobe was still 2.5 °C warmer than the right.  Schwartz et al cooled baboons 

(n=12) through the right carotid and after three hours had a right to left temperature 

gradient of only 0.8 °C in baboons cooled to <19 °C compared with 1.2 °C in those 

cooled to <25 °C [Schwartz et al., 1996].  However, they occluded the external 

branches of the carotid whereas Mori et al did not [Mori et al., 2001].  Cooling by 

carotid flush [Wolfson et al., 1965] and by ventricular perfusion [Costal et al., 1963] 
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have also been found to result in intracerebral temperature gradients of several 

degrees Celsius. 

 

Two animal studies using direct brain cooling report intracerebral temperature 

gradients and also assess neuroprotection [Horn et al., 1991;Natale and D'Alecy, 

1989].  In cats after cardiac arrest, Horn et al compared normothermia (n=7) with 

external head cooling (n=8) using circulating coolant (-25 °C) in a head container 

and no body warming (rectal temperatures reduced to nearly 30 °C) [Horn et al., 

1991].  The maximum thalamic-cerebral cortex temperature gradient was about 7 °C, 

with the cortex around 18 °C and the thalamus at 25 °C.  The cooled group had less 

neuronal damage in the three assessed brain regions, significantly less (p<0.05) in 

two, compared with normothermic controls.  It is of note that this was the only study 

of intracerebral temperature gradients found for this review which did not use body 

warming but the induced temperatures were much colder than would be used 

clinically after cardiac arrest in humans.  Natale and D’Alecy used nasal lavage 

(water temperature 5 °C) to cool dogs’ brains (n=21), maintaining body temperature 

at normothermia, before and during cardiac arrest [Natale and D'Alecy, 1989].  The 

cooling produced mean hippocampus-cerebral cortex temperature gradients of 1.5–

1.8 °C (hippocampus around 33 °C) compared with 0.6–1 °C in normothermic 

controls.  Cooled dogs survived to 24 hours and had less neurological deficit than 

controls which all died by 24 hours. 

 

These latter two studies suggest that, despite increased temperature gradients, 

neuroprotection is still afforded by comparison with normothermia, at least after 

cardiac arrest [Horn et al., 1991;Natale and D'Alecy, 1989], and in one case at 

temperatures which are clinically relevant [Natale and D'Alecy, 1989].  Nevertheless 

it is not certain whether increased temperature gradients within the brain have 

adverse effects.  Gelman et al commented that temperature gradients in the brain 

“could potentially be harmful because of imbalances between flow and metabolism.” 

([Gelman et al., 1996] p1013).  However, when they compared normothermia to 

head cooling (cool head/warm body) they found “... the ratio of cerebral blood flow 



Heat loss from upper airways and through skull: studies of direct brain cooling in humans 
 

Chapter 3: Direct brain cooling 145 

to metabolism was not different between groups at any time point” ([Gelman et al., 

1996] p1015), in spite of the increase in temperature gradients with cooling.  In the 

context of neonatal hypoxic-ischaemic injury, Laptook and Corbett concluded that it 

remains to be determined  

“Whether the more homogenous cooling of the brain with 
whole body cooling is advantageous over the greater cooling 
of the superficial brain relative to the deep brain with a head 
cooling approach.” ([Laptook and Corbett, 2002] p642).   

Cooling the superficial brain will preferentially cool the more metabolically active 

and therefore potentially more vulnerable cortices. 

 

Summary: cerebral function and damage 

It appears that direct brain cooling using cool head/warm body techniques can 

convey neuroprotection after brain injury but may not provide equivalent 

neuroprotection to systemic hypothermia.  In addition, if cerebral blood flow 

increases for any reason whilst the brain is cooler than the body, this will cause an 

increase in brain temperature as a result of increased blood flow from the warmer 

body to the cooler brain.  Direct brain cooling can produce increased intracerebral 

temperature gradients but there is insufficient evidence to conclude that this has 

adverse effects and some evidence that neuroprotection is still afforded by 

comparison with normothermia. 

 

3.2.1.2 Direct brain cooling and functional outcome 

Studies of functional outcome after direct brain cooling in animals are relatively rare, 

possibly because of the difficulties of managing care over a survival period.   One 

study was in rats who received 30 minutes of global cerebral ischaemia [Kuluz et al., 

1992].  Six were maintained at normothermia during and after the ischaemic insult 

and six had brain cooling to 24 °C (temporalis muscle temperature) after 15 minutes 

of ischaemia and to 30 °C for the first hour of restored circulation, with rectal 

temperature maintained at normothermia.  All in the cooled group were alive at 

seven days with a normal neurobehavioural score, whereas the normothermic group 
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had either died or developed coma and seizures, requiring euthanasia, within 24 

hours [Kuluz et al., 1992].  In another study in rats, resuscitation was started after 5 

minutes cardiac arrest together with either 20 minutes brain cooling by nasal lavage 

with maintenance of normothermic rectal temperature (n=7) or systemic 

normothermia (n=7) [Hagioka et al., 2003].  All were successfully resuscitated and at 

seven days had survived with no abnormal behaviour or seizures, although the cooled 

group had less neuronal damage on histology [Hagioka et al., 2003].  In dogs 

subjected to 10 minutes cardiac arrest, brain cooling (33 °C achieved with nasal 

lavage) with normothermic rectal temperature before and during arrest (n=5) was 

compared with systemic normothermia (n=5) [Natale and D'Alecy, 1989].  The 

neurological deficit score was assessed over 24 hours.  The cooled group had 

significantly better scores and were all alive at 24 hours by which time those in the 

normothermic group were dead [Natale and D'Alecy, 1989]. 

 

At the time this review was completed only two studies were found containing data 

on functional outcome after direct brain cooling in humans.  Battin et al in a cool 

body/cooler head trial in infants with hypoxic-ischaemic injury used cooling caps to 

produce four different levels of systemic hypothermia ranging from 36–34.5 °C 

(n=6/7 per group) [Battin et al., 2001].  The primary aim was to assess safety but the 

authors concluded that cooled infants with moderate to severe encephalopathy had a 

tendency toward better outcome at 18 months old compared with uncooled infants 

(n=15), although this conclusion came with the caveat that the study was not 

powered to assess effect on functional outcome. 

 

Hachimi-Idrissi et al studied patients after cardiac arrest resulting from asystole or 

pulseless electrical activity, who remained unconscious after restoration of 

spontaneous circulation [Hachimi-Idrissi et al., 2001].  Sixteen patients were 

randomised to head cooling, with a non-circulating cooling cap, for 4 hours or until 

their bladder temperature reached 34 °C, whichever occurred sooner.  One patient 

did not achieve a bladder temperature of 34 °C within 4 hours.  Fourteen patients 
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were randomised to normothermia and were passively rewarmed if already 

hypothermic, temperatures of >38 °C were treated with paracetamol.   

 

The report of this study has certain problems which make it difficult to assess the 

effect of brain cooling on outcome.  At the start of the study the median tympanic 

temperature in the hypothermic group was 35.8 °C (range 33.7–38.2 °C) and it took a 

median 180 minutes (range 70–240) to reach a bladder temperature of 34 °C (initial 

bladder temperature is not reported).  Therefore the time for which patients were 

hypothermic and the time they spent at target temperature varied.  The median 

tympanic temperature in the normothermic group at the start of the study was 

35.5 °C (range 33.6–37.5 °C), but neither tympanic nor bladder temperature at the 

end of the study is reported in this group.  Consequently it is not possible to 

determine if all the normothermic group were in fact normothermic by the end of 4 

hours and the time at normothermia will have varied between patients, depending on 

how long those who were cold at the start took to warm.   

 

The primary purpose of this study was to test the feasibility and speed of cooling of 

the cap rather than assess outcome [Hachimi-Idrissi et al., 2001].  However, it is 

reported that three patients in the hypothermic group survived with overall 

performance categories of 1 (good performance, n=2) and 3 (severe disability).  The 

one survivor in the normothermic group had an overall cerebral performance 

category of 3.  The follow-up period is not stated but the text implies it may have 

been only two weeks.  The authors attribute the high mortality rate (13 in each group 

within two weeks of admission) to the poor prognosis associated with the types of 

cardiac arrest they included.  In a later systematic review of hypothermia after 

cardiac arrest, the data for this study is updated to include another three patients 

(n=33) and it is reported that at death or hospital discharge there were three (out of 

16) survivors in the cooled group and none (out of 17) in the control group [Holzer et 

al., 2005]. 
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Summary: functional outcome 

There is some evidence in animals that direct brain cooling may improve functional 

outcome but insufficient data to draw conclusions in humans.   

 

3.2.1.3 Direct brain cooling and complications 

The reason most commonly given for using direct brain cooling is that there may be 

fewer side effects than with systemic hypothermia for example [Laptook et al., 

2001;Dietrich, 1992;Gunn, 2000;Thoresen et al., 2001b].  Schubert reviewed the side 

effects of systemic hypothermia at temperatures of 33–35 °C [Schubert, 1995].  

These include pulmonary oedema, rebound increases in intracranial pressure on 

rewarming, higher temperatures post hypothermia, coagulation abnormalities, 

metabolic effects and immune suppression [Schubert, 1995].  The reporting and 

definition of complications in clinical trials of systemic hypothermia is variable 

which makes assessing their impact difficult.  Nevertheless systematic reviews of 

trials of systemic hypothermia after brain injury have shown that the odds ratios for 

prothrombin time (but not partial thromboplastin time) [Harris et al., 2002], cardiac 

arrhythmias and pneumonia were increased with hypothermia [Harris et al., 

2002;Alderson et al., 2004].  Whether direct brain cooling results in fewer 

complications than systemic hypothermia is likely to depend on the mechanisms by 

which the complications are caused, how the cooling and warming of the blood as it 

circulates through a cooler brain and relatively warmer body affects these and how 

extreme the temperature gradients are. 

 

Coagulation abnormalities 

It is unclear whether direct brain cooling results in fewer coagulation abnormalities 

than systemic cooling.  Thoresen et al used a cooling cap combined with body 

warming to maintain the rectal temperatures of piglets (n=9) at 33–34 °C with deep 

brain temperatures around 5 °C lower [Thoresen et al., 2001b].  With “moderate to 

severe hypothermia of the brain surface” there were no clotting problems or gross 

haemorrhages from temperature probe insertion ([Thoresen et al., 2001b] p599).  The 
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time over which cooling was maintained was 6 hours at most and the piglets were 

systemically hypothermic, although their brain temperatures were lower than their 

rectal temperatures.  Hachimi-Idrissi et al found no change in clotting times or 

platelet counts in humans (n=16) cooled with a cooling cap for up to 4 hours post 

cardiac arrest to a bladder temperature of 34 °C [Hachimi-Idrissi et al., 2001].  The 

cooling time was short and variable, the patients were systemically hypothermic and 

their intracerebral temperatures are not known.  However, if the head is cool and the 

body warm, blood will be cooled and warmed as it circulates and this may affect 

clotting.  Rats exposed to repeated cold stress (fluctuations in air temperature) over 

several days developed thrombocytopaenia and reduced platelet aggregation [Hata et 

al., 1992].  In humans, cooling the forearm from which blood samples were taken for 

clotting studies resulted in a decrease in clotting time as temperature was reduced 

from 37–22 °C, by 22 °C clotting time was three times longer than at 37 °C [Valeri et 

al., 1995].  This suggests that it may not be safe to assume that coagulation 

abnormalities will be avoided with direct brain cooling, even if the body is relatively 

warm. 

 

Cardiovascular side effects 

Cardiac arrhythmias, from loss of electrolytes with hypothermia-induced polyuria 

[Polderman et al., 2001], bradycardia and hypotension are potential cardiovascular 

side effects of systemic hypothermia [Thoresen and Whitelaw, 2000], although they 

are considered to be preventable.  In infants with hypoxic-ischaemic encephalopathy 

no hazardous cardiovascular effects were reported with direct brain cooling using 

cooling caps, compared to surface cooling of the trunk (total n=9) [Thoresen and 

Whitelaw, 2000] and to normothermia (total n=40)  [Gunn et al., 1998;Battin et al., 

2003], provided overcooling and too rapid re-warming were avoided.  However the 

brain cooling in these infants was not isolated to the head; the infants’ rectal 

temperatures were hypothermic, mean 34.2 °C [Thoresen and Whitelaw, 2000] and 

between 36.3–34.5 °C, depending on cooling group [Battin et al., 2003].  

Furthermore, the response of older people, especially with pre-existing cardiac 

problems, is likely to be different to infants. 
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Alterations in tissue perfusion are also a cardiovascular effect of systemic cooling.  

Reduced mesenteric blood flow has been shown with systemic hypothermia in 

newborn piglets [Zayek and Eyal, 2002].  This might be considered less likely with 

brain cooling if body temperature was normal.  However, Gelman et al found after 

cardiac arrest that, compared with systemic normothermia, brain cooling with 

normothermic rectal temperature in piglets (n=14) caused reduced myocardial blood 

flow during resuscitation.  Intestinal blood flow was reduced during reperfusion and 

this persisted even after rewarming [Gelman et al., 1996].  Gelman et al suggest  

“Decreases in brain temperature may alter the release of 
vasoactive substances by the brain, resulting in redistribution 
of cardiac output and reduction in splanchnic blood flow.” 
([Gelman et al., 1996] p1015).   

Iwata et al found no ischaemic or other abnormalities in the visceral organs of 

uninjured piglets after direct brain cooling with either cool head/warm body (n=3) or 

cool body/cooler head (n=3) methods [Iwata et al., 2003].  They did not measure 

intestinal blood flow.  

 

Immunosuppression and infection 

There is no evidence to show whether direct brain cooling results in less 

immunosuppression and infection than systemic cooling or how it impacts on brain 

mediated immunosuppression.  But because immune response is modulated by the 

brain [Wrona, 2006;Meisel et al., 2005] it is unwise to assume that brain 

hypothermia, even with the body relatively warmer, will cause less immune 

depression and infection than systemic hypothermia.  The primary hormonal pathway 

for brain-immune system interactions is the hypothalamic-pituitary-adrenal axis 

[Wrona, 2006] and Hayashi’s view, on the basis of considerable experience with 

hypothermia in brain injury, is that brain cooling suppresses immune function 

because the pituitary is cooled [Hayashi, 2004].  Furthermore, if immune defence is 

accelerated and more efficient at increased temperatures [Kluger, 1991], reducing 

brain temperature even to the normothermic range might increase morbidity and 

mortality from infection. 
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Shivering and sedation requirements 

Another undesirable effect of cooling is shivering, with the requirement for sedation 

to prevent this.  In piglets subjected to a hypoxic insult under anaesthesia (n=36), 

followed by systemic hypothermia (35 °C) for 24 hours without sedation or 

prevention of shivering (n=18), there was no neuroprotective effect from the 

hypothermia or reduction in posthypoxic seizures compared to normothermia without 

sedation (n=18) [Thoresen et al., 2001a].  The hypothermic piglets showed signs of 

stress manifested by cortisol levels three times that of the normothermic piglets.  

Furthermore the reduction in heart rate which usually accompanies hypothermia did 

not occur.  The authors “speculate that the stress of shivering and feeling cold 

interfered with the previously shown neuroprotective effect of hypothermia.”  

([Thoresen et al., 2001a]  p405). 

 

Shivering and stress response to cold may occur even if brain temperature alone is 

reduced below the set-point, since cooling of the preoptic area of the hypothalamus is 

sufficient to cause heat production and retention responses [Bligh, 1998;Boulant, 

1997].  Lim controlled brain (hypothalamic) temperature and core trunk temperature 

independently in anaesthetised dogs using bilateral carotid antegrade cerebral 

perfusion with independent control of body temperature [Lim, 1960].  Cool 

brain/warm body (n=7) and warm brain/cool body (n=10) conditions both produced 

shivering.  Therefore direct brain cooling, even if the body is warm, does not prevent 

shivering.  Shivering also occurred when the nose and mouth were externally 

warmed during brain cooling with body warming.  Lim interpreted this as meaning 

that the shivering response was centrally mediated by the hypothalamus and not a 

response to head skin cooling [Lim, 1960].    

 

Summary: complications 

The complications of hypothermia may still occur with direct brain cooling, even 

when the brain alone is hypothermic. 
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3.2.1.4 Summary: effects of direct brain cooling 

A common assumption in the literature advocating direct brain cooling in humans is 

that it provides equivalent neuroprotection to systemic cooling with fewer 

complications.  In this review evidence was found for neuroprotection in animal 

studies but little to support the view that complications are reduced.  The studies are 

small and hard to evaluate collectively because of the variety of animal models, 

injuries, target temperatures and direct brain cooling methods.  They are also of 

variable quality with regard to randomisation and blinding.  This has not been 

assessed in this review but is nevertheless important because it has been shown that 

animal studies which are not randomised and have unblinded outcome assessment 

are more likely to report positive outcomes [Bebarta et al., 2003].  There were too 

few studies in human adults to draw any firm conclusions on the benefits of direct 

brain cooling. 

 

3.2.2 Part II (Review I): non-invasive methods of d irect brain cooling 

This part of the first review assesses the effect of non-invasive methods of direct 

brain cooling, i.e. heat loss from the upper airways and through the skull, on 

intracranial temperature, and considers some of the advantages and disadvantages of 

these methods.  There are physiological studies of these heat loss mechanisms in 

healthy volunteers using tympanic membrane temperature and auditory evoked 

brainstem potentials as indirect measures of brain temperature (Chapter 1), but these 

are not included here. 

 

Much of the research is in animals with few methods having been tested in humans.  

At the time there was only one long-term outcome trial, in babies with hypoxic- 

ischaemic encephalopathy [Battin et al., 2001].  Intracranial temperature is not 

measured clinically in infants with hypoxic-ischaemic injury, but the cooling caps 

used have a ‘knock-on’ effect on body temperature (usually measured rectally) and 

induce systemic hypothermic, to the extent that body warming is required to control 
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this [Gluckman et al., 2005].  It is relatively easy to cool infants with head cooling as 

they have a smaller body to head ratio than adults and therefore less counter warming 

from the trunk; also their skulls are not closed because their fontanelles have not 

fused.  For this reason, and because this part of the review is assessing the effect of 

direct brain cooling on intracranial temperature, studies in infants have not been 

included here. 

 

Apart from studies of nasopharyngeal cooling [Einer-Jensen and Khorooshi, 

2000;Hagioka et al., 2003], studies on rats have also not been included in this part of 

the review because their small brains are not a good model for the effect of these 

methods on human brain temperature.  An exception was made for nasopharyngeal 

cooling because this was the subject of two trials for this thesis (Chapter 4) and 

therefore studies of this method were directly relevant.   

 

Broadly, most of the studies of non-invasive direct brain cooling can be classed as 

feasibility studies.  They either study the effect of the cooling method on brain 

temperature (cooling efficacy), some using brain-injured subjects and some not, or 

cooling efficacy together with other cerebral effects and side effects in brain-injured 

subjects. 

 

In assessing the effectiveness of the different methods the following points were 

considered when the information was available: type and purpose of study (for 

example controlled trial or uncontrolled experiment/observation/case study), 

subjects, nature of brain injury (if any), reduction of brain temperature, speed of 

cooling and the particular advantages and disadvantages of individual methods, such 

as ease of use and side effects. 

 

3.2.2.1 Heat loss from the upper airways  

Studies of heat loss from the upper airways have been classified by use of either:  
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i) upper airways gas flow or  

ii) upper airways lavage. 

These studies are in intubated, mechanically ventilated subjects who could not lose 

heat from their upper airways without the interventions. 

 

i) Upper airways gas flow  

Table 3.1 includes studies of upper airways oxygen and airflow.  Two studies in 

animals and one in humans was found.  Their aim was simply to assess whether 

flowing air or oxygen through the upper airways could reduce brain temperature. 

 

It is surprising, but encouraging, that Mellergard showed any reduction in brain 

temperature [Mellergard, 1992] since passing the nasal catheter through to the 

nasopharynx meant the oxygen flow was prevented from contacting the highly 

vascular nasal cavity, where most of the heat loss in the upper airways occurs during 

turbulent flow over the turbinates (Chapter 1).  The air only came into contact with 

mucosa in the nasopharynx.  

 

No animal model is perfect for assessing the effect of direct brain cooling methods 

on intracranial temperature reduction.  The animals used in this research have a 

smaller relative brain size compared with humans which makes direct brain cooling 

easier to achieve.  Rats’ noses are large in relation to their brain size with a more 

complex turbinate structure than humans [Eccles, 2000] but they do not have a 

carotid rete.  Pigs do have a carotid rete but their turbinate structure is less complex 

than other animals and nearer to that of humans [Eccles, 2000].  The difficulty with 

using any animal with a rete to assess efficacy of naropharyngeal cooling methods 

intended for ultimate use in humans is that the anatomy is very different.  Even if 

selective brain cooling is not active and venous blood is not directed through the rete 

the blood supply to the brain through the internal carotid still passes through it  
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Table 3.1: Studies of direct brain cooling with upp er airways gas flow 

Authors Type and 
purpose of 
study 

Subjects Brain 
injury 

Brain cooling 
intervention 

Brain 
temp site 

Effect of 
cooling on 
brain temp 

Core trunk 
temp 

Speed of 
cooling 

[Mellergard, 
1992] 

Observation 
of the effect 
of naso-
pharyngeal 
oxygen 
flow on 
brain temp 

3 intubated 
adult 
humans 

Trauma 
or  haem-
orrhage 

5–10 L/min of 
humidified 
oxygen via 
foley catheter in 
one nostril, 
beyond the 
posterior 
choane nasi, 
with obliquely 
cut tip sitting in 
nasopharynx 
with opening 
pointing 
upwards and 
balloon inflated 
to secure.  
Cooling applied 
for ≥2 hrs/pt 

Lateral 
ventricle 

Max 0.2°C 
reduction 

Rectal — 
slight 
increase in 
two patients 

Unclear, 
but within 
2 hrs 

[Einer-
Jensen and 
Khorooshi, 
2000] 

Non-
randomised 
controlled 
crossover 
study of the 
effect of 
nasal 
oxygen 
flow versus 
no flow on 
brain temp 

11 
intubated 
adult rats 
(no carotid 
rete) 

None 250 ml/min 
(normal rat 
minute vol), 
500, 800 & 
1000 ml/min 
oxygen, no 
added heat or 
humidity, via 
bilateral nasal 
catheters 1–1.5 
cm into nostrils.  
15 mins of 
flow, 15 mins 
without, 
sequentially 
until all flow 
rates had been 
delivered to 
each rat 

Frontal 
lobes 5mm 
below 
dura  

Flow 
dependent 
reduction 
from 
normo-
thermia by a 
mean of 
about 
0.25°C at 
250 ml/ min 
to about 
0.75°C at 
1000ml/min 

Placed on 
heating pad 
to maintain 
rectal temp,   
rectal temp 
still 
decreased at 
higher gas 
flows 
although to 
lesser extent  
than brain 
temp 

Brain 
temp 
started 
falling 
almost 
imme-
diately 
the gas 
flow 
started 
and 
continued 
to drop 
during the 
whole of 
each 15 
min 
cooling 
period 

[Einer-
Jensen et al., 
2001] 

Non-
randomised, 
controlled 
crossover 
study of the 
effect of 
nasal 
oxygen 
flow versus 
no flow on 
brain temp 

9 intubated 
“immature” 
pigs, wt 
40–50 kg 
(carotid 
rete) 

None 2–10 L/min 
oxygen for 10 
min periods 
each followed 
by 10 mins of 
no flow via 
bilateral nasal 
catheters 5 cm 
into nostrils. 
Temp of 
oxygen either 
8°C or 23°C. 
Saline infused 
“occasionally” 
for 
humidification 

Third 
ventricle 
— temp 
probe sited 
within a 
ventricular 
catheter at 
the level 
of the side 
holes 

Mean (SD) 
reduction 
0.25°C 
(±0.04) at 
<4 L/min; 
1.35°C 
(±0.78) at 
4–6 L/min; 
1.44°C 
(±0.62) at 
>6 L/min. 
“Cooling or 
humidifying 
the gas had 
no obvious 
effect.” 
(p462). On 
extubation 
brain temp 
reduced by 
mean 
0.59°C 
(±0.23) 

Rectal and 
‘tympanic’ 
(position of 
ear probe 
unable to be 
verified)—
“a small 
decrease in 
the 
tympanic 
and rectal 
temp-
eratures”  
(p462) was 
observed 
with high 
flow rates 
only 

Brain 
temp 
decreased 
“within 
minutes” 
to steady 
state at 5–
8 mins 
and 
reversed 
similarly 
with no 
flow   
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(Chapter 1, Figure 1.5) and therefore has a much larger surface area of heat exchange 

with venous blood than the cavernous sinus provides in humans. 

 

Einer-Jensen and Khorooshi’s study in rats was designed to be a model for heat loss 

from the upper airways in humans and the oxygen flow rates were proportional to rat 

minute volumes [Einer-Jensen and Khorooshi, 2000].  Pigs of the size used in Einer-

Jensen’s other study would have a normal minute volume of approximately 8 L, 

therefore the flow rates used were relatively proportional in this study too although 

the paper does not discuss this [Einer-Jensen et al., 2001]. 

 

Einer-Jensen’s team also used nasal oxygen flow during removal of a tumour in an 

intubated patient and report that intracranial temperature increase was attenuated 

(personal communication by email with Dr Einer-Jensen 24.4.2002).  A graph of this 

case study was later published and shows that nasal oxygen flow does appear to 

retard an increase in brain temperature [Kuhnen et al., 2005]. 

 

ii) Upper airways lavage 

Table 3.2 shows studies of heat loss from the upper airways through nasopharyngeal 

lavage.  No studies in humans were found. 

 

White et al’s study combines heat loss from the upper airways with heat loss through 

the skull, although naso-oral perfusion was used alone for maintenance of cooling, 

and appears to be the only published study combining both mechanisms of heat loss 

from the head [White et al., 1983a].  Neuroprotection could not be assessed because 

the dogs were not brain injured, but the authors comment that all survived the 

cooling method with no evidence of behavioural change, gross neurological deficit or 

damage to eyes or mucous membranes. 
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Table 3.2:  Studies of direct brain cooling with up per airways lavage 

Authors Type and 
purpose of 
study 

Subjects Brain 
injury 

Brain cooling 
intervention 

Brain 
temp site 

Effect of 
cooling on 
brain temp 

Core trunk 
temp 

Speed of 
cooling 

[White et 
al., 
1983a] 

Observation 
of the effect 
of head 
immersion 
in iced water 
with naso-
oral lavage 
on brain 
temp 

24 intubated 
adult dogs 

None Head shaved, 
placed in 
container filled 
with iced water, 
sealed at neck, 
head completely 
submerged.  
Simultaneous 
naso-oral 
perfusion with 
the same water 
at 1.5–2 L/min.  
Brain temp, 
once cooled, 
maintained with 
perfusion alone.  
Length of 
cooling not 
reported 

Frontal 
lobe 1–
1.5 cm 
below 
surface 
of cortex 

Reduced to 
14–19°C.  
Baseline temp 
not given 

Normo-
thermic rectal 
temp 
maintained 
with warming 
blankets 

30°C in 
5–12 
mins, 
<20°C in 
18–40 
mins but 
baseline 
not 
reported 

[Natale 
and 
D'Alecy, 
1989] 

Randomised 
controlled 
trial of the 
effect of 
brain 
cooling by 
naso-oral 
lavage 
versus 
normo-
thermia on 
cerebral 
lactate 
accumu-
lation 

2 groups of 
intubated 
adult dogs: 
11 cases, 10 
controls.  

Within each 
group were 
two further 
groups: 
1.recovery, 
aim survival 
24 hrs post 
resus 
2. biopsy, 
aim brain 
biopsy for 
lactate post 
resuscitation 

 

 

Cardiac 
arrest 

Cases: nasal 
lavage with 
water at 5°C 
pumped through 
tubes secured 
1.5 cm into 
nostrils and 
drained from 
mouth via 
funnel.  Rectal 
temp maintained 
with warming. 

Controls: 
identical but 
water at approx 
39°C. 

Lavage begun 
10–20 mins 
prior to arrest 
and continued 
for 30 mins after 

Hippo-
campus 
and  
cerebral 
cortex 

Recovery 
group: mean 
hippocampus 
temp 32.7–
33.5°C (mean 
baseline 
39.1°C). 
Mean cortex 
temp 34.2–
35.3°C (mean 
baseline 
38.8°C). 

Biopsy group 
similar. 

Controls: 
remained 
normothermic  

Normo-
thermic rectal 
temp 
maintained 
with heating 
pad and 
oesophageal 
heat 
exchanger 

Reduction 
of approx 
6°C in 
hippo-
campus 
and 4°C 
in cortex  
temp over 
40–50 
mins 

[Hagioka 
et al., 
2003] 

Study 1: 
non-
randomised 
study of the 
effects of 
naso-
pharyngeal 
cooling on 
cerebral 
blood flow 
and brain 
temperature 

(NB there 
were two 
studies in 
this paper;  
cerebral 
blood flow 
results from 
study 1 and 
the results of 
study 2 are 

14 intubated 
rats: 7 cases, 
7 controls 

None Cases: bilateral 
nasal lavage 
with normal 
saline at 5°C 
delivered at 
100ml/min/kg 
via 20 gauge 
cannulae 
inserted to 5 mm 
depth. Cotton 
ball in lower 
pharynx plus 
suction to 
prevent 
aspiration.  
Rectal 
temperature 
maintained at 
37°C with body 
warming. 

Controls: 
systemic 

Left 
hippo-
campus 

Hippocampal 
temperature 
reduced to 
31°C by nasal 
lavage and by 
systemic 
hypothermia 

Cases: 
normo-
thermic rectal 
temperature 
maintained 
with water 
blanket and 
infrared lamp  

Controls: 
rectal temp 
31°C 

Hippo-
campal 
temp 
reduced 
in mean 
(SD) 7 
(±1.6) 
mins by 
nasal 
lavage; in 
mean 34.5 
(±0.8) 
mins by 
systemic 
hypo-
thermia.  
Baseline 
appears to 
have been 
37°C in 
both 
groups 
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reported 
previously 
in relation to 
cerebral 
function and 
damage) 

hypothermia 
with fan and 
water blanket to 
target 
hippocampal 
temperature of 
31°C. 

Cooling in both 
groups 
maintained for 
10 mins once 
target 
temperature 
achieved 

 

Natale and D’Alecy comment that their control dogs, receiving normothermic nasal 

lavage, had worse 24 hour survival and neurological deficits than controls in a 

previous (unpublished) study who did not receive nasal lavage [Natale and D'Alecy, 

1989].  This may indicate a safety problem with nasal lavage but, as they suggest, it 

could also be because normothermic lavage maintained brain temperature during 

cardiac arrest more effectively than no lavage. 

 

Hagioka et al point out that the flow rates they used in rats were very high, the 

equivalent of 5–7 L/min in humans [Hagioka et al., 2003].  It is hard to conceive that 

this would be practical in the clinical situation. 

 

Both evaporative and convective heat transfer occur in the upper airways (Chapter 1) 

and upper airways cooling with water or saline will prevent evaporative heat loss.  

However, these liquids have a greater latent heat capacity than air or oxygen and 

therefore are likely to produce more heat loss at a given temperature.  This method 

would require sedation and analgesia to administer and, as anyone who has inhaled 

water up their nose will know, it stings painfully, therefore saline may be more 

comfortable.  But it is questionable whether nasal lavage is practical in brain-injured 

humans since controlling the outflow would be difficult and fluid could enter the 

lungs, even in the presence of an adequately inflated endotracheal cuff, or the 

stomach.  Lavage via catheters passed through the nostrils and out of the mouth is 

feasible but could cause pressure sores and sinusitis and could reduce cooling by 
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preventing the fluid having direct contact with the turbinates and mucous 

membranes. 

 

3.2.2.2 Heat loss through the skull 

Studies in this category are classified as follows: those using forced convective 

cooling (i.e. head fanning and convective cooling hoods), and those using conductive 

cooling (i.e. ice packs, head containers and circulating and non-circulating cooling 

caps). 

 

i) External convective cooling 

Table 3.3 shows studies of external convective head cooling using head fanning and 

convective cooling helmets.  Only two human studies were found, both in single 

subjects. 

 

A case study of convective cooling by face fanning with ambient air, both with and 

without evaporative cooling, did not reduce brain temperature in a 12 year old boy 

[Shiraki et al., 1988].  While it is not possible to draw too many conclusions from a 

single subject, there may be some reasons for this.  Fanning for 20 minute periods 

may not have been long enough to affect such relatively deep sites of intracranial 

temperature measurement.  It has also been suggested that he may have had 

increased intracranial pressure which is considered to interfere with the mechanisms 

for heat loss through the skull because reversed emissary flow would be likely to be 

impaired if intracranial pressure was high [Nagasaka et al., 1998;Cabanac, 1993b]. 

 

In a randomised controlled trial in monkeys face fanning reduced hypothalamic 

temperature [Fuller and Baker, 1983] and a convective cooling helmet was effective 

in dogs [Wass et al., 1998].  However these animals were not brain injured, their 

heads are small compared to a human and the convective air temperature was 

considerably lower than ambient.  Although cardiopulmonary bypass is not generally 
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Table 3.3: Studies in animals and a human of direct  brain cooling by 

forced convection of air 

Authors Type and 
purpose of 
study 

Subjects Brain injury Brain cooling 
intervention 

Brain 
temp site 

Effect of 
cooling on 
brain temp 

Core trunk 
temp 

Speed of 
cooling 

Mean (±SE) 
reduction of 
0.3°C 
(±0.1°C) 
with face 
cooling; 
0.5°C 
(±0.1°C) 
with 
abdominal 
cooling 

Colon — 
mean 
reduction 
of 0.1°C 
(±0.1°C) 
with face 
cooling; 
0.4°C 
(±0.1°C) 
with 
abdominal 
cooling 

[Fuller 
and 
Baker, 
1983] 

Randomised 
crossover trial 
of the effect of 
facial cooling 
and abdominal 
cooling on 
brain and core 
body temp 

3 awake 
squirrel 
monkeys   

None, 
although 
hypo-
thalamic 
thermistors 
were 
implanted 
long-term  

20 mins 
convective 
facial cooling 
(total 12 
episodes) and 
20 mins 
abdominal 
cooling (total 
4 episodes) 
in random 
order with air 
at approx 
15 °C, 
ambient temp 
35 °C  

Hypo-
thalamus 

Reduction in hypothalamic 
temp compared to colon 
temp with face cooling but 
not with abdominal cooling 

Reduction 
of 0.3°C 
in hypo-
thalamic 
temp in 
15 mins 
with face 
cooling, 
no further 
change by 
20 mins 

[Shiraki 
et al., 
1988] 

Observation of 
the effect of 
face fanning  
(air speed not 
given) versus 
no face 
fanning  on 
brain temp 

Conscious, 
self-
ventilating 
12 yr old boy 

Surgery for a 
pineal 
tumour, 
followed by 
a course of 
radiotherapy 
during which 
a ventricular 
drain was in 
situ which 
carried the 
temp 
monitoring 

Face fanning 
with 25°C 
(ambient) air, 
body 
covered. 1 
convective 
session and 1 
convective 
plus 
evaporative 
(body 
heating with 
electric 
blanket to 
produce 
facial 
sweating).  
20 mins with 
cooling 
followed by 
20 mins 
without 

Lateral 
ventricle 
and 1 cm 
above 
ventricle 

No 
convincing 
effect 

Oesopha-
geal — 
essentially 
unchanged 

N/A 

[Wass et 
al., 
1998] 

Randomised 
controlled trial 
of the effect of 
a convective 
cooling helmet 
on brain temp 
during 
normothermic 
cardio-
pulmonary 
bypass  (CPB) 
with two 
different 
anaesthetics 

16 intubated 
dogs: 8 
anaes-
thetised with 
pento-
barbital, 8 
with 
halothane  
(both groups 
received the 
same cooling 
intervention, 
there was 
little 
difference in 
response 
therefore 
results are 
not reported 
separately 
here) 

None 
Convective 
(forced air) 
cooling 
helmet, air 
temp approx 
13°C, used 
for 150 mins 
during 
normo-
thermic CPB.  
Ambient 
temp 22°C. 
Dogs’ heads 
not shaved. 

6 sites: 
bilaterally 
in parietal 
epidural 
space & 
paren-
chyma 1 
and 2 cm 
below 
dura  

Max mean 
reduction 
below 
oesophageal 
temp after 
2½ hrs: 
epidural 
4.5°C, 
parenchyma
1 cm 3.9°C, 
2 cm 2.0°C. 
Baseline 
brain temps 
38–38.2°C 
respectively 

Baseline 
approx 
38°C and 
maintained 
with 
normo-
thermic 
CPB 

 

Reduction 
of 2°C in 
epidural 
temp and 
nearly 
0.5°C in 2 
cm paren-
chymal 
temp after 
10mins. 
Starting to 
level off 
at approx 
60 mins  
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practical after brain injury in humans, a convective cooling helmet could be used on 

its own or with non-invasive body warming and would be quick to apply with 

potential for rapid brain temperature reduction [Wass et al., 1998].  Even allowing 

for larger brain size and different anatomy, it is possible that such a cooling method 

might have a similar effect on human brain temperature, because the normothermic 

body warming which the dogs received was likely to have reduced the full effect of 

cooling by maintaining a constant supply of warmed blood to the brain. 

 

ii) External conductive cooling  

Most of the research on external conductive methods of direct brain cooling has been 

in cardiac arrest and infant hypoxic-ischaemic encephalopathy.  In these 

circumstances in humans intracranial temperature is not usually measured. 

 

Studies using modelling to predict brain cooling with ice and cooling caps in adults 

and infants indicate that cooling would be limited to the superficial regions of the 

brain if core trunk temperature is normal [van Leeuwen et al., 2000;Zhu and Diao, 

2001;Diao et al., 2003].  But these studies do not take account of natural selective 

brain cooling mechanisms; indeed it would be difficult to do so because not enough 

is known about these in humans, particularly after brain injury. 

 

Cooling caps have the advantage of being simple to apply, particularly in the absence 

of head wounds and invasive monitoring which makes it easier to fit them closely.  

Non-circulating cooling caps, containing frozen gel for example, will thaw and have 

to be refrozen periodically.  Circulating cooling caps have the benefit of being able to 

be maintained at a constant temperature and some have the facility for temperature 

adjustment.  This is potentially important because there is a possibility of tissue 

freezing and necrosis if scalp temperature is reduced too much.  Surprisingly Gelman 

et al found no scalp problems in piglets with a cooling cap at -20 to -30 °C [Gelman 

et al., 1996], but Iwata et al reported pale, blotchy, peeling, blistered scalps in piglets 

with a cooling cap at 0 °C [Iwata et al., 2003].  Some human infants were found to 
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have scalp erythema or oedema after cooling caps at 10 °C were removed but these 

problems resolved quickly [Battin et al., 2003;Gunn et al., 1998].  In human adults a 

cooling cap at -4 °C applied over a paper cap (and presumably hair) did not cause 

freezing or necrosis of the scalp [Hachimi-Idrissi et al., 2001].    

 

Table 3.4 includes animal and human studies of external conductive brain cooling 

with ice packs, head containers and circulating and non-circulating cooling caps.  

(Studies in infant animals and humans are excluded but can be found in Appendix IV 

[Harris and Andrews, 2005].)  Five studies in human adults were found [Mellergard, 

1992;Corbett and Laptook, 1998;Hachimi-Idrissi et al., 2001;Callaway et al., 2002].  

Two were observational case studies which used intracranial temperature 

measurement [Mellergard, 1992].  One used magnetic resonance spectroscopy to 

measure intracranial temperature [Corbett and Laptook, 1998].  This was a new 

method of non-invasive brain temperature measurement on which the researchers 

had previously carried out validation work [Corbett et al., 1995].  Two others, in 

patients after cardiac arrest, did not use intracranial temperature measurement but are 

nevertheless included here because at the time they were the only randomised 

controlled trials of direct brain cooling after brain injury in human adults [Hachimi-

Idrissi et al., 2001;Callaway et al., 2002]. 

 

Cooling using head containers successfully reduced brain temperature in dogs with 

total head immersion [Leonov et al., 1990] and in cats [Horn et al., 1991], ice packs 

had some effect in dogs [Brader et al., 1985] and pigs [Tadler et al., 1998].  

However, leaving aside the anatomical and physiological differences, animal brains 

are smaller than humans’ and therefore easier to cool conductively.  Corbett and 

Laptook’s trial of gel caps in adult humans, using magnetic resonance spectroscopy 

to measure temperature, demonstrated relatively superficial cooling [Corbett and 

Laptook, 1998].  Hachimi-Idrissi et al showed a reduction in infrared ear temperature 

to 34 °C from a median baseline of 35.8 °C (range 33.7–38.2 °C) [Hachimi-Idrissi et 

al., 2001], but a reduction in ear temperature with a head cooling cap is to be 

expected given that even true tympanic membrane temperature has been shown to 
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Table 3.4:  Adult animal and human studies of direc t brain cooling by 

conduction 

Authors Type and 
purpose of 
study 

Subjects Brain 
injury 

Brain cooling 
intervention 

Brain 
temp site 
(or proxy) 

Effect of 
cooling on 
brain temp 

Core trunk 
temp 

Speed of 
cooling 

[Horn et 
al., 1991] 

Pilot, 
observational 
study of the 
effect on brain 
temp of a 
conductive 
head-cooling 
container.  Part 
of a larger trial 
to assess 
neuronal 
damage with 
the head 
cooling 
method versus 
normothermia 

 

5 
tracheo-
tomised 
cats  

Cardio-
circulatory 
parameters 
suppressed 
with IV 
pindolole 
to mimic 
external 
cardiac 
massage 

Container of 
circulating 
monoethylene
-glycol at  
-25°C. The 
top made of 
copper sheet, 
depressed to 
contain the 
head, & 
coated with 
heat 
conducting 
gel to 
accommodate 
different head 
sizes.  
Cooling 
started with 
cardio-
pulmonary 
resuscitation 
(CPR) and 
continued for 
30 mins   

Cerebral 
cortex 
and 
thalamus 

Thalamus 
approx 
25°C, 
cortex 
approx 
18°C.  
Baseline 
approx 
37°C 

Baseline 
rectal temp 
approx 38°C, 
reduced to 
nearly 30°C 
by end of 
cooling  

Over 30 
mins 
thalamic 
temp 
reduced 
approx 12°C 
and cortex 
approx 19°C 

[Brader et 
al., 1985] 

 

Controlled 
trial of the 
effect of head 
cooling versus 
no head 
cooling. 
Randomisation 
not mentioned 

12 dogs: 
6 
controls, 
6 cases 

Four 
minutes of 
cardiac 
arrest 
(ventricular 
fibrillation 
(VF)), 
followed 
by 20 mins 
CPR 

Cases: heads 
shaved, 
wetted with 
saline and 
packed in ice 
prior to 
cardiac arrest. 

Controls: no 
interventions 

Not 
measured 

N/A Core temp 
(site not 
stated). 

Cases: 
36.3°C at 
end CPR, 
34.9°C after 
1 min 
spontaneous 
circulation. 

Controls: 
36.9 & 
36.5°C 
respectively 

Not clear 
because 
baseline 
temp not 
reported 

[Leonov et 
al., 1990] 

Pilot study of 
the effect on 
brain temp of 
head 
immersion in 
ice water, 
mentioned in a 
report of a 
larger RCT of 
head cooling 
and 
hypothermic 
CPB in dogs 
after cardiac 
arrest 

Number 
unclear 
— 6 or 7 
—  large 
dogs  

Cardiac 
arrest (VF), 
wait 12.5 
mins, 
reversed 
with defib-
rillation + 
CPB 

Immersion of 
head (except 
snout and 
pharynx) in 
an open 
plastic box 
filled with ice 
water for 12.5 
mins (from 
start of VF 
arrest to start 
of resus 12.5 
mins later) 

Parietal 
epidural  

Parietal 
epidural 
reduced 
from mean 
(SD) 
37.6°C 
(±0.2°C) to 
mean 
35.2°C 
(±1.7°C) 

 

Maintained 
at normo-
thermia for 
the 12.5 mins 
of VF  

Over 12.5 
mins mean 
parietal 
epidural 
temp 
reduced 
2.4°C and 
hippo-
campus temp  
<1°C  
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[Tadler et 
al., 1998] 

Randomised 
controlled trial 
of the effect on 
brain temp of 
ice packs 
applied to the 
head and neck 
versus no ice 
packs 

24 adult 
intubated
pigs 

Cardiac 
arrest (VF), 
wait 8 
mins, start 
CPR, 
continue 
for 20 mins  

Cases: 3 
plastic bags 
each with 500 
ml ice, 
applied each 
side of head 
and over front 
of neck at 
start of CPR. 

Controls: no 
intervention 

2 cm into 
parietal 
cortex  

Controls: 
mean 
baseline  
40.3, 
reduced to 
39.7°C.  
 
Cases: 
mean 
baseline 
39.8, 
reduced to 
37.7°C 

Oesophageal 

Controls: 
little change. 

Cases:  mean 
baseline 
39.8, reduced 
to 38.4°C 

Controls: 
reduced 
parietal 
cortex temp 
by a mean of 
0.6°C over 
20 mins. 

Cases: a 
mean of 
2.2°C over 
20 mins 

 

[Mellergard, 
1992] 

Observation of 
the effect of a 
gel cooling cap 
on brain temp 

3 uncon-
scious 
intubated 
adults 

Brain 
trauma or 
SAH 

Hypotherm 
Gel Kap 
containing 
frozen liquid, 
wrapped 
round head 
(no close or 
direct contact 
with exposed 
skin) in situ 
for approx 
2hrs 

Lateral 
ventricle 
and 
epidural 

Ventricular 
“little or no 
effect”.  

Epidural 
max drop 
of 1°C.  

Baselines 
not 
reported 

Rectal 
? little 
change 

Ventricular:
N/A.  

Epidural: 
immediate 
and rapid 

[Mellergard, 
1992] 

Observation of 
the effect of a 
water-
circulating 
cooling cap on 
brain temp 

2 uncon-
scious 
intubated 
adults 

Brain 
trauma or 
SAH 

Water-
circulating 
cooling 
helmet, water 
temp approx 
15°C.  In situ 
for 4–5 hrs 

Lateral 
ventricle 
and 
epidural 

Ventricular
Pt 1 0.5–
0.6°C 
reduction, 
Pt 2 slight 
increase. 
 
Epidural 
Pt 1 
fluctuating 
by about 
0.5°C,  
Pt 2 
unreported. 
 
Baselines 
not 
reported 

Rectal: 
Pt 1 reduced 
as 
ventricular, 
Pt 2 
unreported  

Reduction 
over approx 
1hr 40 mins 
of 0.5–0.6°C 
in one 
patient 

[Corbett 
and 
Laptook, 
1998] 

Crossover trial 
of the effect of 
gel cooling 
caps on brain 
temp. 

Cap sequence 
and magnetic 
resonance 
spectroscopy 
measurement 
sequence 
alternated 
between 
subjects 

10 
healthy 
adults 

None Cooling: Two 
Elasto-gel 
head caps, 
inner cap 
precooled to 
4°C and outer 
to -20°C. 

Control: same 
caps but 
prewarmed to 
34°C (n=9) or 
room temp. 
(n=1). 

50 mins with 
each set of 
caps 

Non-
invasive 
proton 
magnetic 
resonance 
spec-
troscopy 
of super-
ficial 
cortex 
and 
thalamus 

Mean scalp 
temp with 
cooling 
15.8°C, 
without 
34.7°C.  
Mean 
superficial 
cortex temp 
with 
cooling 
36.8°C, 
without 
37°C. 

Mean 
thalamic 
temp with 
cooling 
36.6°C, 
without 
36.6°C 

Oral and 
axilla temps 
unchanged 
by either 
intervention 

Baseline 
brain temps 
in cooled 
group not 
reported but 
scalp 
“cooled to 
lowest 
value” 
(p2724) 
within 5 
mins and 
then rose 
slowly over 
50 mins, 
otherwise 
N/A 

[Hachimi-
Idrissi et 
al., 2001] 

Randomised 
controlled trial 
of the 

30 
uncon-
scious 

Out-of-
hospital 
cardiac 

Cases: 
Frigicap 
containing 

Tympanic 
(infrared) 

Cases: 
Tympanic 
temp 

Cases: target 
bladder temp 
of 34°C 

Baseline 
bladder temp 
not reported.  
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feasibility & 
cooling speed 
of an aqueous 
glycerol 
cooling helmet 

intubated 
adults: 
16 cases, 
14 
controls 

arrest aqueous 
glycerol at 
about –4°C, 
applied over a 
paper cap and 
changed 
every hour to 
keep temp 
low.  Cooling 
started after 
stabilisation 
in the 
emergency 
room and 
continued 
until bladder 
temp of 34°C 
reached or for 
4 hours, 
whichever 
occurred 
sooner. 

Controls: 
rewarmed if 
hypothermic, 
temp >38°C 
treated with 
paracetamol.  
Otherwise no 
temp 
intervention 

(infrared) 
34°C after 
cooling. 
Baseline 
35.8°C 
(range 
33.7–
38.2°C) 

Controls: 
tympanic 
temp at end 
of study 
period not 
reported. 
Baseline 
35.5°C 
(range 
33.6–
37.5°C) 

reached by 4 
hours in all 
but one pt. 
Baseline 
temp not 
reported 

Controls: 
bladder temp 
at baseline 
and end of 
study period 
not reported 

Median 180 
(range 70–
240) mins to 
bladder temp 
34°C.  One 
pt did not 
reach 
bladder temp 
of 34°C 

Median 
baseline 
tympanic 
temp 35.8°C  
(range 33.7–
38.2°C) and 
median 60 
(range 15–
240)  mins to 
tympanic 
temp 34°C 

[Callaway 
et al., 
2002] 

Randomised 
controlled trial 
of the effect of 
ice packs 
applied to the 
head and neck 
on brain temp 
versus no ice 
packs 

27 adult 
humans:
13 
controls,
14 cases 
of which 
9 were 
included 
(5 did 
not 
complete 
trial) 

Out-of-
hospital 
cardiac 
arrest 

Cases: 3 
plastic bags 
each with 500 
ml ice applied 
to head with 1 
more across 
neck. 

Controls: no 
intervention 

Cases: 
naso-
pharynx. 

Controls:
naso-
pharynx 
or 
tympanic 
(infrared) 

No 
significant 
difference 
between 
groups  

Oesophageal  
Both groups 
hypothermic 
at baseline 
and no 
significant 
change in 
either group 

N/A 

 

track skin temperatures with cooling and heating of the head (Chapter 1).  Bladder 

temperature also reached 34 °C, but the results are difficult to interpret comparatively 

(this randomised controlled trial was poorly reported) because baseline bladder 

temperatures are not given for either group and nor are the end bladder and infrared 

ear temperatures for the control group [Hachimi-Idrissi et al., 2001].  Only 

Mellergard directly measured intracranial temperature in adult humans with 

conductive cooling methods [Mellergard, 1992].  He demonstrated a 0.6 °C reduction 

in ventricular brain temperature in one patient with a water-circulating cooling cap, 

although coincidence cannot be ruled out.  Mellergard comments that patients’ hair 

was shaved off but head bandages were in place during the cooling interventions 

([Mellergard, 1992] p672).  The bandages will have reduced the facility for heat loss 
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from the head and from that point of view shaving off patients’ hair and avoiding the 

use of head bandages is likely to be of benefit after brain injury. 

 

3.2.2.3 Summary: non-invasive methods of direct brain cooling 

There is evidence in animal studies that non-invasive methods of direct brain cooling 

can reduce intracranial temperature but more limited evidence in humans, who are 

likely to be more difficult to cool by these methods because of their larger heads. 

 

3.3 Review II: systematic review of non-invasive di rect 

 brain cooling in brain-injured human adults (data to 

 early 2006) 

This systematic review of non-invasive direct brain cooling was completed in early 

2006 prior to conducting the third study for this thesis (Chapter 6).  It therefore 

included the first trial for this thesis, which was published in 2005 ([Andrews et al., 

2005] Appendix IV), but the details of this trial have been omitted here as it is 

reported in full in Chapter 4. 

 

I received education and training in systematic reviewing by sitting in on an MSc 

module on systematic reviewing and meta-analysis.  Acknowledgement and thanks 

go to Dr Christine Campbell, Marshall Dozier, Dr Roberta James, Dr Claudia 

Pagliari and Professor David Weller for their teaching and for support during 

conduct of the review. 

 

3.3.1 Review questions 

I considered that the logical first step of this review in humans was to find out if 

brain temperature could be reduced.  To power a study to look at outcome after brain 

injury requires large numbers of patients and a good indication that the intervention 

can modify the parameter of interest is needed first. 
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Therefore the review questions were: 

Does non-invasive direct brain cooling in brain-injured adults  

 i) reduce intracranial temperature? 

 ii) improve functional outcome? 

 

3.3.2 Search strategy 

The search strategy was devised by me with advice from Marshall Dozier and Dr 

Christine Campbell. 

 

Medline 1966 to week 4 February 2006 and Embase 1980 to 2006 week 8 were 

searched.  Existing medical subject headings were not found to be helpful for this 

emerging field of research and therefore the following search terms were used:   

((brain or head or crani$ or skull or cerebral or cortex or cortical or scalp or face or 

nasal or nose or nasopharyngeal or airways) adj2 (cool$ or cold or 

hypothermia)).mp. limited to humans and ≥19 years.   

There were 326 results for Medline and 804 for Embase.  One known trial was still 

missing [Hachimi-Idrissi et al., 2001] so these searches were repeated with the 

addition of:  

(helmet or cap or cuff or box or coil or air or fan$ or oxygen or bolt or pad or plate or 

ice or water or coolant or ethylene glycol or flush or gel or vortex).mp. [mp=title, 

abstract, subject headings, heading word, drug trade name, original title, device 

manufacturer, drug manufacturer name].   

This produced 163 results for Medline and 163 for Embase. 

 

The Cochrane Library was searched for 1. head and cooling, 2. brain and cooling, 3. 

hypothermia, in title, abstract or keywords.  There were 116 results (including 

duplicates). 
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Trials databases — Clinical Trials, Current Controlled Trials and the National 

Research Register — were searched for cool, cooling, hypothermia, brain cooling, 

head cooling.  The number of results the searches of these trials databases produced 

was not recorded (in error) but only one trial which met the inclusion criteria was 

found. 

 

Google scholar was searched with the exact phrase ‘head cooling’ or ‘brain cooling’ 

anywhere in the article.  The subject areas included were biology, life sciences and 

environmental science; engineering, computer science and mathematics; medicine, 

pharmacology and veterinary science.  There were 1027 results (including 

duplicates). 

 

The references of all reports included in the review were searched and also those of 

relevant reviews [Alderson et al., 2004;Correia et al., 1999;Jacobs et al., 2003;Harris 

and Andrews, 2005]. 

 

Where that was an option no language limits were set on the searches. 

 

3.3.3 Inclusion criteria and selection process 

The definition of brain injury for this review included trauma, haemorrhage, 

ischaemic stroke, subarachnoid haemorrhage and cardiac arrest.  Any method of 

direct brain cooling used in adult humans (age >18 years) was included and all 

reports, including case reports, observational studies and randomised controlled 

trials.  Studies of direct brain cooling employed solely during surgery were not 

included. 
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The titles of all the reports retrieved by the search strategy were assessed, reports 

which were clearly not relevant were excluded, abstracts were obtained for the 

remainder and full reports if there was still doubt over whether to exclude or include 

them.  I conducted the searches and assessed reports for inclusion and exclusion (it is 

recognised that having a single reviewer may not be ideal).  At the end of the 

selection process ten reports were found to meet the inclusion criteria (plus the first 

trial for this thesis which is omitted, as discussed above).  A more precise record of 

the selection process should have been kept and tabulated but time constraints made 

this difficult as the search strategy produced so many citations, particularly as 

Google scholar was included.  Also, the search was being used for wider purposes 

than this review so more reports were selected than are relevant for inclusion here.   

 

Table 3.5 shows which searches produced which reports and illustrates that Medline, 

Google scholar and the reference search each found items which were not found 

elsewhere, whereas Embase, the Cochrane Library and the National Research 

Register only produced reports which had already been found on Medline.  In this 

case it turned out to be important to search Google scholar because three reports 

were found only through that. 

 

3.3.4 Excluded studies 

From the reports in Table 3.5 Mariak et al was excluded because it was a study of 

brain cooling by heat loss from the upper airways as a result of extubation (see 

Chapter 1 for details) and not a study of a therapeutic direct brain cooling 

intervention [Mariak et al., 1999].  Five further studies were excluded because they 

did not include measurement of intracranial temperature or assessment of functional 

outcome [Callaway et al., 2002;Friberg et al., 2004;Marion et al., 1996;Shuaib et al., 

1996;Takenobu et al., 2005].  Callaway et al and Shuaib et al are reported in detail 

above in the first review [Callaway et al., 2002;Shuaib et al., 1996].  More detail on 

the others is given here. 
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Table 3.5: Reports which met the inclusion criteria  by search 

 Medline Embase Cochrane 
Library 

National 
Research 
Register 

Google 
scholar 

Reference 
search 

[Callaway 
et al., 2002] 

     � 

[Friberg et 
al., 2004] 

�      

[Hachimi-
Idrissi et al., 
2001] 

     � 

[Mariak et 
al., 1999] 

� �     

[Marion et 
al., 1996] 

     � 

[Mellergard, 
1992] 

� �     

[Shuaib et 
al., 1996] 

    �  

[Takenobu 
et al., 2005] 

    �  

[Wang et 
al., 2004a] 

� � �  �  

[Yamada et 
al., 2004] 

    �  

 

The cooling method used by Friberg et al after cardiac arrest turned out to be 

systemic with a combined body wrap and helmet device (Thermowrap) plus cold 

intravenous fluids; no information is given on temperature measurement in the 

abstract (the paper is in Swedish) [Friberg et al., 2004].  Marion et al was a report of 

a discussion at the International Resuscitation Research Conference in May 1994 at 

the University of Pittsburgh and included anecdotal reports of cooling by carotid 

flush after cardiac arrest [Marion et al., 1996].  Intracranial temperature seems to 

have been measured in one instance but little detail is given and none on outcome.  

However, perhaps unsurprisingly, the technique attracted “considerable resistance by 

some … colleagues” [Marion et al., 1996].  Takenobu et al is a conference abstract 
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reporting use of a circulating head and neck cooling device in 24 patients following 

ischaemic stroke at 5 °C for a median of 96 hours [Takenobu et al., 2005].  No 

temperatures or functional outcome are reported but cerebral oedema in the acute 

phase and the final infarct volume, both measured by CT, were compared to 14 age-

matched controls with similar strokes.  Neither measure on its own was greatly 

different between the groups, but the “brain swelling index” (oedema/infarct-1) was 

significantly smaller in the cooled group (0.30±0.27 versus 0.44±0.17, p=0.035). 

 

3.3.5 Included studies 

This left three studies [Hachimi-Idrissi et al., 2001;Wang et al., 2004a;Yamada et al., 

2004] and Mellergard’s case reports [Mellergard, 1992] which used direct brain 

cooling after brain injury and included brain temperature and/or some assessment of 

functional outcome.  Mellergard’s case studies of upper airways gas flow and a gel 

and a circulating cooling cap with intracranial temperature measurement did not 

include functional outcome assessment and have been reported in the first review 

earlier in this chapter, therefore the details are not repeated here [Mellergard, 1992].  

Hachimi-Idrissi et al’s study of a non-circulating cooling cap in patients after cardiac 

arrest did not include intracranial temperature measurement and is also reported in 

the first review hence the details are not repeated here [Hachimi-Idrissi et al., 2001].  

This study was not powered to assess functional outcome and had a high mortality 

rate, possibly because of the types of cardiac arrest studied, but nevertheless there 

were more survivors in the cooled group [Hachimi-Idrissi et al., 2001;Holzer et al., 

2005] 

 

The paper by Wang et al in the Journal of Neurosurgery is the main published report 

on the COOLBRAIN stroke trial, although the trial is not referred to by name in the 

paper [Wang et al., 2004a].  That report of the trial includes at least one patient with 

traumatic brain injury in addition to stroke patients and suggests the trial was 

randomised [Wang et al., 2004a].  However the preliminary reports on the 
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Table 3.6: Direct brain cooling studies with brain temperature 

measurement and functional outcome assessment 

 Authors Type and 
purpose of 
study 

Subjects Brain 
injury 

Brain cooling 
intervention 

Brain 
temp site 

Effect of 
cooling on 
brain temp 

 

Rate of  
brain 
cooling 

Outcome 

COOL 
BRAIN- 
Stroke Trial 

[Wang et al., 
2004a] 

Outcome 
reported in 
[Wang, 
2004] 

 

Non-
randomised 
controlled 
trial of the 
effect of a 
circulating 
cooling 
helmet on 
brain 
temperature 

 

14 adults (8 
head cooled, 
6 uncooled 
controls) — 
some 
intubated 
(probably all 
— in view of 
injuries and 
ICU 
admission) 

Severe 
ischaemic 
or haem-
orrhagic 
stroke or 
head injury 

Pressurised 
circulating 
cooling 
helmet, type 
and 
temperature of 
coolant not 
stated, head 
shaved.  Total 
time in situ up 
to 72 hrs.  
Body warming 
to maintain 
bladder temp 
>33°C,  35°C 
if age >45 

0.8 cm 
below 
cortical 
surface 
ipsilateral 
to injury  

Mean 
overall 
brain-
bladder 
temperature 
change 
-1.6°C 
(cases), 
+0.22°C 
(controls) 
(p<0.0001) 

Mean brain 
temp 
reduction 
of 1.84°C 
(range 0.9 
to 2.4°C) 
within 1 
hour.  Brain 
temp 
<34°C in 
mean 3.4 
hrs, bladder 
temp 
<36°C in 
mean 6.67 
hrs 

“… no 
serious 
compli-
cations or 
adverse 
events. 
Efficacy 
data 
(NIHSS, 
Rankin) 
was not 
published” 

[Yamada et 
al., 2004] 
(abstract 
only) 
Outcome 
reported in 
[Stong, 
2004] 

Study of 
feasibility, 
safety and 
effectiveness 
of head and 
neck cooling 
helmet 

9 adults, not 
anaesthetised 

Embolic 
stroke with 
NIH stroke 
scale >10 

Head and neck 
cooling helmet 
(circulating or 
non-
circulating not 
stated) in situ 
for 3 to 7 days 

Jugular 
bulb 

 

Jugular 
bulb 
temperature 
reduction 
of 0.8°C 

 

Not stated At 3–10 
months 
post-stroke 
six patients 
had ‘good’ 
outcome 
and at 10 
months one 
patient had 
died 

 

COOLBRAIN trial [Wang et al., 2003;Wang et al., 2004b] and the completed entry 

in the Stroke Trials Registry [Wang, 2004] (which cites [Wang et al., 2003;Wang et 

al., 2004a] as the publications) indicate that it included only stroke patients and was 

not randomised.  The results in the completed entry in the Stroke Trials Registry are 

the same as those given in the main published report [Wang et al., 2004a], with the 

addition of the following: “There were no serious complications or adverse events. 

Efficacy data (NIHSS, Rankin) was not published.” [Wang, 2004].  The source of 

these results is given as the two cited publications and “correspondence with the trial 

coordinator” [Wang, 2004].  

 

Yamada et al used jugular bulb temperature as an indicator of brain temperature, 

which is potentially susceptible to contamination by head skin temperature (Chapter 

2), therefore it is possible that the observed reduction in temperature was partly 



Heat loss from upper airways and through skull: studies of direct brain cooling in humans 
 

Chapter 3: Direct brain cooling 173 

attributable to skin cooling; bladder temperature remained unchanged [Yamada et al., 

2004].  Tympanic membrane temperature was also measured and reduced 1.8 °C 

with cooling, but this has potentially even more accuracy issues as a proxy for 

intracranial temperature with external head cooling than jugular bulb temperature.  

The study report is a conference abstract and gives no details on the type (for 

example circulating or otherwise and manufacturer) and temperature of the head and 

neck cooling device [Yamada et al., 2004].  However there is some information on 

complications.  The patients were not anaesthetised and head and neck cooling 

caused “mild” shivering and a consequent increase in serum creatine phosphokinase 

in all patients, three developed infections and two some skin damage [Yamada et al., 

2004]. 

 

3.3.6 Search difficulties 

The paper by Hachimi-Idrissi et al was only found on the reference search (Table 

3.5) and consideration of the reasons for this is illustrative of some of the problems 

encountered in searching for research reports on direct brain cooling [Hachimi-Idrissi 

et al., 2001].  This study is one of the few randomised controlled trials of direct brain 

cooling in adult humans and therefore important.  It had been found for the previous 

review by word of mouth from a colleague.  The paper is in a well-known journal 

(Resuscitation) which is included on Medline, and the Medline and Embase search 

criteria were extended, as described above, to try and find it on these searches, but 

without success.  This suggests that the search criteria require further refinement; 

certainly they are not nearly as extensive as those in Cochrane reviews for example.  

However it also illustrates the problems of searching for reports on direct brain 

cooling where terminology and methods are varied and existing MeSH terms are not 

helpful.  Hachimi-Idrissi et al employed direct brain cooling with a helmet to 

produce systemic hypothermic after cardiac arrest [Hachimi-Idrissi et al., 2001].  The 

only clues in the title, abstract and key words were the words hypothermia and 

helmet.  Despite the fact that it was the head that was being cooled, no brain or head 

related words were used which is why this trial was not found on Medline or Embase 
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even though ‘helmet’ and ‘hypothermia’ were in the search terms.  But leaving out 

brain and head related words would have made the search even less specific. 

 

As it was the search strategy was not specific enough — there were a large number 

of irrelevant results — and not sufficiently sensitive because it did not find all the 

relevant results.  It was worthwhile searching Google scholar, despite the huge 

volume of results that required sifting through, because three reports were found 

which had not emerged elsewhere (Table 3.5). 

 

It was apparent that authors do not necessarily consider it important to make the 

method of cooling clear in the abstract, particularly if their aim has been systemic 

hypothermia.  They are usually explicit about the body temperature achieved but not 

necessarily how it was achieved or with what equipment and sometimes it is difficult 

to know if cooling has been applied systemically or just to the head. 

 

3.3.7 Summary: non-invasive direct brain cooling in  brain-injured 

 adults 

In this systematic review the COOLBRAIN stroke trial provides evidence that direct 

brain cooling with a conductive head cooling device can reduce intracranial 

temperature [Wang et al., 2004a].  No studies were found which used convective 

head cooling.  Mellergard’s three case studies were the only research on upper 

airways gas flow in mechanically ventilated patients and intracranial temperature 

was not reduced, perhaps, as previously discussed, because his method did not 

optimise heat loss from the upper airways [Mellergard, 1992].  The evidence from 

the studies in this review is insufficient to conclude that direct brain cooling 

improves functional outcome.   
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3.4 Concluding summary 

This chapter reports the results of two reviews of direct brain cooling.  The studies 

found were small and mainly in animals.  If brain cooling is to be effective it must 

reduce intracranial temperature but this is not always measured and proxy sites may 

be disproportionately affected by skin cooling.  Little research on non-invasive direct 

brain cooling in brain-injured adult humans was found but their relatively larger 

brains (by comparison with infants and most animal models) may mean that large 

reductions in intracranial temperature are difficult to achieve. 

 

The first review, which contains predominantly animal data, showed that the 

common assumption that brain cooling provides equivalent neuroprotection to 

hypothermia with fewer complications was not completely supported.  It appears that 

direct brain cooling using cool head/warm body techniques does convey 

neuroprotection after brain injury but may not provide equivalent neuroprotection to 

systemic hypothermia.  The complications of hypothermia may still occur, even if 

the brain alone is hypothermic.  Direct brain cooling can produce increased 

intracerebral temperature gradients by comparison with hypothermia and 

normothermia but it is not clear whether this has adverse effects.  There is some 

evidence in animals that direct brain cooling may improve functional outcome.   

 

The second, systematic, review assessed whether direct brain cooling, utilising heat 

loss from the upper airways and through the skull, could reduce intracranial 

temperature and improve functional outcome in brain-injured adults.  Intracranial 

temperature was reduced with a conductive head cooling device but there was 

insufficient evidence to conclude that direct brain cooling improves functional 

outcome.   
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Chapter 4: Effect of airflow through the upper 

respiratory tract on brain temperature: a randomise d 

controlled crossover trial in intubated, brain-inju red 

patients 

 

4.1 Introduction  

This chapter reports the design, conduct and outcome of the first trial that forms part 

of the original research for this thesis.  The published paper [Andrews et al., 2005] 

can be found in Appendix IV. 

 

The background has been covered in detail in Chapters 1 to 3 and is only briefly 

summarised here.  The methods on the other hand are described in detail in order to 

clarify the work and thinking which went into designing the trial.  The results and 

discussion are reported in two parts.  Firstly, the results relating to airflow through 

the upper respiratory tract; this is what the trial was designed to investigate.  

Secondly, data relating to heat loss through the skull; these emerged as a result of 

close observation of patients during the trial.  The conclusion summarises this trial as 

a precursor to the second trial which is reported in Chapter 5. 

 

4.1.1 Roles of researchers and funding 

The idea for the research was mine.  In order to investigate it I registered for a PhD 

with Professor Gordon Murray and Professor Peter Andrews as my supervisors.   

 

Professor Andrews was the Principal Investigator.  He provided expert clinical and 

research advice, assistance with recruitment, supervision and assistance with 

resolution of clinical problems.  Professor Andrews put together and submitted the 
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paper for publication to the British Journal of Anaesthesia, using the full report of the 

trial and the shorter report for the funder both of which I wrote. 

 

Professor Murray was the statistician.  He provided expert advice on the size and 

power of the study, trial design and data analysis, provided the randomisation 

envelopes, and supervision. 

 

My role was that of nurse researcher and trial coordinator.  I undertook the literature 

review and worked out and wrote the protocol with advice from Professor Murray, 

who suggested the crossover design, and Professor Andrews.  The information sheets 

were written by me and reviewed by Mrs Vina Fairnie, a relative of a patient who 

had had a brain injury.  I wrote the grant and ethics applications, again with advice 

from Professor Andrews and Professor Murray, attended the ethics meeting and 

obtained NHS Lothian management approval.  This trial was funded by the Chief 

Scientist Office (part of the Scottish Government Health Directorates).  Professor 

Andrews and I each recruited patients.  I conducted the study, delivered the 

interventions, collected the data and conducted the follow-up interviews.  I organised 

and analysed the data, with input and advice from Professor Murray, and worked out 

the possible reasons for the results.  I wrote the full trial report (this chapter is 

essentially a combination of that and the protocol) and a shorter report for the funder.  

I answered the reviewers’ questions regarding the submission for publication, with 

input and support from Professor Andrews and Professor Murray. 

 

4.1.2 Information for staff 

It was important that clinical staff were kept fully informed about this trial and were 

able to discuss any concerns and practical issues.   

 

The intensive care team were engaged from the initial idea onwards by a 

combination of informal discussions, seminars and information sheets.  The study 
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was planned to cause as little extra work and disruption as possible, staff were not 

expected to deliver trial interventions or collect data.  There was great support and 

encouragement from the team and without this it would not have been possible to 

undertake the research.  

 

The neurosurgeons were also consulted and Professor Andrews facilitated this.  

Intracranial monitoring is almost always inserted in theatre and the trial required a 

change in practice from monitoring intracranial pressure alone to monitoring 

combined pressure and temperature.  In order to make the change in monitoring 

logistically workable the combined monitor had to be used in every patient, not just 

those who might ultimately be enrolled in the trial.  However, the method of 

insertion and size of the catheter was essentially no different from pressure 

monitoring alone.  The neurosurgeons were happy to co-operate and agreed that their 

patients might be asked to participate in the trial.  Miss Lynn Myles, Consultant 

Neurosurgeon, acted as independent adviser for patients and their families. 

 

Operating theatre staff were also kept informed about the study.  I worked closely 

with the theatre manager with regard to organising, ordering and funding the change 

in monitoring and gave a seminar to staff in order that they knew about the study and 

understood the change from pressure to pressure/temperature monitoring.   

 

4.1.3 Background  

This research started from the premise that breathing through the nose might reduce 

brain temperature and concern that intubated patients were denied this heat loss 

mechanism, something which might particularly matter if they were brain injured.  

Given the background to temperature and temperature management after brain injury 

outlined in Chapter 2, reducing increased temperature seemed to be important and 

was common practice clinically.  Heat loss from the upper airways and through the 

skull might provide non-invasive brain-directed ways of achieving temperature 
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reduction, but the reviews of the literature in Chapter 3 showed that there was 

relatively little research using these methods in adult humans.   

   

Facilitating normal mechanisms of heat loss from the head may be a worthwhile 

approach to influencing brain temperature after brain trauma and stroke.  It is 

generally considered that the sooner temperature is reduced the better; indeed much 

of the animal research showing that lower temperatures convey neuroprotection has 

been protective and preservative, i.e. a result of reducing temperature before and 

during injury (for example [Barone et al., 1997]).  Less labour intensive methods of 

temperature reduction are usually the first to be instigated; if they do not work more 

time consuming methods are considered.  Therefore, interventions which are easy to 

instigate and which work quickly could be of benefit, even if they produce smaller 

temperature reductions than more labour intensive interventions that take longer to 

apply or have an effect.  If a simple, low-cost intervention could produce 0.5–1.0 °C 

reduction in temperature Professor Andrews and I considered that this would be 

clinically relevant, but that smaller effects should not be discounted.  

 

The best evidence that heat loss from the upper airways could reduce intracranial 

temperature in humans was that of Mariak et al [Mariak et al., 1999], reported in 

Chapter 1.  On that basis the purpose of this trial was to find out whether restoring 

‘normal’ airflow through the noses of intubated brain-injured patients would affect 

brain temperature.  This was a pilot, explanatory trial, not seeking to determine 

whether there was a therapeutic effect beyond whether the method had an effect on 

brain temperature.  A particular target temperature was not aimed for since the 

research was an exploration of what was possible rather than an attempt to achieve a 

specific reduction. 

 

4.1.4 Aim and research questions 

Using equipment in common use, airflow was restored through the upper respiratory 

tract of brain-injured, intubated patients with intracranial temperature monitoring.  
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The aim was to find out if it was possible to reduce brain temperature and/or produce 

selective brain cooling in patients for whom this normal and potentially useful heat 

loss mechanism was not otherwise available. 

 

Research questions: 

Does administering air through the nose of brain-injured, intubated patients 

 i) reduce brain temperature; 

 ii) result in selective brain cooling, i.e. a decrease in brain temperature to 

  below that of the trunk? 

 

4.2 Methods 

4.2.1 Patient Selection Criteria 

The study took place in the eight bed intensive care unit at the Western General 

Hospital, Edinburgh, which is a tertiary referral centre for neurological patients in 

South-East Scotland. 

4.2.1.1 The population and the sample 

The ultimate target population was brain-injured patients world-wide.  However, this 

was an explanatory trial which required patient groups that were as homogenous as 

possible [Prescott and Murray, 2001].  Therefore the research participants were a 

specific subgroup of the whole brain-injured population: patients with a brain injury 

resulting from trauma or haemorrhage, who were intubated and ventilated and in 

whom an intracranial pressure monitor was clinically indicated.  That is patients at 

the severe end of the brain-injury spectrum.  Some of the exclusion criteria (below) 

were designed to further increase the homogeneity of the study population.  For 

reasons of practicality and to ensure homogeneity of usual care only patients 

admitted to the intensive care unit in the Western General Hospital were included. 
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4.2.1.2 Representativeness of the available population 

Whether patients with a brain injury from trauma or haemorrhage get admitted to a 

specialist unit and receive ventilation and intracranial pressure monitoring does not 

entirely depend on how severely ill they are, but also on where they live and the 

availability of beds and care.  This is especially true if the world-wide population of 

these patients is considered.  However it was assumed that brain-injured patients 

admitted to the Western General Hospital intensive care unit did not differ 

substantially from those admitted to other neurological intensive care units in the 

United Kingdom, or even Europe and much of the wider world.  Although some 

units may have more patients from high-speed road traffic accidents or with 

penetrating injuries (for example gunshot, knife) and there may be treatment 

variation between units.  Because the source of patients was a single intensive care 

unit which was a centre of excellence for neurological intensive care, it was 

recognised that the results might not translate well to less specialist units. 

 

In summary, for the purposes of investigating heat loss from the upper airways with 

nasal airflow the study population was considered likely to be sufficiently 

representative of brain-injured, intubated patients in general, and had the advantage 

of being practical for recruiting purposes. 

 

4.2.1.3 Inclusion and exclusion criteria 

Patients with a brain injury from trauma or haemorrhage were screened for inclusion. 

Inclusion criteria: 

• intubated and ventilated; 

• intracranial pressure monitor clinically indicated. 

Exclusion criteria: 

• patient not expected to survive, in the opinion of the Consultant in charge of the 

patient in intensive care (it was considered unethical to seek consent in this 

situation); 
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• disorder of temperature regulation (for example roseacea, malignant 

hyperthermia); 

• seizures, cerebral neoplasm, cerebral abscess, meningitis, encephalitis, 

penetrating brain injury; 

• clinically suspected or radiologically proven base of skull fracture or facial 

fractures (air could enter the cranium); 

• recent surgery, history of bleeding or varices/haemorrhoids involving both 

oesophagus and rectum (contraindication to core trunk temperature monitoring); 

• age <18 years.  This was a study in adults but although the age of majority in 

Scotland is 16, physiological and anatomical ‘adulthood’ were also important in 

this trial.  Their smaller size means it is possible brain cooling is different in 

children, certainly in infants nasal airflow resistance is higher than in adults 

because of smaller airway dimensions [Cole, 1982b], and the sinuses develop 

during childhood and teenage years [Gray and Hawthorne, 1992]. 

• patient or next of kin had an inadequate command of English and a suitable 

interpreter was not available (this was considered an unlikely situation but 

would preclude obtaining informed consent); 

• informed consent from patient or assent from next of kin not obtained. 

 

Although hypothermia was not an exclusion criterion patients’ body temperature had 

to be ≥36.5 °C before they started the trial.  The aim was to start the trial 12–24 

hours after admission which meant that patients would have had time to warm if 

hypothermic on admission (normothermia was standard care).   

 

Over the three years prior to the trial an average of 70 suitable patients per year were 

admitted to the Western General Hospital intensive care unit.  Admission rates were 

reasonably constant and did not appear to show any particular seasonal or otherwise 

predictable fluctuations.  Therefore it seemed likely that recruitment and follow-up 

of 15–30 patients within the proposed time scale would be feasible, allowing for 



Heat loss from upper airways and through skull: studies of direct brain cooling in humans 
 

Chapter 4: Effect of airflow through the upper respiratory tract on brain temperature: a 
randomised controlled crossover trial in intubated, brain-injured patients 183 

eligibility and enrolment and the possibility of a high refusal rate, given that the 

research carried no therapeutic benefit for these patients. 

 

4.2.2 Interventions 

4.2.2.1 Nasal airflow versus no airflow 

In order to replicate normal air intake through the nose, air at room temperature and 

humidity was continuously administered through a cold water humidifier (Airlife 

humidifiers, RMS Healthcare, Stirling, Scotland), via a sponge tipped oxygen 

catheter (Unoplast, Maersk Medical Ltd, Redditch, Worcester, UK) in each nostril at 

a rate, approximating normal minute volume, of 115 ml/kg/min i.e. around 8 L/min 

in a 70 kg person.  A baseline recording of the temperature and humidity of the air 

was made for each patient.  Patients were randomised to receive airflow or no airflow 

for 6 hours and then crossed over for a further 6 hours. 

 

4.2.2.2 Airflow delivery, flow rate, temperature and humidity 

The airflow 

Conditioning of inspired air by breathing through the nose results in a net heat loss 

on each respiratory cycle ([Irlbeck, 1998] and Chapter 1).  Continuous nasal airflow 

should increase the loss because no warm air from the lungs is expired through the 

nose and expiratory heat recovery does not occur. 

 

The sponge tipped nasal catheters had the benefit of delivering airflow directly into 

the nostrils and of being comfortable and not causing additional visual distress to 

patients’ family and friends.  They also caused relatively little distortion of the nasal 

valve.  The use of a nasal continuous positive airway pressure mask was rejected on 

the grounds of discomfort, potential for leaks (especially as adequate fixation may be 

impossible in a head-injured patient) and being visually less acceptable.  The other 

cold water humidifier which was available (Respiflo, Tyco Healthcare UK Ltd, 

Gosport, Hants, UK) was found to leak because it was not designed to work with 
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narrow gauge tubing like the oxygen catheters, and also delivered air which was too 

humid.  The Airlife cold water humidifier was designed to work with these catheters 

and delivered air at nearest to intensive care room temperature and humidity. 

 

The mouth needed to be open in order for the air to flow.  Each patient had an 

endotracheal tube in situ, but if that did not prop the mouth open sufficiently the end 

of a Guedel airway was put between the teeth, alongside the endotracheal tube, to 

keep the teeth and lips sufficiently apart.  

  

Calculation of flow rate 

The flow rate of the air was calculated from the minute volumes in ml/kg/min given 

as a guide for setting up ventilators.  Four text books were consulted with the 

following results: 

 10–15 ml/kg at 10–12 breaths per minute [Aitkenhead and Smith, 1990]); 

 12–15 ml/kg at 7.5 breaths per minute [Shoemaker et al., 1989]; 

 10–15 ml/kg at 8–12 breaths per minute [Miller, 2000]; 

 10–12 ml/kg at 10 breaths per minute [Weatherall et al., 1996]. 

 

The mean of these is approximately 115 ml/kg.  In a 70 kg person this would be  

115 x 70 = 8,050 ml/min i.e. about 8 L. 

 

Whilst it was important to have a reasoned basis for deciding the volume of airflow, 

knowing how many ml/kg/min to deliver did not solve the following two problems: 

• patient weight had to be estimated either visually or by asking relatives; 

• the Airlife flow meter was not designed to achieve this level of accuracy, 

delivery to around the nearest litre was the best that it would allow. 
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Determination of temperature and humidity level 

Cold air holds less water than dry air.  Therefore if inspired air is dry, considerable 

heat and water loss can occur as a result of conditioning in the upper respiratory tract 

and, conversely, over humidification can add heat and water to the body [Shelly et 

al., 1988;Jackson, 1996].  In a study of intubated patients during surgery of similar 

durations, patients given dry gases had a mean nasopharyngeal temperature reduction 

of 3.3±1.7 °C whilst patients breathing saturated gases had a mean temperature 

reduction of 0.3±0.5 °C [Chalon et al., 1979].  Those breathing dry gases also had 

more post operative lung complications and mucociliary damage in their 

tracheobronchial tree. 

 

It follows therefore that the higher the temperature and water content of the inspired 

air the less heat loss is likely to occur.  Consequently, water content sufficient to 

prevent mucociliary damage but not so high as to prevent brain cooling was required 

in this study.  How high is too high in humans is not known.  Mariak et al state the 

air temperature in their study was 22 °C but give no information about humidity 

[Mariak et al., 1999].  However the water content (absolute humidity) cannot have 

been more than 19.5 mg/L (100% saturation) and it is highly unlikely it was as high 

as that in a theatre recovery room.  Kuhnen demonstrated selective brain cooling in 

two goats with an inspired air water content of 9–10 mg/L [Kuhnen, 1997], therefore 

it was considered reasonable to assume that water content up to this level would not 

prevent brain cooling 

 

The aim was to replicate ‘normal’ room temperature and humidity but that required 

defining because room air can be at a variety of temperature and humidity levels.  

McFadden et al, in a study of conditioning of air in the respiratory tract, cited 

‘typical’ ambient laboratory conditions as air temperature 26 °C, relative humidity 

37.6% and water content 8–9 mg/L [McFadden, Jr. et al., 1985].  Jackson, in a 

review of humidification in the upper respiratory tract, cited room air of 20 °C, 

relative humidity 50% and water content 8.7 mg/L [Jackson, 1996].  Measurements 

on the intensive care unit at the Western General Hospital showed room air to be on 
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average 23.5 °C, with relative humidity 42.5% and water content 6.21 mg/L (HI 

8064 hygrometer, Electronic Temperature Instruments, Worthing, West Sussex).  

Therefore I decided that if the water content of the airflow was between about 6 and 

9 mg/L it could be considered to be within the range of ‘normal’ room air.  The 

achievable temperature was dictated by the extent to which air coming from the 

piped air port equilibrated with ambient temperature before reaching the patient.   

 

Piped air straight from an airflow meter with no added humidity was too dry: 

temperature 24.5 °C, relative humidity 13.5%, water content 3.03 mg/L.  The water 

content of air via the Airlife humidifier was a little higher: temperature 21 °C, 

relative humidity 53.7%, water content 9.89 mg/L.  The other available cold water 

humidifier (Respiflo) typically gave a water content of more than 15 mg/L. 

 

Therefore the Airlife humidifier was selected for the study as the best means of 

providing airflow at temperature (21 °C) and humidity (53.7%) nearest to ‘normal’ 

room air. 

 

4.2.2.3 Testing the airflow equipment 

I tested the airflow equipment on myself at varying flow rates and found it was not 

uncomfortable.  The testing was undertaken in consultation with the medical physics 

department.  A double airflow meter was used with one set of equipment (Airlife 

humidifier, oxygen tubing and nasal catheter) for each nostril, which ensured the 

airflow through each set was within the limits that the nasal catheters could sustain 

without leakage or reduced flow.   

 

4.2.3 Methods of patient evaluation 

As this was a phase II explanatory trial quite detailed data collection was planned 

and undertaken, including a careful record of the intensive care these patients 

received and their responses to it.  This was for safety reasons and because it was 
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difficult to completely anticipate what might be relevant in exploring and explaining 

the effects of nasal airflow. 

 

4.2.3.1 Baseline assessment, patient characteristics and history 

The following data were recorded: date of birth, gender, date of injury, Glasgow 

coma score at scene (if known) or on admission, type of brain injury, grade of 

subarachnoid haemorrhage (World Federation of Neurosurgical Societies [Teasdale 

et al., 1988]), computerised tomography scan results (Fisher scale [Fisher et al., 

1980]), inclusion and exclusion criteria, weight, other medical history.  Baseline 

measurements, over half an hour, of brain and core trunk temperature, intervening 

and secondary variables (detailed below), collected electronically when possible or 

manually. 

 

Baseline recordings of the temperature and humidity of the airflow and the 

temperature and humidity of air in the bed space were also made for each patient. 

 

4.2.3.2 Primary variable: temperatures 

The principal criteria of response to airflow were brain temperature and core trunk 

temperature measured in the oesophagus. 

 

Intracranial temperature 

Hypothalamic temperature is implicitly treated as the gold standard brain 

temperature in selective brain cooling research in animals [Kuhnen and Jessen, 

1992;Maloney and Mitchell, 1997] but is not feasible in patients.  Therefore 

intracranial temperature was measured with Camino intracranial pressure-

temperature monitors (Integra NeuroCare, Andover, Hants).  These are sited in a 

frontal lobe just lateral of the midline in front of the coronal suture, and designed to 

place the thermistor one centimetre into the parenchyma.  Although intracranial 

pressure monitoring with a Camino device was standard care, brain temperature 
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monitoring had not been standard prior to the trial because the combined monitoring 

system was more expensive.  However, aside from the requirement for research 

purposes, intracranial temperature measurement is important after brain injury 

because it cannot be reliably predicted from body temperature [Rumana et al., 1998].   

The combined device was no bigger, more invasive or difficult to insert and use than 

the standard device without a thermistor and therefore did not pose additional risk.   

 

Core trunk temperature 

Core trunk temperature was measured in the oesophagus using an oesophageal 

stethoscope (Sims Graseby Ltd, Watford, Herts, UK), with the thermistor sited 

behind the heart, determined by the position of maximum heart sounds [Lees et al., 

1979]. 

 

Sims Graseby oesophageal stethoscopes were chosen for oesophageal temperature 

monitoring because they were compatible with the monitoring in use in the intensive 

care unit and were available in a small size, which was considered important in itself 

for comfort but also because the patients additionally had orogastric tubes.  An 

oesophageal stethoscope was necessary because accuracy of temperature 

measurement depends on placement behind the left atrium (Whitby and Dunkin, 

1968) and an X-ray could not be justified purely for the purposes of the research.   

 

In animal research on selective brain cooling rectal temperature was found to be 

unreliable as a measure of core trunk temperature and is not recommended; carotid 

blood temperature is the gold standard [Maloney et al., 2001].  In humans, rectal 

temperature is convenient and therefore widely used clinically.  Reviewing the 

literature (Appendix II) showed rectal temperature to be generally higher than 

pulmonary artery temperature (for example [Bligh, 1973;Houdas and Ring, 

1982;Togawa, 1985]) which is regarded as the gold standard for core trunk 

temperature measurement in humans (for example [Bligh, 1973;Brengelmann, 1987].  

However, pulmonary artery catheters are not usually required clinically by brain-
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injured patients and could not be justified for research purposes because of the 

potential risks [Groeneveld, 1999].  Oesophageal temperature is the next best site for 

measurement of core body temperature after the pulmonary artery (for example 

[Brengelmann, 1987;Hayward et al., 1984;Lees et al., 1979]).  In patients in whom 

oesophageal temperature measurement was contraindicated rectal temperature was to 

be used as the next best alternative but in the event no patient needed this.  

Measuring oesophageal temperature represented a change in practice since rectal or 

axilla temperature were standard in the Western General intensive care unit. 

 

Calibration of the thermistors 

The brain and oesophageal thermistors were calibrated during manufacturing and 

sold for clinical use with a stated accuracy, so the decision was taken not to check 

them again.  But it any event it was not possible to check the brain thermistors 

beforehand because the probes were supplied sterilized.  Afterwards it could have 

been misleading because the probes are very susceptible to damage on removal and 

were also required to be sent for microbiological culture.   

 

The stated accuracy for the brain thermistors (IntegraNeurocare) was ±0.3 °C (over 

30–40 °C) and for the oesophageal thermistors (Sims Graseby) ±0.2 °C (over          

5–45 °C).  The resolution of both was 0.1 °C. 

 

4.2.3.3 Secondary variables: factors affected by temperature and by 

  airflow 

Factors affected by temperature  

Data were also collected on factors which could be affected by temperature: 

• Neurological parameters, for example intracranial pressure, cerebral perfusion 

pressure, pupil responses, Glasgow coma score (if appropriate), jugular venous 

saturations (if measured). 

• Haemodynamic parameters, for example heart rate. 
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Factors affected by airflow: lung function and breathing 

There is a physiological relationship between the nasal cavities and the lungs, a 

nasopulmonary reflex, such that preventing nose breathing reduces lung expansion, 

increases pulmonary resistance, decreases compliance, reduces PO2 and increases 

PCO2 ([Cole, 1982b] p164–5).  The patients were mechanically ventilated and their 

lung compliance was measured when possible (in patients on Drager ventilators) and 

their arterial blood gases checked before and at the end of the airflow periods (more 

often if there was a clinical indication).  

 

4.2.3.4 Intervening variables: factors affecting temperature   

  independently of airflow 

Data were collected on factors which could affect temperature independently of the 

trial interventions: 

• Anaesthetic agents given in theatre and subsequently, for example propofol and 

thiopentone.  Anaesthetics generally have a temperature reducing effect by 

raising the threshold for heat loss (vasodilation and sweating) and lowering the 

threshold for heat conservation (vasoconstriction and shivering) ([Glasby and 

Huang, 1995] p634;[Matsukawa et al., 1995]).  Because anaesthesia changes 

thermoregulatory thresholds it may depress brain cooling responses [Maloney 

and Mitchell, 1997].  Thiopentone has been observed to increase intracranial 

temperature relative to body temperature [Mellergard, 1992]. 

• Sedatives, analgesics and other drugs with potential to affect temperature, for 

example midazolam, alfentanil, morphine, paracetamol, nimodipine.  Of these 

paracetamol was probably the most important because it was given clinically 

specifically to treat increased temperature.  There is observational evidence that 

it may affect brain and body temperature differently.  After paracetamol 

administration Mellergard found intraventricular brain temperature often 

changed before rectal temperature and to a greater extent [Mellergard, 1992]. 
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• Sympathomimetic drugs, for example adrenaline and noradrenaline.  

Sympathomimetic drugs may reduce brain cooling because selective brain 

cooling mechanisms and nasal mucosal blood flow are controlled by the 

sympathetic nervous system [Eccles, 2000;Jessen, 2001]. 

 

4.2.4 Trial design 

A randomised crossover design was chosen as the most appropriate for minimising 

bias (i.e. systematic differences between the intervention groups) and maximising 

precision in evaluation of interventions.  The trial was a phase II explanatory study of 

the physiological effect of nasal airflow.  It was not designed to show whether nasal 

airflow makes a difference to patient outcome and had a primary biological 

assessment parameter i.e. temperature. 

 

4.2.4.1 Crossover design 

The main intervention was nasal airflow versus no nasal airflow: 

    nasal airflow for 6 hrs      � no nasal airflow for 6 hrs 

        � 

½ hr baseline � randomise  

        �   

    no nasal airflow for 6hrs   � nasal airflow for 6 hrs 

 

The crossover design removed the between-patient variation (which could be 

considerable in this patient group) from the intervention comparison thus giving a 

more precise estimate of any differences.  It also halved the number of patients 

needed to achieve a given power, which was an advantage since suitable patients 

were not plentiful.  However crossover designs are not ideal for patients with 

unstable conditions and intensive care patients are intrinsically unstable.  Potential 

problems include: period-effects, within-patient variation, carry-over effects and 

other interactions between intervention and period.  There was a limit to what could 
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be done to reduce these and, as will be seen, period-effects, within-patient variation 

and interactions did occur. 

 

Period-effects  

These are either  

• too short a time on an intervention so that it has no time to take effect or there 

are too few recordings to obtain an accurate mean measurement of response or 

there is a carry-over effect, or  

• too long a time on an intervention which increases the possibility of inadequate 

compliance, the likelihood of patient withdrawals and the disease condition not 

remaining stable. 

 

Six hours on each intervention was judged unlikely to be too short since in the study 

by Mariak et al the temperature at the cribriform plate dropped immediately 

following extubation, reaching its lowest point within about 5–18 minutes [Mariak et 

al., 1999].  The total time in the trial during the intensive care data collection period 

was also quite short (12½ hours) which reduced the likelihood of withdrawal.   

However, the shorter it was the better because an event necessitating withdrawal was 

unpredictable and could have occurred at any time.  The likelihood of patient 

instability was reduced with shorter times on the intervention but could not be 

eliminated in this patient population.   

 

If there were beneficial effects on secondary variables it was thought important to 

demonstrate this.  Therefore the reason 6 hours was chosen was because, in the 

expert opinions of Dr Grant, the Lead Clinician for Intensive Care, and Professor 

Andrews, this was the minimum reasonable time to make an assessment of the effect 

of airflow on the secondary neurological and haemodynamic variables.  Also, if a 

change in brain temperature could not be shown because temperature was measured 

too far from the nasopharynx, the secondary variables might have provided the only 
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indication that a change had occurred in response to restoration of ‘normal’ upper 

respiratory tract airflow. 

 

Within-patient variation 

The design eliminated the considerable problem (in intensive care) of between-

patient variation, but it did not address the problem of within-patient variation from 

causes other than nasal airflow i.e. interactions between interventions and period (see 

below).  Within-patient variation is an unavoidable intrinsic problem of researching 

critically ill patients whose condition is almost by definition unstable, even over very 

short periods of time. 

 

Carry-over effects 

A carry-over effect from airflow to no airflow was possible and how long this might 

last was not known for certain in advance.  In their four patients Mariak et al found it 

took up to 18 minutes for brain temperature to reach its lowest point after extubation 

[Mariak et al., 1999].  

 

Other interactions between interventions and period 

In this study there were a number of factors which could cause relevant within-

patient variation as a result of changes in their condition for reasons other than 

airflow.  For example, temperature increases from infection, temperature reductions 

from interventions to control pyrexia, instigation or changes in dose of 

sympathomimetics.  There was a half hour baseline but stability during baseline in 

these patients is not a reliable predictor of stability throughout the trial. 

 

4.2.4.2 Blinding 

Blinding is the ideal in a controlled trial because it limits conscious and unconscious 

bias but it was not possible to double or single blind this study.  I was not blind to the 
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interventions and was collecting the data and carrying out the analysis.  The 

possibility of bias was reduced by having a biological assessment parameter which 

was electronically measured and not subject to judgement.  Researcher blinding was 

maintained for as long as possible by randomising during baseline (see below).  With 

regard to single blinding, the patients could have sensed the airflow.  Also, ethically 

and for good practice reasons I had to explain to them what was happening.  

However they were unconscious and sedated and this may have meant they were in 

effect blind to the intervention. 

 

4.2.5 Registration and randomisation of patients 

A screening log was kept which included every patient with a brain injury admitted 

to intensive care.  The patients excluded from the trial, the reasons for exclusion and 

those eligible and randomised were recorded. 

 

The randomisation was undertaken by Professor Murray using random number 

tables.  The results were placed in sealed, opaque envelopes which were held in the 

locked controlled drug cupboard on the intensive care unit.   The envelopes were 

released to me one at a time as needed and I opened each patient’s envelope during 

the baseline data collection period.  This meant I was blind to the results of the 

randomisation until the last possible moment. 

 

4.2.6 Ethics and safety 

4.2.6.1 Ethical issues and permission 

Specific ethical issues were: 

• Inability to obtain patient consent because the patients were incapacitated; 

• Having to obtain assent from patients’ next of kin at a time of great stress; 
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• The research conveyed no benefit on the patients in the study, although if nasal 

airflow had been known to be beneficial the study would not have been needed 

and it would have been unethical to do it. 

On the other hand, the ethical implications of not doing the study were also 

important.  If nasal airflow did reduce brain temperature it might improve the 

treatment of brain-injured patients in the future. 

 

The patients in the trial were certified as incapacitated by the Consultant in charge of 

their intensive care.  In Scotland, medical research involving adults who lack 

capacity to consent must comply with the legislation set out in Section 51 of the 

Adults with Incapacity (Scotland) Act 2000.  This means the research must not be 

able to be carried out on a capable adult.  The purpose of the research must be to 

obtain knowledge relating to the incapacity or be related to treatment of the 

incapacity, such that real and direct benefit in terms of understanding or treatment for 

the person or others with their condition is likely.  The research must entail minimal 

foreseeable risk or discomfort, requires consent from the person’s guardian, welfare 

attorney or nearest relative and must be approved by a designated ethics committee. 

 

The trial was reviewed by the Anaesthetic Sub-Committee of the Lothian Research 

Ethics Committee who gave ethical permission to proceed.  I took the airflow 

equipment with me to the meeting, which was fortunate as it turned out because the 

lay members had questions relating to this.  The trial also had the necessary 

management approval from Lothian University Hospitals NHS Trust. 

 

4.2.6.2 Safety considerations 

Provided the exclusion criteria were adhered to it was not anticipated that the trial 

would cause harm to patients.  It took place in an intensive care unit where patients 

were closely monitored as part of their usual care.  These patients had one-to-one 

nursing and medical staff were always available in the unit.  I was also present 
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throughout each patient’s trial and observing them for problems which could be 

attributable to the interventions. 

 

Apart from the airflow, the procedures which were not part of these patients’ usual 

care were brain and oesophageal temperature monitoring.  The brain temperature 

monitor required no additional invasive procedure because it was an integral part of 

the pressure monitor, which was part of usual care.  Body temperature was monitored 

as standard care but in the axilla or rectum.  There was a potential risk of 

oesophageal or rectal bleeding, perforation or erosion by temperature probes.  Had 

there been contraindications to one or other site (for example recent surgery or 

bleeding, varices or haemorrhoids) it would not have been used. 

 

It was possible some of the nasal air might enter the stomach.  Before starting the 

airflow the nostrils and nasopharynx were suctioned and the pressure of the 

endotracheal cuff checked and if necessary adjusted to 20 cm H20.  After half an 

hour of airflow, sooner if there appeared to be a problem, the orogastric tube was 

aspirated and any air removed.  This was done periodically during the airflow period. 

 

The water content of the air was not so low as to cause damage to the nasal 

epithelium and cilia.  It was possible that the sensation of the airflow, whilst not 

uncomfortable, might have an arousing effect and necessitate slightly more sedation, 

but a significant effect in the context of the other stimuli these patients were exposed 

to was not thought likely.  The patients had impaired consciousness and, as part of 

their usual care, received continuous infusions of analgesics and sedatives titrated to 

maintain comfort and a suitable level of sedation for their condition. 

 

Infection and clotting problems are recognised complications of hypothermia 

[Schubert, 1995].  It seemed very unlikely that the airflow intervention would induce 

hypothermia but white blood count (a marker of developing infection), platelet count, 
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pro-thrombin and partial-thromboplastin times (markers of developing clotting 

problems) were monitored.  These blood tests were part of usual care. 

 

The patients were followed up at 6 months post injury and their Glasgow outcome 

scale recorded to assess whether any gross safety concerns emerged [Teasdale et al., 

1998;Wilson et al., 1998].  The Glasgow outcome scale classifies patient outcome 

into dead, persistent vegetative state, severely disabled, moderately disabled or good 

recovery.  It was specifically developed and validated for use after head injury and is 

the most widely used outcome measure for this patient group [Teasdale et al., 1998].  

It was not expected that patients (or their relatives) would be upset by being 

interviewed by me for follow up, and indeed this didn’t happen.  Had it done so the 

procedure agreed with the ethics committee was to ask if they wanted to stop the 

interview and be referred for further support. 

 

4.2.7 Informed consent 

When a suitable patient was identified the appropriateness or otherwise of 

approaching their next of kin for assent was discussed with the Consultant and 

Nurse-in-Charge on the intensive care unit.  In consultation with the nurse caring for 

the patient, I chose an appropriate time to approach the next of kin, explained about 

the trial, answered questions and left them with the information sheet to consider 

their response, assuring them that whatever their decision their relative’s usual 

intensive care would not be affected.   The time needed to decide one way or another 

was up to the next of kin within the limits of the requirement for intracranial 

monitoring.  If that was removed the patient was no longer eligible for the trial, how 

long it remained varied but usually at least a couple of days.  If assent was refused 

the relative was thanked for considering the matter, if consent was given they were 

thanked and asked to sign the consent form.  Consent was obtained from the patient 

for follow-up with the Glasgow outcome scale at 6 months, or their next of kin if the 

patient was still incapacitated. 
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4.2.8 Size of study 

Professor Murray provided the power calculation.  There were no relevant pilot data 

therefore the power calculation was defined as a multiple of the unknown standard 

deviation.   

 

With the crossover design a sample size of 15 patients gave 80% power to detect a 

treatment effect of 0.78 of the within patient standard deviation at the 5% 

significance level.  For a sample size of 25 patients the corresponding effect which 

could be detected was 0.58 of the within patient standard deviation.  A sample size of 

30 gave 80% power to detect a treatment effect of 0.53 of the within patient standard 

deviation at the 5% significance level.  

 

Therefore the goal was to recruit 30 patients but the study still had sufficient power if 

recruitment proved more problematic than expected and as few as 15 were recruited. 

 

4.2.9 Data collection 

The study forms were designed by me specifically for this trial.  Data collection was 

electronic, at minute intervals, for most of the physiological data, for example 

temperatures, intracranial pressure, cardiovascular parameters.  Otherwise data were 

recorded manually by me, including the start and stop times of the airflow.  Because 

the monitors display real time, data recorded by hand were timed accurately in 

relation to the electronic data.  The electronic data were subject to artefact, for 

example if the patient was moved or had their monitoring zeroed or flushed; when 

this occurred and why was documented.  Electronic data were collected using 

WardWatcher (www.sicsag.scot.nhs.uk/WardWatcher/Main.html) which was used 

on the intensive care unit for data collection for patient management, audit and 

quality assurance.  This database captures minute by minute physiological data from 

patient monitors with other data being entered on a daily basis by staff.  Data 

collection through WardWatcher was not totally reliable so I also recorded the 
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physiological data manually every half hour and printed it directly from the bedside 

monitors as a double backup. 

 

All the intensive care beds were connected to WardWatcher except for bed 9 (the 

overflow bed).  Prior to and during the first part of the trial, WardWatcher did not 

have an uninterrupted power supply and therefore ‘crashed’ every time there was a 

power cut, which happened several times, and when the hospital generators were 

tested.  Even when WardWatcher was up and running there were pieces of data 

missing, apparently at random, and therefore some of the graphs from the earlier 

patients had a ‘moth eaten’ appearance when the data was plotted minute by minute 

in non-interpolated form.   

 

Downloading each parameter from WardWatcher as a text file was not without 

problems.  It was an all or nothing exercise because a time frame could not be 

selected, therefore the complete minute by minute data set for a parameter had to be 

downloaded from the time it was first connected up (for example when the patient 

was admitted) to the time of download.  Consequently some of the text files were 

very large.  It was time consuming because each parameter had to be transferred 

individually, i.e. a set of parameters could not be selected and downloaded together, 

and because the system only accepted floppy discs which were relatively slow.  Also, 

WardWatcher frequently ‘crashed’ after downloading each parameter and had to be 

restarted again before the next parameter could be obtained.  Sometimes data would 

appear to have been downloaded but the text file would be empty.  For this reason, 

and for purposes of backup, the text files were immediately copied from the floppy 

discs to a computer and examined to make sure they contained data.   

 

WardWatcher reliability improved during the trial thanks to the interventions of the 

WardWatcher software specialist, Brian Millar, and the intensive care nurse 

manager, Graham Percival. 
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Collection of complete and reliable data required my presence throughout the whole 

of each trial; it would not have been fair or practical to rely on the clinical nurses to 

collect the manual data and check on the electronic data.  However, my being 

continuously present turned out to have additional advantages because it increased 

the level of observation which in turn led to unexpected discoveries. 

 

To set up and run each trial and download the data took around 16 hours and, 

depending on when it was possible to start a trial, meant I was in the intensive care 

unit for more than 24 hours on several occasions.  Very often patients were recruited 

in the afternoon, because it was important to wait until their families had been given 

information on their clinical condition and had had a chance to get slightly more used 

to the shock of having a relative suddenly admitted to intensive care.  If patients were 

reasonably stable trials were commenced as soon as consent was obtained.  Any 

delay increased the chances of changes occurring.  Several times it was planned that 

patients were to be woken up the next day; inevitably this did not always happen but 

would have meant that patient was no longer eligible for the trial.  My being 

prepared to conduct trials at short notice and at any time meant that no eligible 

patients were missed and this turned out to be important as eligible patients were not 

plentiful.  

 

4.2.10 Analysis and data handling 

Data were cleaned of known anomalies, which were recorded at the time they 

occurred on the case report forms (see 4.3.8.3).  Each patient’s brain and oesophageal 

temperatures were plotted for the whole trial. 

 

4.2.10.1 Primary analysis 

The difference in median brain temperature over 6 hours with airflow and 6 hours 

without was pre-specified as the primary assessment of the effect of airflow on brain 

temperature.  The median was chosen for summarising each 6 hours of data because 

it is less influenced than the mean by extremes, whether these are because of 
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anomalies or fluctuations caused by changes in the condition of patients for reasons 

other than airflow.  The difference was calculated as airflow minus no airflow so that 

reductions with airflow are presented as negative temperatures.  

 

4.2.10.2 Secondary analyses 

The pre-specified secondary analyses were: 

• The difference in mean brain temperature after half an hour with airflow.  That 

is, mean brain temperature over the last 5 minutes before airflow started minus 

the mean over the last 5 minutes of the first 30 minutes of airflow.  Assessing 

change in brain temperature over this shorter period was to reduce the likelihood 

of confounding by changes in the patients’ conditions as a result of other factors 

than airflow. 

• The temperature after half an hour of airflow (calculated as above) was used to 

assess whether selective brain cooling occured with airflow.  Decreases in brain 

temperature below oesophageal temperature were considered indicative of 

selective brain cooling. 

• The difference in median brain temperature over 6 hours with airflow and 6 

hours without was assessed against median intracranial pressure during the 

airflow period.  Increased intracranial pressure may prevent brain cooling by, for 

example, interfering with emissary vein flow. 

• The effect of airflow on lung compliance was explored. 

• Each patient’s response to airflow in the context of other factors such as changes 

in their condition was explored by graphing the data. 

 

4.2.10.3 Data handling 

Microsoft Excel (part of Microsoft Professional Edition, Microsoft, 2003) and SPSS 

(SPSS version 12.0, SPSS Inc., Chicago, IL) were used for organising and analysing 

the data.  Patient data were anonymised for analysis and reporting. 



Heat loss from upper airways and through skull: studies of direct brain cooling in humans 
 

Chapter 4: Effect of airflow through the upper respiratory tract on brain temperature: a 
randomised controlled crossover trial in intubated, brain-injured patients 202 

 

Patients 5 and 11 had no electronic data, for the respective reasons of a power cut 

and being in the overflow bed which was not connected to WardWatcher, therefore 

their physiological data had to be entered by hand from the back up data.  Otherwise 

the electronic data were entered into Excel from text files downloaded from 

WardWatcher.  The manually collected data were entered by hand. 

 

Patient 13 had his Camino catheter replaced during the first 6 hour period (no 

airflow) because the intracranial pressure measurements were unreliable and there 

was considerable zero drift.  For the purposes of the trial it was assumed that the 

brain temperature measurements were also unreliable, certainly they changed when 

the first Camino was rezeroed, although it is possible that this was because the 

insertion depth was different.  Nevertheless the data from the first Camino were not 

used in the analysis and therefore this patient has no brain temperature and 

intracranial pressure data for the baseline and part of the no airflow period.  Ideally 

the trial should have been restarted, but there was not enough time to do this because 

after the neurosurgeon replaced the Camino at about 0200 he asked that the patient’s 

sedation be turned off in the morning and the patient extubated as soon as the 

sedation had worn off. 

 

Cleaning of the data was limited to removal of known anomalies in oesophageal 

temperature.  These occurred when boluses of drugs diluted with cold water were 

given down the orogastric tube and caused a temporary drop in oesophageal 

temperature as the fluid passed the thermistor.  The precise times when these 

anomalies occurred and the reason for them were recorded in the trial notes and 

therefore objective cleaning was possible.  No changes in oesophageal temperature 

occurred with starting and stopping infusions of orogastric feed, probably because 

the rate of administration was very much slower than for bolus drugs (maximum 100 

ml/h).  Probably also because the feed was at room temperature and had time to 

warm to body temperature before it reached the level of the thermistor.   



Heat loss from upper airways and through skull: studies of direct brain cooling in humans 
 

Chapter 4: Effect of airflow through the upper respiratory tract on brain temperature: a 
randomised controlled crossover trial in intubated, brain-injured patients 203 

Data entry and analysis was time consuming.  Each patient had a database of 62 

variables of which 19 were minute-by-minute time series data for the 12½ hours of 

the trial.  These were summarised for analysis into an amalgamated database with a 

single row per patient by averaging the data as described above. 

 

4.3 Results and discussion 

During patient 10’s trial some evidence of heat loss through the skull was 

serendipitously observed and thereafter more evidence of this was sought, both in 

trial and non-trial patients.  Therefore the results are presented and discussed in two 

parts: 

• The effect of airflow through the upper respiratory tract, i.e. the trial results 

proper.  

• Observational evidence of heat loss through the skull. 

 

But first the recruitment data and patient demographics are presented and a caveat 

about the brain temperature monitoring explained. 

 

4.3.1 Recruitment and demographics 

Fifteen patients were recruited.  Table 4.1 shows the flow of participants through the 

trial and Table 4.2 the reasons for excluding patients who met the eligibility criteria.   

 

Table 4.3 shows the patient demographics and type of injury.  The age range of the 

patients was 17–70 years, six were male, nine female, nine had traumatic brain injury 

and six had subarachnoid haemorrhage.  At the time of injury or on admission to 

hospital (whenever it was first recorded), ten patients had a Glasgow coma score of 

≤8 and the remainder were 9, 12, 13 and 15(2).  This initial Glasgow coma score is 

not necessarily a reflection of the ultimate severity of brain injury.  In order to be 

admitted to intensive care patients had to warrant intubation and sedation which 
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Table 4.1: Flow of participants through the trial 

 

 

Table 4.2: Reasons for exclusion of patients who me t eligibility criteria 

Reasons Number of pts 

Exclusion criteria  
Not expected to survive  
(these patients did all die quite soon after admission) 

4 

Patient died unexpectedly while next of kin considering assent 1 

Fractured base of skull 5 

Under 18 years 1 

Lack of assent  

Next of kin refused assent 3 

Next of kin withdrew assent before trial started 1 
Next of kin incapable of giving assent  
(known alcohol problem and visibly inebriated on every visit) 

1 

Other reasons  

Patient was in two other trials 1 

Brain thermistor faulty (the pressure monitor was working so a 
change of Camino catheter was considered unnecessary clinically) 

1 

Total 18 

Assessed for eligibility n=56 
Excluded n=41; 
did not meet 
inclusion criteria 
n=23, see Table 
4.2 for other 
reasons n=18 Randomised n=15 

Allocated to interventions n=15 

Analysed n=15 

Lost to follow up n=1 
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usually coincided with a coma score of 8 or less.  Those with a higher Glasgow coma 

score at the scene or on admission to hospital would therefore have deteriorated.  

Once intubated and sedated an accurate Glasgow coma score is difficult to obtain and 

impossible and unwarranted in patients on muscle relaxants; nine patients were on 

atracurium.  Thirteen patients were studied within two days of injury and two within 

three and five days respectively. 

 

Even though I was continuously available to recruit patients and screened every 

brain-injured patient, less than 50% of patients with inclusion criteria were recruited 

over a 7 month period.  The reasons for not recruiting the others were unavoidable 

and perfectly legitimate (Table 4.2) but this higher than expected failure rate meant 

that the grant was going to be overspent because the study was funding the additional 

cost of the brain temperature monitoring.  The budget was very tight in order to keep 

within the grant ceiling and only included funding for 30 brain temperature monitors; 

18 of these were in patients lost to recruitment.  Furthermore by that stage the price 

had increased since the original cost was agreed with the supplier.  Although the 

initial goal was to recruit 30 patients the study was sufficiently powered to stop after 

15 patients if recruitment was more problematic than expected.  Therefore on 

logistical grounds Professor Andrews and I took the decision to stop recruiting after 

15 patients.  

 

All the recruited patients were intubated, mechanically ventilated, assessed clinically 

and had intracranial pressure and temperature monitoring.  They received the usual 

intensive medical and nursing care according to their individual needs.  They were 

nursed 30° head up with their heads centrally aligned, to facilitate venous drainage 

from the head and avoid obstructive increases in intracranial pressure.  The level of 

intracranial pressure was considered high and treatments were given when it was 

≥25 mmHg.  In three patients (two of whom were on thiopentone) the treatment level 

was ≥30 mmHg.  Cardiovascular parameters monitored were electrocardiogram, 

invasive blood pressure, mean arterial blood pressure from an arterial line, central  
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Table 4.3: Patient demographics and type of injury 

SAH = subarachnoid haemorrhage 

Patient 
number 

Age Gender Injury and Glasgow Coma Score 
(GCS) at scene or on admission to 
hospital (O/A) 

1 31 M Trauma, GCS 3 

2 63 F SAH, GCS 5 O/A 

3 55 F SAH, GCS 15 

4 65 F SAH, GCS 3 

5 70 M SAH, GCS 7 

6 44 F Trauma, GCS 3 

7 44 F SAH, GCS 4 O/A 

8 21 F Trauma, GCS 13 O/A 

9 34 M Trauma, GCS 15 O/A 

10 37 F SAH, GCS 3 

11 64 M Trauma, GCS 3 

12 29 M Trauma, GCS 12 O/A 

13 20 M Trauma, GCS 8 

14 49 F Trauma, GCS 9 O/A 

15 17* F Trauma, GCS 3 

*Strictly speaking this patient violated the inclusion criteria because she was under 18 but an 
exception was made because she was within a few days of her 18th birthday. 

 

venous pressure, and cardiac output when indicated.  Adequate hydration and 

nutritional support were provided.  Propofol, midazolam or thiopentone were used as 

sedatives.  Appropriate analgesia with alfentanil was administered with atracurium as 

a muscle relaxant if required.  Patients with subarachnoid haemorrhage were given 

nimodipine.  Inotropic support (noradrenaline and dobutamine) was given if needed 
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to maintain cerebral perfusion pressure above 70 mmHg and mean arterial pressure 

≥90 mmHg.  

 

4.3.2 Position of brain thermistors 

Before the results are presented a caveat over the position of the brain thermistors 

must be discussed.  The thermistor in a Camino catheter is sited approximately 1 cm 

back from the tip; the pressure sensor is at the tip.  Towards the end of the study 

Integra NeuroCare introduced a red mark to allow the insertion depth of the catheters 

to be checked externally.  It then became apparent that some of the thermistors in 

study patients might not have been far enough into the cranium to be in parenchyma.  

Because a good intracranial pressure trace was visible in all the study patients the 

thermistors were all at least subdural, i.e. intracranial, and therefore reading a brain 

temperature, but it is not certain that they were all in parenchyma.  If anything this 

would make it harder to demonstrate a change in brain temperature with nasal 

airflow since the thermistors would have been further from the nasopharynx.  In 

Mariak et al’s study there was no reduction in subdural temperature with restoration 

of upper respiratory tract airflow on extubation [Mariak et al., 1999]. 

 

In the final trial patient (patient 15) the brain thermistor was in parenchyma but for 

the other 14 there is uncertainty.  However, assuming that parenchymal brain 

temperature is usually above core trunk temperature, which is generally but not 

invariably the case [Rumana et al., 1998] (it was in patient 15), then five of the 

patients may have had thermistors in parenchyma (brain temperature was always 

higher than oesophageal), six in cerebrospinal fluid (brain temperature was always 

lower) and three could have been in either (brain temperature was usually but not 

always lower).  

 

Data which possibly substantiate this are available for two patients (13 and NT2) 

who had their Caminos changed and is shown in Table 4.4.  Patient 13 was in the 

trial and his Camino was changed because the pressure monitoring was faulty.  At  
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this stage we were unaware of the issues surrounding depth of insertion and could 

not check the depth externally.  In this patient the only time brain temperature was 

higher than oesophageal temperature was after the first Camino had been rezeroed 

and reinserted by the intensive care Senior Registrar.  It is possible it was replaced 

slightly deeper than it had been, brain temperature increased by 1.5 °C, although it is 

also possible the thermistor was damaged during the reinsertion.  The insertion of the 

first Camino and the new (second) Camino were carried out by a neurosurgical 

Senior Registrar and therefore placement should have been correct, but the fact that 

with both these Caminos brain temperature was lower than oesophageal may suggest 

they were not inserted far enough.   

Patient NT2 was not in the trial but during his stay in intensive care I became aware 

of the potential problems with insufficient depth of insertion.  The red depth mark on 

his Camino showed that it was not in far enough for the thermistor to be in 

parenchyma, although there were no problems with intracranial pressure monitoring.  

His brain temperature was reading below body (axilla) temperature.  The 

neurosurgical Senior Registrar was consulted and reinserted the Camino to the 

correct depth but this damaged the pressure monitoring and the Camino was changed 

for a new one, again at the correct depth.  With the new (second) Camino there was 

no material change in intracranial pressure but brain temperature was 0.8 °C higher 

and above axilla temperature.  Patient NT2’s data appear to substantiate the 

possibility that if brain temperature is below body temperature the Camino may not 

be in far enough, and thus the thermistor sited subdurally in cerebrospinal fluid rather 

than in parenchyma.  This is discussed further in the context of heat loss through the 

skull. 
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Table 4.4: Comparative temperatures ( °C) and intracranial pressure 

(mmHg) for first and second Caminos in two patients  

ICP = intracranial pressure; oes = oesophagus 

Pt 1st 
Camino 
depth 

1st 
Camino 
ICP 

1st 
Camino 
brain 
temp 

 
Body 
temp 

1st 
Camino 
rezero/ 
reposition 

ICP 
mmHg 
after 
rezero/ 
reposition 

Brain 
temp 
after 
rezero/ 
reposi- 
tion 

Body 
temp 
after 
rezero/ 
reposi-
tion 

2nd 
Camino 
depth 

2nd 
Camino 
ICP 

2nd 
Camino 
brain 
temp 

 
Body 
temp 

13 Not 
certain 

41 37.2 38.5 
oes 

Rezeroed, 
out by 
+20mmHg, 
insertion 
depth 
unknown 

13 but rose 
to 34 
within an 
hour 
and 
Camino 
replaced 

38.7 38.4 
oes 

Not 
certain 
 

7 37.2 37.9 
oes 

NT2 Not deep 
enough 
for 
thermistor 
to be in 
paren-
chyma, 
ICP trace 
satisfactory 

Not  
noted 
but no 
problems 

37.5 37.9 
axilla 

Reposi-
tioned  
to correct 
depth 

Very high 
and not 
settling, 
Camino 
assumed to 
be damaged 
so replaced  

Not 
recorded 

Not 
recorded 

Correct Not 
recorded  
but no 
problems 

38.3 37.4 
axilla 

 

4.3.3 Effect of airflow through the upper respirato ry tract 

The results of the trial are presented as follows: 

• The primary results pertaining to the research questions, i.e. does administering 

air through the noses of brain-injured, intubated patients reduce brain 

temperature and/or result in selective brain cooling?   

• Possible explanations for the primary results are discussed. 

• The secondary results on the effect of airflow on intracranial pressure and lung 

compliance. 

• Increased temperature in trial patients. 

• Safety monitoring. 
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4.3.3.1 Primary results:  brain temperature and selective   

  brain cooling 

Effect of nasal airflow on brain temperature 

A reduction in brain temperature of around 0.5 °C was considered clinically relevant 

and was observed by [Mariak et al., 1999].  However, as Figures 4.1 and 4.2 show, 

airflow commensurate with normal breathing in terms of volume and humidity did 

not produce consistent clinically relevant reductions in brain temperature, measured 

at a distance from the nasopharynx (frontal lobe or subdural).   

 

Figure 4.1 shows the median brain temperatures for each patient for the 6 hour 

airflow and 6 hour no airflow periods.  Although some patients exhibited clinically 

relevant reductions in median brain temperature, the difference (airflow minus no 

airflow) is not statistically significant (Mean -0.13 °C, SD 0.55 °C, 95% CI -0.43 to 

0.17 °C).  This was the pre-specified primary assessment of the effect of airflow on 

brain temperature.  The mean brain temperature turned out to be the same as the 

median and parametric analyses were used.  Only descriptive statistics were 

calculated because there were no detectable intervention effects (see 95% confidence 

intervals of the difference in brain temperature). 

 

Figure 4.2 shows the change in brain temperature after half an hour of nasal airflow, 

i.e. the difference between the mean brain temperatures over the last 5 minutes 

before airflow started and the last 5 minutes of the first half hour with airflow.  Again 

the difference (airflow minus no airflow) is not statistically significant (Mean 

-0.04 °C, SD 0.16 °C, 95% CI -0.13 to 0.04 °C) and, with the exception of patient 10, 

not considered clinically relevant. 

 

The narrow confidence intervals indicate that the neutral results of this study were 

probably not caused by too small a sample size.  The power calculation is less 

relevant once the study has been completed and there are actual data which can be 

looked at for clinical relevance and statistical significance (i.e. could the results be  
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Figure 4.1: Median brain temperatures for the airfl ow and no airflow periods  
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Figure 4.2: Change in brain temperature after half an hour of airflow 
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Mean of last 5 minutes before start of airflow minus mean of last 5 minutes of first half hour of 
airflow.  Negative values are a reduction with airflow.  Patients 2–5 and 12 showed no change. 
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attributable to chance or are they likely to be ‘real’).  The neutral results are therefore 

unlikely to be because the study was too small. 

 

Although the results are neutral, it is evident from Figure 4.1 that the median brain 

temperatures of some patients (n=8) were lower with airflow.  In five of them 

(patients 6, 9, 11, 12, 15) median brain temperature was lower by a potentially 

clinically relevant amount: 0.5–1.3 °C.  One of the difficulties with research on 

patients in intensive care is that their underlying conditions can change, sometimes 

suddenly and unpredictably, for reasons unconnected with any research intervention.  

The patients in this trial illustrate this.  Those who showed temperature reductions of 

≥0.5 °C are considered here, but a detailed assessment of temperature changes in 

every patient can be found in Appendix III. 

 

Patient 15’s temperature was on a downward trend during the no airflow period and 

this continued through the subsequent airflow period.  The other four (6, 9, 11, 12) 

all had purulent sputum and their lower median brain temperatures with airflow are 

probably attributable to an increase in temperature in the no airflow periods as a 

result of worsening of their clinical conditions, rather than a reduction in temperature 

in the airflow periods because of the airflow.   

 

Patient 6, for example, had the largest median reduction in brain temperature (1.3 °C) 

with airflow.  Her brain and oesophageal temperatures were normal and on a 

downward trend when airflow was started (it was given first) and began an upward 

trend towards the end of the airflow, reaching a peak of 38.2 °C towards the end of 

the no airflow period.  This pattern is characteristic of a rigor, which may have been 

the result of a chest infection as she was producing more sputum during the no 

airflow period, although this was not microbiologically confirmed at that time.  

Patient 12 had the next largest median reduction in brain temperature (0.8 °C) with 

airflow.  He had a microbiologically confirmed haemophilus influenzae chest 

infection.  Halfway through the airflow (first) period his chest became more 
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productive and he had a rigor, accompanied by increasing amounts of purulent 

sputum.  His brain temperature rose from 37.7 °C to over 39 °C and remained higher 

than during the first part of the airflow period for almost the entire no airflow 

(second) period, although his temperature did peak and begin to reduce.  This may 

have been a result of natural resolution of the rigor but was probably facilitated by 

paracetamol, ice packs and turning down the temperature of the air conditioning, 

which were the clinical responses to his high temperature.  Therefore, the differences 

in median brain temperature in these patients are likely to be attributable to an 

increase in temperature in the no airflow periods because their conditions worsened, 

rather than a reduction in temperature in the airflow periods from the airflow. 

 

This examination of some of the detail underlying the median figures given in Figure 

4.1 illustrates the problem of conducting a trial in humans where between- and 

within-patient variation is inevitable [Campbell and Machin, 1999].  Interpretation of 

the effect of nasal airflow on temperature was subject to confounding by changes in 

temperature because of other factors.  It was recognised when planning the trial that 

uncontrolled variation of this kind might be an unavoidable consequence of research 

on patients in an inherently dynamic state, which was only partly addressed by the 

crossover design.  The crossover design removes the problem of between-patient 

variation, which is the most major source of variation in this patient group, but it 

does not deal with within-patient variation and the longer the trial the more within-

patient variation is likely to occur.  In retrospect, 6 hours each in the intervention and 

the control periods of the trial was possibly too long when proof of concept regarding 

the effect of nasal airflow on temperature was the primary point of interest. 

 

A change in brain temperature would be expected to occur within half an hour of 

starting airflow [Mariak et al., 1999].  In Figure 4.2, four patients show a increase in 

brain temperature after half an hour of airflow, four show no change and seven a 

reduction, but only patient 10 shows a clinically relevant reduction (0.5 °C).  A 

change because of airflow would be more likely to affect brain temperature alone, or 

at least brain temperature to a greater extent than body temperature.  However, this 
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patient’s oesophageal temperature reduced by the same amount as her brain 

temperature and, therefore, the change was more likely to be because of factors other 

than the airflow.  She was in a bed known to be affected by air conditioning and it 

was the unexplained and unusual fluctuations in her brain temperature which led to 

the discovery that the air conditioning could affect brain temperature (discussed 

under heat loss through the skull, section 4.3.4 below).  This discovery was only 

made in the second (no airflow) period so there is no record in the airflow period of 

when the air conditioning was switched on or off and, importantly, whether the fan 

blades were active.  The reduction in her brain temperature with airflow was 

accompanied by a reduction in oesophageal temperature, both temperatures then 

remained relatively stable until just after the airflow was turned off when large 

fluctuations in brain temperature became apparent, but without accompanying 

fluctuations in oesophageal temperature.  This suggests that the reduction with nasal 

airflow was unrelated to the air conditioning.  However, since both oesophageal and 

brain temperatures were reduced it was probably also unrelated to the nasal airflow.   

 

Nasal airflow and selective brain cooling 

It was not possible to measure aortic temperature in these patients, therefore it was 

considered reasonable to use Mariak et al’s more liberal definition of selective brain 

cooling as a decrease in any brain temperature below core trunk temperature 

([Mariak et al., 1999] and Chapter 1).  It was also considered that replicating normal 

nasal airflow was sufficiently natural physiologically to permit such a temperature 

decrease to be termed selective brain cooling (Chapter 2).  However, none of the six 

patients who had brain temperatures higher than their oesophageal temperatures 

before starting nasal airflow exhibited selective brain cooling as a result of airflow.  

Indeed, all but three patients maintained the order of their brain and oesophageal 

temperatures throughout their trial; if brain temperature was higher it stayed higher 

and vice versa, although the differences between the two did change.  In the three 

exceptions the two temperatures were almost identical so a small change in either 

could change the order. 
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Figure 4.3 shows the differences between mean brain and oesophageal temperatures 

for the last 5 minutes before airflow and for the last 5 minutes at the end of half an 

hour of airflow.  Positive differences mean that brain temperatures were higher than 

oesophageal temperatures, i.e. patients 1, 5, 6, 7, 11 and 15.  Negative differences 

mean that brain temperature was lower than oesophageal temperature.  Of the 

patients who had a negative difference between their brain and oesophageal 

temperatures, five (patients 2, 4, 9, 10 and 14) increased this difference with airflow.  

This increased difference could be because of a reduction in brain temperature and/or 

an increase in oesophageal temperature.  Only increased differences resulting from a 

reduction in brain temperature relative to oesophageal temperature are indicative of 

an increase in selective brain cooling with airflow and only patients 9, 10 and 14 met 

this criterion (this can be seen in the individual patient graphs in Appendix III). 

 

Figure 4.3: Mean brain minus oesophageal temperatur e over last 5 

minutes before airflow and over last 5 minutes of f irst half hour of 

airflow 
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4.3.3.2 Possible explanations for the neutral primary results 

There are a number of possible explanations for the failure to demonstrate a 

consistent or clinically relevant reduction in brain temperature with nasal airflow. 

 

Brain cooling by heat loss from the upper airways does not occur in humans 

This seems unlikely since Mariak et al demonstrated that it can occur [Mariak et al., 

1999].  However, if brain cooling is an evolutionary mechanism and varies between 

species (Chapter 1) it would perhaps not be surprising if it turns out to be variable in 

humans, perhaps there is some relationship to the climate peoples’ ancestors evolved 

in.  It is known that ability to condition air varies in humans and Sahin-Yilmaz et al 

have shown recently that there may be a genetic basis for this [Sahin-Yilmaz et al., 

2007]. 

 

Brain temperature was measured too far from the nasopharynx 

If brain cooling by heat loss from the upper airways and heat loss through the skull 

via emissary veins are complementary mechanisms (Chapter 1), then it is more likely 

that temperature changes resulting from the first mechanism would be detected 

nearer to the nasopharynx and changes resulting from the second nearer to the skull.  

The data from Mariak et al and this trial appear to support that possibility.  Mariak et 

al used two thermocouples and those sited between the frontal lobes above the 

cribriform plate recorded a reduction in temperature with extubation but the subdural 

thermocouples did not [Mariak et al., 1999].  The thermistors in the present trial were 

situated subdurally or in a frontal lobe, i.e. further from the nasopharynx, and did not 

show clear evidence of heat loss with nasal airflow but did show changes attributable 

to heat loss through the skull, although this requires substantiation (see section 4.3.4 

heat loss through the skull). 
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Active inhalation of air through the nose is intrinsically different from passive 

continuous nasal airflow 

It is possible that there are physiological mechanisms which are not yet understood 

that facilitate brain cooling with nasal breathing but not with passive continuous 

nasal airflow.   

 

It was difficult to get air to flow through the nose and out of the mouth without it 

leaking back out of the nostrils.  This may have been because the patients were 

unconscious and sedated and their nasopharynxes were relaxed.  However, it could 

also have been because heat was not recovered on expiration.  This has been shown 

to cause nasal obstruction in healthy volunteers [Strohl et al., 1992], although at 

much colder air temperatures (0 °C) and higher flow rates (30 L/min isocapnic 

ventilation) than were used in the trial patients.  On the other hand, Einer-Jensen and 

Khorooshi were able to demonstrate brain cooling with continuous nasal oxygen 

flow in anaesthetised rats (which, like humans, have no carotid rete) [Einer-Jensen 

and Khorooshi, 2000].  They did not have the same difficulties preventing back flow 

(personal communication with Dr Niels Einer-Jensen). 

 

In self-ventilating people, low intrathoracic pressure on inspiration and during 

yawning facilitates the flow of venous blood cooled in the upper airways through the 

brain and this may enhance brain cooling (Chapter 1).  The patients in this trial were 

on positive pressure ventilation which means that this flow of blood would have 

occurred on expiration, but because the nasal airflow was given continuously cooling 

was available throughout the respiratory cycle. 

 

Heat loss from the upper airways is impaired by severe brain injury 

This is possible for two reasons: increased intracranial pressure and increased 

sympathetic nervous system activity.  Mariak et al’s patients were near normal 

physiologically (7–10 days after a minor subarachnoid haemorrhage) [Mariak et al., 
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1999] and Einer-Jensen and Khorooshi’s rats were not brain injured [Einer-Jensen 

and Khorooshi, 2000]. 

 

There is a view that increased intracranial pressure will prevent selective brain 

cooling because emissary veins are involved in both mechanisms and reversal of 

emissary flow would be impaired in the presence of increased pressure (Chapter 3).  

On the other hand, 30° head up positions enhance the pressure gradient reversal (and 

increase the temperature of the nasal mucosa) (Chapter 1) and all the patients were 

nursed in a 30° head up position as part of their standard care.  None of the patients 

had a normal median intracranial pressure during the airflow period (range 11–38 

mmHg), although only patient 12 required treatment with mannitol (just after the 

start of the baseline).  Seven patients had a median intracranial pressure of 15 mmHg 

or less, which is not excessively high.   

 

Figure 4.4 shows the difference in median brain temperature between the airflow and 

no airflow periods with median intracranial pressure in the airflow period.  This data 

suggests that a high median intracranial pressure made no difference to the results.  

The two patients who showed the greatest median reduction in brain temperature 

with airflow compared to no airflow also had the highest median intracranial 

pressures in the airflow period.  However, this cannot be taken as definitive evidence 

that intracranial pressure does not affect brain cooling. 

 

Increased sympathetic tone affects heat loss from the upper airways in two ways: by 

its effect on nasal mucosal blood flow and by its effect on the angularis oculi and 

facial veins.  Heat loss from the upper airways is reduced and may be abolished by 

increased sympathetic tone, because this causes nasal mucosal vasoconstriction and 

hence reduced nasal resistance and reduced heat loss to inspired air (Chapter 1).  

Sympathetic nervous system activity is greatly increased for at least a week after  
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Figure 4.4: Difference in median brain temperature between airflow and 

no airflow periods with median intracranial pressur e (ICP) in airflow 

period 
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brain injury [Naredi, 2000;Naredi et al., 2000] and all but two of the patients in the 

trial were also on noradrenaline infusions.  It is possible that this reduced the amount 

of heat lost to the airflow.  Nevertheless, in the seven patients in whom it was 

measured the temperature of the airflow coming from their mouths was warmer 

(mean 4.6 °C, range 1.4–8.1 °C) than the airflow going into their noses, which means 

that heat was being lost to the airflow.  However, the implications of this for brain 

cooling are unclear since Kuhnen and Jessen have shown in goats that the magnitude 

of selective brain cooling is largely independent of the amount of respiratory heat 

loss [Kuhnen and Jessen, 1991].  They comment that 

 “This does not imply, however, that heat loss from the head 
and selective brain cooling are not closely related — the 
former is, of course, an indispensable prerequisite of the 
latter.  It simply shows that even low levels of head heat loss 
are sufficient to sustain large degrees of selective brain 
cooling, and that heat loss mechanisms and selective brain 
cooling are controlled independently of each other.” 
([Kuhnen and Jessen, 1991] p181). 
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Sympathetic stimulation also dilates the facial vein and constricts the angularis oculi 

vein, therefore blood cooled in the nose flows to the jugular vein rather than to the 

brain and selective brain cooling does not occur (Chapter 1).  Figure 4.5 shows 

median brain temperature minus median oesophageal temperature during the airflow 

periods and the total milligrams of noradrenaline given during the airflow periods.  If 

noradrenaline prevents or reduces selective brain cooling the brain-oesophageal 

temperature should become more positive with larger doses, i.e. as noradrenaline 

doses increase brain temperature should increase relative to oesophageal 

temperature.  Figure 4.5 suggests that this did not happen.  However a definitive 

conclusion cannot be drawn from this small data set.  The level of sympathetic 

activity may have been high enough to obliterate any sign of a relationship.  But also 

only three patients (9, 10, 14) exhibited a reduction in brain temperature relative to 

oesophageal temperature with airflow, and explanations for this other than selective 

brain cooling cannot be ruled out, for example variation in depth of the brain 

temperature thermistors. 

 

Figure 4.5: Median brain minus median oesophageal t emperature with 

airflow and total mgs of noradrenaline with airflow  
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Papaverine has been shown to dilate the facial vein [Mellander et al., 1982] and nine 

of the patients were on atracurium which can also dilate vascular smooth muscle via 

histamine release.  Figure 4.6 shows the median brain temperature minus the median 

oesophageal temperature in the airflow periods and the total milligrams of atracurium 

given during the airflow periods.  There appears to be no relationship between 

selective brain cooling and the amount of atracurium given.  However, again, it 

would be unwise to draw a definitive conclusion from this. 

 

Figure 4.6: Median brain temperature minus median o esophageal 

temperature during airflow with total mgs atracuriu m given during 

airflow 
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Airflow rates were too low and temperature and humidity levels too high 

The higher the flow rate and the lower the temperature and humidity of inspired air 

the more heat it takes up from the body.  Airflow commensurate with normal minute 

volume and at room temperature and humidity was administered and perhaps, in the 

severely brain injured, this does not produce sufficient heat loss to show a consistent 

and clinically significant change in brain temperature.  Mariak et al’s patients were 

breathing ambient air but were not severely brain injured, being 7–10 days after 
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minor subarachnoid haemorrhage.  When they breathed more intensively this 

produced a greater reduction in brain temperature than normal breathing [Mariak et 

al., 1999].  Einer-Jensen and Khorooshi  flowed oxygen, with no added heat or 

humidity, through the noses of uninjured, intubated rats and also showed greater 

reductions in brain temperature with higher flows [Einer-Jensen and Khorooshi, 

2000]. 

 

The patients were normothermic or had fever rather than hyperthermia 

Although selective brain cooling has been demonstrated in fever and in 

normothermia (regulated temperature states), some researchers believe that it only 

works in hyperthermia (an unregulated state) (Chapter 1).  The trial patients had 

oesophageal temperatures of 36.7–39.2 °C at the start of their airflow periods.  Seven 

had oesophageal temperatures of >38 °C for at least some part of the airflow period 

which it could be argued is a raised temperature (Chapter 2).  But since Mariak et al 

demonstrated brain cooling in a patient with an oesophageal temperature as low as 

36.8 °C [Mariak et al., 1999], it seems likely that all the patients had an oesophageal 

temperature which was high enough for nasal airflow to have an effect.  However, 

Mariak et al’s patients were being actively warmed, i.e. rendered hyperthermic to the 

extent that they sweated [Mariak et al., 1999], whereas increased temperature in the 

trial patients was most likely caused by inflammation or infection, i.e. a fever.  

Although hyperthermia as a result of damage to parts of the brain involved in 

thermoregulation cannot be ruled out (Chapter 2).  

 

There is another consideration also.  Active warming, as in Mariak et al’s patients 

[Mariak et al., 1999], appears to shift the set-point in the preoptic region of the brain 

to a lower temperature, which means that heat loss responses occur at lower preoptic 

temperatures [Boulant, 1997].  The trial patients were not being actively warmed and 

their presumably high sympathetic nervous system activity, together with infusions 

of noradrenaline, were more likely to make them peripherally cool because of 

vasoconstriction.  This would mean the temperature in the preoptic region would 

have to be higher than usual for heat loss responses to occur [Boulant, 1997]. 
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Figure 4.7 does not show a clear relationship between oesophageal temperature at the 

start of the airflow period and the change in brain temperature at the end of half an 

hour of airflow, i.e. increased oesophageal temperature does not seem to be related to 

a better response to airflow.  Patient 10, who had the largest reduction in brain 

temperature with airflow, had the highest oesophageal temperature (39.2 °C), but 

patient 6 also reduced their brain temperature with airflow and yet had the lowest 

oesophageal temperature (36.7 °C). 

 

Figure 4.7: Change in brain temperature after half an hour of airflow 

(top of graph, scale on left axis) and oesophageal temperature at start 

of airflow (bottom of graph, scale on right axis) 
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The patients were not dehydrated 

Selective brain cooling is a response to heat and dehydration stress (Chapter 1).  The 

trial patients were not dehydrated which theoretically might have been a reason why 

nasal airflow did not reduce brain temperature.  However, it seems unlikely that 

Mariak et al’s patients were dehydrated either since they had just had surgery and 

were being cared for in the recovery room [Mariak et al., 1999]. 
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4.3.3.3 Secondary results: intracranial pressure and lung   

  compliance 

Data are presented here on intracranial pressure and lung compliance in the presence 

of nasal airflow.  Exploring these relationships was part of the analysis plan, 

although there are insufficient data to draw any firm conclusions. 

 

Intracranial pressure, temperature and nasal airflow 

Increased temperature is associated with higher intracranial pressure, in terms of 

temperature change rather than absolute values, such that an increase in temperature 

increases intracranial pressure and a decrease in temperature reduces it [Rossi et al., 

2001].  Lower intracranial pressure during the airflow period could be an indication 

that the airflow might be having a cerebral effect, even if brain temperature measured 

at a distance from the nasopharynx was not significantly changed.  However, the data 

do not support this; intracranial pressure was lower with airflow in five patients, in 

four it was unchanged and in six it was higher.   But temperature is of course not the 

only factor which affects pressure. 

 

Nasal airflow and lung compliance 

There is a physiological relationship between the nasal cavities and the lungs, the 

nasopulmonary reflex, such that preventing nose breathing reduces lung expansion, 

increases pulmonary resistance, reduces PO2 and increases PCO2 [Cole, 1982b].  It is 

possible this reflex is mediated by nitric oxide, but whether locally through nitric 

oxide in the airways or systemically is uncertain [Djupesland et al., 2001].  In this 

trial the patients’ blood gases were controlled by artificial ventilation and therefore 

would not be affected by nasal airflow, but if the nasopulmonary reflex is mediated 

systemically by nitric oxide then it is possible that lung compliance might be 

improved by nasal airflow. 
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It was possible to record lung compliance in nine patients (2, 3, 4, 5, 7, 8, 10, 13 and 

15); the others were on ventilators which did not measure this.  Four patients had 

increased (improved) lung compliance with airflow and five did not which suggests 

that airflow did not affect lung compliance. 

 

4.3.3.4 Increased temperature in trial patients 

Other studies have shown that increased temperature is common after brain injury 

(Chapter 2) with incidences of 68–85% for temperature ≥38 °C in patients with 

haemorrhage or trauma [Albrecht et al., 1998;Jones et al., 1994].  Figure 4.8 shows 

that every patient in the trial had an oesophageal temperature above 37 °C and 73% 

(11/15) had a temperature ≥38 °C at some point during the trial data collection 

period.  Only two had microbiologically confirmed infections, although others had 

clinical signs of infection as discussed previously.  However, in this small sample, it 

does not appear that length of time exposed to infection risk, i.e. being acutely ill and 

in an intensive care unit, was associated with a higher incidence or higher level of 

increased temperature.  Indeed two patients, one with subarachnoid haemorrhage and 

one with trauma, had a temperature of 38.1 °C on the same day as their injury 

occurred (day 0). 

 

4.3.3.5 Safety monitoring 

It was not thought that the trial interventions would cause harm to patients but they 

were continuously observed during the course of the trial; no cause for concern 

became apparent.  Glasgow outcome scale data were collected at 6 months post 

injury to determine whether any gross safety concerns emerged.  Infection and 

clotting problems are recognised complications of hypothermia [Schubert, 1995], 

therefore white cell count (a marker of developing infection), platelet count, pro- 

thrombin and partial-thromboplastin times (markers of clotting problems) were 

collected on each patient before and after their trials, although it was considered very 

unlikely that nasal airflow would cause hypothermia.  These results are shown in 

Table 4.5. 
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Figure 4.8: Days from injury to start of trial by h ighest oesophageal 

temperature during trial data collection 

Note: the data points of two patients are superimposed (day 0, 38.1 °C) therefore only 14 
data points are visible 
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Glasgow Outcome Scale 

All the follow-up interviews were undertaken by me so there was no observer 

variation.  The assessment was not blinded but every patient had had the same trial 

interventions.  The Glasgow outcome scale results (Table 4.5) show a typical range 

for these type of patients with no suggestion that being in the trial resulted in a worse 

outcome.  Patient 15 was lost to follow up.  I wrote to her and her mother and 

telephoned but the phone number was a mobile and no longer in use.  I also wrote to 

her General Practitioner.  None of these avenues produced a response.  However she 

had been recovering very well, was conscious and orientated on discharge from the 

intensive care unit and was young, therefore there is no reason to suppose that she 

had died. 
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Table 4.5:  Patient whereabouts and Glasgow Outcome  Scale at 6 

months after injury.  White cell count (WCC), plate lets, pro-thrombin 

(PT) and partial-thromboplastin (APTT) times prior to and after the trial 

*five point Glasgow Outcome Scale categories: 
Dead; VS — Vegetative State; SD — Severe Disability; MD — Moderate Disability; GR — Good 
Recovery 

 

Outcome after brain trauma is related to age with “a significant increase in poor 

outcome above 60 years” according to the Brain Trauma Foundation ([Brain Trauma 

Foundation, 2000] p573).  Andrews et al suggest age thresholds are 50 for predicting 

death and 30 for prediction of good versus poor outcome [Andrews et al., 2002].  

There were too few patients to draw many conclusions regarding outcome but the 

two deaths occurred in older patients, patient 5 was the oldest in the trial (70 years) 

and patient 2 was over 60 years.   Patient 2 was recovering well but still intubated 

when she went to have her aneurysm coiled and haemorrhaged during the procedure.  

Pt 
No 

Age Injury Circumstances at 
time of GOS  
 

GOS* 6/12  
after injury 
 
 

WCC 
before/ 
after trial 
Normal 
range: 4–11 
x 109/L 

Platelets 
before/ 
after trial 
Normal 
range: 50–
400 x 109/L 

PT 
before/ 
after trial 
Normal 
range: 0.8–
1.2 ratio 

APTT 
before/ 
after trial 
Normal 
range: 0.8–
1.2 ratio 

1 31 Trauma Home 4=MD 13.6/10.6 109/106 1.1/1.1 1.5/1.4 

2 63 SAH Dead  1=Dead 9.8/5.1 138/105 1.3/1.2 1.3/1.4 

3 55 SAH Home 3=SD 12.7/7.9 195/191 1.1/1.1 1/0.9 

4 65 SAH In hospital 3=SD 11.5/11.2 184/184 1.1/1.2 1.0/1.1 

5 70 SAH Dead 1=Dead 12.3/12.9 278/212 1.1/1.1 1.0/1.4 

6 44 Trauma Rehabilitation unit 3=SD 13.9/6.3 198/193 1.1/1.2 1.0/1.1 

7 44 SAH Home 5=GR 14.9/7.8 337/334 1.1/1.1 1.0/1.1 

8 21 Trauma Home 5=GR 17.7/8.5 284/184 0.9/0.9 0.9/1.0 

9 34 Trauma Home 4=MD 5.7/8.8 198/147 1.0/1.0 0.9/1.1 

10 37 SAH Home 3=SD 10/6.9 213/166 1.1/1.1 1.2/0.9 

11 64 Trauma Home 5=GR 11.8/12.4 151/127 1.1/1.0 1.3/1.1 

12 29 Trauma Home 5=GR 18.9/18.9 209/172 1.2/1.3 1.0/1.2 

13 20 Trauma Home 3=SD 13.3/11.2 298/190 1.2/1.3 1.3/1.5 

14 49 Trauma Home 4=MD 14.3/6.4 287/123 1.2/1.0 0.9/1.2 

15 17 Trauma Lost to follow up  12.0/11.7 105/106 1.0/0.9 1.5/1.2 
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Her pupils became fixed and dilated and the next day brain stem death tests revealed 

no evidence of brain stem function.  Patient 5 developed pneumococcal pneumonia 

and renal failure and aggressive treatment was considered inappropriate. 

 

It was apparent when following these patients up that they (when able to understand) 

and their next of kin appreciated having someone listening to them and taking an 

interest in how they were doing.   Follow-up interviews often took some time as a 

result but I felt it was important to give as much time as they wanted.  Far from 

causing distress, which had been a concern of the ethics committee, the follow up 

seemed to be helpful. 

 

White cell count, platelet count, pro-thrombin and partial-thromboplastin 

times (Table 4.5) 

Patient 12 had the highest white cell count and this did not change over the trial, he 

had confirmed haemophilus influenzae.  Patient 4 also had a confirmed infection 

though her white cell count was not greatly elevated.  In 11 patients white cell count 

was lower after the trial compared to before.   None of the patients had abnormal 

platelets, in 13 patients platelets were lower after the trial compared to before.  There 

was no systematic difference in clotting and clotting times were largely normal.  

Since the airflow did not make any patient hypothermic any changes in blood results 

could not have been as a result of hypothermia.  However, thrombocytopaenia and 

coagulopathy have been shown to occur after brain injury, can increase over time and 

are more common in those who subsequently die [Carrick et al., 2005]. 

 

4.3.3.6 Conclusions:  effect of airflow through the upper   

  respiratory tract 

Airflow commensurate with normal breathing in terms of volume and humidity did 

not produce consistent or clinically significant reductions in brain temperature 

measured at a distance from the nasopharynx.  There are a number of reasons why 

this may have been the case, some of which could be addressed in a second trial. 



Heat loss from upper airways and through skull: studies of direct brain cooling in humans 
 

Chapter 4: Effect of airflow through the upper respiratory tract on brain temperature: a 
randomised controlled crossover trial in intubated, brain-injured patients 229 

4.3.4 Heat loss through the skull 

During this trial it became apparent that brain temperature might be reduced as a 

result of heat loss through the skull by convective cooling. 

 

4.3.4.1 Convective cooling 

Convective cooling as a result of heat loss through the skull was first demonstrated in 

patient 10 with the air conditioning, although there was a suspicion that something 

was happening in patient 6 with the wall fan and the slight draught from the air 

conditioning in the adjacent bed space.  Finding that the air conditioning could affect 

brain temperature was unexpected.  It was facilitated by the high level of observation 

allowed by my continuous presence during each patient’s trial.  This meant that the 

unusual brain temperature pattern in patient 10 was noticed quite quickly and while it 

was still possible to investigate the reason. 

 

Air conditioning and fans 

Beds which had air conditioning ducts over them were in bed spaces 3 and 6 in the 

open ward and in rooms 1, 8 and 9.  The air conditioning in the open ward and in 

room 9 (the overflow bed) had both temperature and fan controls.  Generally the 

nurses did not alter the temperature but they did turn the fans on and off.  Turning the 

fans on without altering the temperature caused a noticeable draught without a 

change in temperature.  The air conditioning ducts, which could affect patients in the 

open ward, were sited over beds 3 and 6.  The ducts had fins along them which 

moved up and down when the fan was turned on, but the fins in bed 6 did not work 

which meant there was no noticeable draught.   Draught was therefore only felt in 

bed space 3 and room 9.  The two other single rooms, 1 and 8, were designed as 

isolation rooms and could be under either positive or negative pressure.  They had air 

conditioning ducts but no fins and for a noticeable draught to be caused the air 

conditioning temperature had to be drastically reduced.  Temperature was adjusted 

with dials marked -ve (anticlockwise) and +ve (clockwise).  These did not allow a 

particular temperature to be selected but turning anticlockwise made the room cooler 
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and turning clockwise made the room warmer.  These dials were not sited in the 

rooms and were therefore rarely altered. 

 

Once it was evident that brain cooling by convective heat loss through the skull was 

possible, further evidence was sought in patients in beds affected by the air 

conditioning fans, and the operational state of the air conditioning was recorded on 

the case report forms.  The effect of electric fans, both portable and wall mounted, 

causing a draught around patients’ heads was also observed.  Some of the patients 

were in the nasal airflow trial and some were not.  Air conditioning and the use of 

fans, though not usually trained specifically at the head, were part of normal 

intensive care practice and because brain temperature was also being measured in all 

patients requiring intracranial monitoring, whether in the trial or not, an 

observational audit of the effects of convection on brain temperature was undertaken. 

 

The air conditioning could change local ambient temperature if the nurses altered the 

temperature setting but in the data which follows this was only done in the case of 

patient 12.  The air conditioning fans caused a draught when they were on but did not 

in themselves change ambient temperature.  The electric fans caused a draught but 

did not change the temperature of the air.  Although the thermistors in the Camino 

catheters should not be affected by draughts or changes in air temperature this was 

tested by wrapping the catheters in several layers of clear polythene to insulate them.  

It was confirmed that they were not influenced by draughts even when these were 

cold. 

 

Patients and demographics 

Eight patients were observed for this audit of convective brain cooling.  Trial patients 

10, 12, 13, 14, 15 and non-trial (NT) patients NT1, NT2 and NT3.  Table 4.6 gives 

their demographic details (they are listed in order of data collection). 
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Table 4.6: Convective cooling: patient demographics  and type of injury 

Patient number Age Gender Injury 

10 37 Female Subarachnoid haemorrhage 

12 29 Male Trauma 

NT1 69 Male Intracranial haemorrhage 

13 20 Male Trauma 

14 49 Female Trauma 

NT2 34 Male Ischaemic stroke 

NT3 20 Male Trauma 

15 17 Female Trauma 

 

Results and discussion 

Three of the eight patients (15, NT2, NT3) were known to have brain temperature 

thermistors in parenchyma and, in all three, brain temperature was higher than 

oesophageal temperature.  Two patients (13, NT2) had their Camino catheters 

replaced as described earlier (section 4.3.2).  Data for the first three patients 

presented (10 Figure 4.9; 12 Figure 4.10; NT1 Figure 4.11A and B) includes the 

effect of air conditioning, but only for patient 12 was the temperature of the air 

conditioning altered.  Data in the other patients shows the effect of fans (Figures 4.13 

to 4.17).  Patient temperature scales on the figures in this section are in 0.5 °C 

increments. 

 

Patient 10 was the first patient in whom brain cooling by heat loss from the skull was 

definitely observed and this is shown in Figure 4.9.  The presence of a draught was 

noted on the case report form but no particular significance was attached to this until, 

over the next couple of hours, the patient’s brain temperature showed unusually large 

fluctuations, with little change in her oesophageal temperature.  When the air 

conditioning was checked the fan was found to be on and an experiment was 

conducted to find out if the draught from this was the cause of the temperature 

variability.  The patient’s head and Camino catheter were covered with a towel, 

leaving her face exposed, and very quickly her brain temperature rose, when the 
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towel was removed and the draught could reach her skull again her temperature fell 

equally quickly.  This experiment was repeated with exactly the same results.  The 

air conditioning fan was then turned off and her brain temperature rose.  Nasal 

airflow was restarted and did not affect her brain temperature, but when the air 

conditioning fan was turned on again her brain temperature fell again.  It was 

therefore assumed that this patient was exhibiting brain cooling as a result of 

convective heat loss through her skull. 

 

Figure 4.9: Patient 10, bed 3, brain and oesophagea l temperatures with 

air conditioning  
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Figure 4.10 (patient 12) shows the changes in ambient temperature caused by the air 

conditioning responding to the room thermostat being turned down.  The thermostat 

was turned down because the room was warm (>24 °C) and this patient had 

developed a temperature of over 39 °C, which was probably because of a worsening 

chest infection.  He had haemophilus influenzae in his sputum and his chest had 

become increasingly productive.  Figure 4.10 shows that his brain temperature 

reduced more than his oesophageal temperature when the air conditioning went on 

and when a portable fan was directed at his head.  The Camino catheter was insulated 
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with several layers of polythene, therefore the reductions in brain temperature were 

not because of changes in ambient temperature affecting the thermistor. 

 

Figure 4.10: Patient 12, room 1, brain and oesophag eal temperatures 

with air conditioning and head fanning  
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Figure 4.11A shows marked changes in brain temperature in patient NT1 when the 

air conditioning was turned on and off, without equivalent changes in axilla 

temperature.  The reductions when the air conditioning was on were greater once his 

head bandage was removed, which is logical.  Figure 4.11B shows that when the 

Camino catheter was insulated with polythene this patient’s brain temperature still 

reduced when the air conditioning was turned on.  It also demonstrates that a portable 

fan directed at his head reduced his brain temperature by about as much as the air 

conditioning.  The portable fan did not lower the ambient temperature and this, plus 

the rapidity with which the cooling happened, suggests that brain cooling was from 

convection. 
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Figure 4.11: Patient NT1, bed 3, brain and axilla t emperatures with air 

conditioning and head fanning  
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(B) Camino insulated
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Patient 13 had the wall fan turned on for two periods (Figure 4.12).  In the first his 

brain temperature reduced relative to his oesophageal temperature and in the second 

it did not.  However, in the second period he was being moved for a chest X-ray and 

the fan was not blowing on his head for all of the time.  Also, because of their 

position, the wall fans did not cause as much draught around patients’ heads as the 

air conditioning and the portable fans and therefore were likely to be less effective in 

causing convective cooling. 

 

Figure 4.12: Patient 13, bed 4, brain and oesophage al temperatures with 

a wall fan 
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Patient 14 had a portable fan directed at her head from above and behind with the 

result that some draught blew over her upper torso and arms (Figure 4.13).  She was 

only covered by a single sheet, with her arms exposed, and therefore it is possible 

that her trunk was also being cooled which may be why her oesophageal temperature 

reduced along with her brain temperature. 
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Figure 4.13: Patient 14, bed 5, brain and oesophage al temperatures with 

head fanning 
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The remaining patients (NT2, NT3, 15) had Camino catheters that were known to 

have been inserted deep enough for the temperature thermistors to be in parenchyma, 

because the external red mark was in the correct position. 

 

Figure 4.14 shows brain temperature measurements in patient NT2 with two different 

Camino catheters.  The first catheter was not inserted far enough and when this was 

realised it was changed for one which was correctly positioned.  With both Caminos 

the portable fan reduced his brain temperature relative to his axilla temperature.  His 

axilla temperature probe was repositioned because the temperature had reduced as a 

result of the probe slipping out of place.  After the probe was repositioned his axilla 

temperature was rather higher and completely stable.  This illustrates some of the 

problems with measuring core body temperature in the axilla.  It is also not an 

accurate reflection of core trunk temperature (Appendix II).  Despite these positional 

issues with the axilla probe, it is evident from Figure 4.14 that on both occasions 
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when the fan was turned on, with a correctly positioned and insulated Camino, this 

patient’s brain temperature reduced but his axilla temperature did not. 

 

Figure 4.14: Patient NT2, bed 4, brain and axilla t emperatures with head 

fanning showing the effect of two Camino positions 
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In patient NT3 (Figure 4.15) both brain and axilla temperatures reduced with head 

fanning.  However, in the two periods when the fan was off his brain temperature 

rose slightly (0.1 °C), whereas his axilla temperature continued to fall.  This patient 

was being treated with a cooling blanket from 1730 with a target temperature of 

37 °C and this continued throughout the time period shown in Figure 4.15. 

 

Patient 15’s brain temperature did not change with head fanning (Figure 4.16).  

However, it may be significant that her parenchymal temperature was 37.1 °C which 

is not high.  On the other hand, patients 10 and NT1 also had normal brain 

temperatures and still showed brain cooling, but the difference is that their 

thermistors were not definitely in parenchyma therefore their parenchymal brain 

temperature may have been higher. 
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Figure 4.15: Patient NT3, bed 5, brain and axilla t emperatures with head 

fanning  
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In healthy volunteers under conditions of hyperthermia (usually exercise induced) 

tympanic temperature was reduced by only modest amounts by face fanning (Chapter 

1).  Intracranial temperature was not reduced by face fanning in a boy with a pineal 

tumour under conditions of passive hyperthermia ([Shiraki et al., 1988] Chapter 3).  

Therefore finding instances of quite large intracranial temperature changes as a ‘spin 

off’ of the trial of nasal airflow was surprising.  The temperature changes were not so 

large or consistent in patients whose brain temperature was definitely being 

measured in parenchyma.  Confirmation of the consistency and magnitude of effect 

of head fanning in patients in a randomised controlled trial therefore seemed 

warranted and sensible before drawing any firm conclusions about heat loss through 

the skull. 
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Figure 4.16: Patient 15, bed 2, brain and oesophage al temperatures with 

head fanning  
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4.3.4.2 Conclusions: heat loss through the skull 

There is dramatic evidence of selective brain cooling by heat loss through the skull in 

patients whose Camino insertion depth is uncertain and who therefore may have had 

subdural rather than parenchymal thermistors.  In the three patients whose Caminos 

are known to have been inserted sufficiently deeply to be in parenchyma, only one 

(NT2) showed brain cooling without body temperature reduction, which might 

indicate that heat was being lost through the skull.  However, this patient’s body 

temperature was recorded in the axilla which is not ideal as a measure of core trunk 

temperature.  Nevertheless these data suggested that evidence for or against heat loss 

through the skull should be sought systematically in more patients. 

 

4.4 Conclusions 

Flowing air continuously through the upper respiratory tracts of intubated, brain-

injured patients, at rates commensurate with normal minute volume and at room 
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temperature and humidity, did not produce clinically relevant or statistically 

significant reductions in intracranial temperature measured at a distance from the 

nasopharynx.  There was no evidence of selective brain cooling.  However, some 

serendipitous observational evidence was found of brain cooling by heat loss through 

the skull which warranted further investigation.  As a result of the trial clinicians at 

the Western General Hospital recognised that temperature was a useful part of 

intracranial monitoring and the decision was taken to continue with it as part of 

normal care. 

 

When planning this trial it was considered a follow-on study might be necessary.  

The first trial was planned to obtain data with nasal airflow replicating normality but 

once that had been done the literature suggested there were a number of ways in 

which the conditions could be varied and the physiology manipulated to increase 

therapeutic effect.  Therefore a second study was designed with refinements intended 

to overcome some of the possible reasons for the neutral results of this trial and to 

investigate convective heat loss through the skull.  The overall aim remained to 

explore relatively simple and low-cost methods of reducing temperature.  This 

second study is reported in Chapter 5. 
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Chapter 5: Effect of enhanced upper respiratory tra ct 

airflow and head fanning on brain temperature: a 

randomised crossover factorial trial in intubated, 

brain-injured patients 

 

5.1 Introduction  

This trial was similar in many respects to the previous one (Chapter 4) and was 

planned as a follow on study, therefore the details of the background thinking and 

methods are not repeated here except where they differ.   The published paper [Harris 

et al., 2007] is in Appendix IV. 

 

5.1.1 Roles of researchers and funding 

The researchers’ roles and inputs were the same as for the previous trial except that 

this time I submitted the paper for publication.  Professor Murray suggested the 

factorial design.  The study was funded by Chest, Heart and Stroke Scotland. 

  

Submitting the paper for publication turned out to be a somewhat protracted exercise.  

A joint decision was taken to submit to journals with a high impact factor but the 

paper was turned down by the Journal of Applied Physiology and the Journal of 

Neurotrauma.  It was accepted after minor amendments by the British Journal of 

Anaesthesia, who had published the first trial. 

 

The Journal of Applied Physiology reviewers disagreed over selective brain cooling, 

and remained unreconciled, which is illustrative of the controversies surrounding this 

field of research but frustrating in terms of getting published!  In the final decision 

letter one reviewer said the authors 
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“… should remove the mentioning that there was no selective 
brain cooling as the whole work demonstrates the opposite.”  

Another that  

“The authors rightly say that selective brain cooling (as 
defined by the IUPS Thermal Commission) was not 
achieved, but they insist on maintaining that selective cooling 
of the brain (that is — greater cooling of the brain than of 
arterial blood) was achieved.” (Decision email 4.4.2006)    

 

The Journal of Neurotrauma reviewers were also not in agreement but we were not 

given the opportunity to respond.  One considered the study interventions too 

complex, the results not clinically relevant (the implication being that they did not 

induce hypothermia) and the limitations inadequately addressed.  The other that to 

our “credit” we had addressed the limitations and that: 

“… the findings reported here are potentially relevant to 
physicians caring for patients with various types of brain 
injury. The ideas worked out here are original and interesting. 
However, the number of patients included is very small and 
the group is rather heterogenous…” (Decision email 
26.7.2006). 

 

5.1.2 Information for staff 

Information for staff was continued as before.  I presented the results of the first trial 

and rationale for this one at various seminars for staff in the intensive care unit and 

the hospital.  Miss Lynne Myles again acted as independent advisor.  The 

pressure/temperature Camino catheter became part of standard care just before this 

trial started because the clinical benefit of measuring brain temperature was 

recognised. 

 

5.1.3 Background 

This trial was conceived as an extension of the first trial.  It was recognised from the 

outset of this PhD research that there were a number of ways in which the conditions 

could be varied and physiology manipulated to enhance heat loss from the upper 
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airways, but it was considered important to obtain data on replication of normality 

first.  Interpretation of the results of the first trial was complicated by the length of 

the trial, which allowed too much time for changes in temperature as a result of 

factors other than the nasal airflow to occur (Chapter 4).  Nevertheless, the results 

showed that airflow replicating normal breathing did not produce clinically relevant 

or statistically significant reductions in brain temperature (Mean 0.05 °C, SD 

0.36 °C, 95% CI -0.14 to 0.25 °C).  However, there was some incidental 

observational evidence of convective heat loss through the skull which warranted 

further investigation.   

 

As discussed in Chapter 4, it was thought that there might be reasons why the first 

trial was negative.  Some of these had the potential to be tackled in a second trial: 

• airflow rates were too low and temperature and humidity levels too high; 

• heat loss from the upper airways was impaired by increased sympathetic 

nervous system activity; 

• patients were normothermic or had fever rather than hyperthermia. 

Therefore this follow-on trial was planned using airflow with enhancements intended 

to overcome some of the possible reasons for the negative results in the first trial, and 

to investigate brain cooling through the skull.  

 

5.1.4 Aim and research questions 

The aim was to find out if it was possible to lower brain temperature and/or produce 

selective brain cooling, i.e. a decrease in brain temperature to below that of the trunk, 

in intubated, brain-injured patients by utilising mechanisms of heat loss from the 

upper airways and through the skull. 
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The objectives were to: 

• find out if some of the possible reasons for the negative results of the first trial 

of heat loss from the upper airways by nasal airflow could be overcome;   

• investigate heat loss through the skull with head fanning; 

• find out if heat loss from the upper airways and through the skull had a greater 

effect on brain temperature together than separately. 

 

Research Questions: 

In brain-injured, intubated patients, do enhanced nasal airflow and/or head fanning 

and/or enhanced nasal airflow and head fanning together produce 

i) a decrease in brain temperature? 

ii)  selective brain cooling? 

 

5.2 Methods 

5.2.1 Interventions 

There were three intervention schedules: nasal airflow with nitric oxide, head 

fanning and both together.  Prior to baseline a small warming pad was placed over 

one foot to maintain a foot skin temperature of 38–39 °C throughout the trial.  The 

interventions are explained in more detail here. 

 

5.2.1.1 Nasal airflow 

Airflow rate and humidity 

The first trial aimed to replicate normal nasal airflow but it was possible that higher 

flows of drier air would be more effective for brain cooling.  This time the airflow 

calculation was based on each patient’s actual ventilated minute volume.  Airflow 

was delivered at twice the minute volume, i.e. about twice the volume given in the 

first trial.  Thus, for example, a patient whose minute volume on the ventilator was 8 
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litres received 16 litres airflow, 8 litres through each nostril.  Such flow rates were 

judged to be feasible because, by comparison, healthy adult volunteers increase their 

minute volume with exercise to about 35 litres before switching from nasal to 

oronasal breathing [Niinimaa et al., 1980].   

 

The airflow was delivered with no added humidification and testing showed the 

average water content was 4.75 mg/L with method 1 and 3 mg/L with method 2 

(methods described below).  This was less than the water content of the air in the first 

trial which was around 9 mg/L.  Andersen and Molhave reported that no drying of 

the nasal mucous membrane was seen “even after 76 hours exposure to dry air, 8% 

relative humidity at 21 °C.” (p312); this was very dry air with a water content of only 

1.4 mg/L [Andersen and Molhave, 1982].  Importantly in the study patients, the air 

passed solely through the nose and mouth and not to the lungs and therefore posed no 

risk of increased sputum tenacity.    

 

Increased sympathetic nervous system activity 

Increased sympathetic nervous system activity was another factor that might have 

impaired heat loss from the upper airways in the first trial.  Increased sympathetic 

tone affects heat loss from the upper airways by affecting nasal mucosal blood flow 

and the angularis oculi and facial veins. 

 

Increased sympathetic tone and nasal mucosal blood flow 

Increased sympathetic tone causes nasal mucosal vasoconstriction and thus reduced 

nasal blood flow, which results in reduced nasal resistance and reduced heat loss to 

inspired air [Eccles, 1982;Cole, 1982b]. 

 

Nitric oxide is a vasodilator and increasing the levels of nasal nitric oxide has been 

shown to increase nasal vasodilation and nasal mucosal blood flow in humans and 

dogs [Runer and Lindberg, 1998;Djupesland et al., 2001].  Therefore 20 parts per 
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million (ppm) nitric oxide gas was given with the airflow to help overcome the 

vasoconstrictive effect of increased sympathetic tone locally in the nasal mucosa.  

 

Delivering nitric oxide gas through nasal cannulae was found to be safe at 25 ppm for 

24 hours in awake, self-ventilating patients with chronic obstructive pulmonary 

disease [Ashutosh et al., 2000].  Levels of nitric oxide are normally higher in the 

nasal airways compared to the lower airways [Djupesland et al., 2001] and levels 

increase further in the absence of airflow through the nose.  In the non-ventilated 

nasal cavity of healthy volunteers nitric oxide was found to increase up to 19 ppm 

after two minutes and 29 ppm after 5 minutes [Chatkin et al., 1999].  Similar levels 

have been measured in the sinuses of healthy volunteers [Lundberg et al., 1995].  

This suggests that intubated patients with no gas flow through their upper respiratory 

tracts may have levels of nitric oxide in their noses and sinuses comparable to those 

used in this study.  Therefore delivering 20 ppm nitric oxide gas with the airflow 

may not have increased the nitric oxide levels over and above those which would 

have been present with no nasal airflow.   

 

Twenty ppm nitric oxide is the usual starting dose for patients being treated with 

inhaled nitric oxide for hypoxic respiratory failure, to allow the effect to be assessed.  

It reacts with oxygen to form nitrogen dioxide, a component of urban air pollution, 

which is toxic to the lungs at higher levels.  Unacceptable levels of nitrogen dioxide 

formation do not usually occur in clinical use [Sokol et al., 2000], even with the high 

concentrations of oxygen which patients with hypoxic respiratory failure require.  

Nitric oxide was administered in air in this trial and nitrogen dioxide levels were 

continuously monitored according to intensive care standard practice.  Nitric oxide 

was to be discontinued if nitrogen dioxide levels rose above 1 ppm.   

 

Inhaled nitric oxide can combine with haemoglobin to form methaemoglobin but this 

is concentration (>40 ppm) and time dependent and less likely in adults than infants 

[Sokol et al., 2000;Ford et al., 2001].  Patients with methaemoglobin levels of >2%, 
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i.e. greater than normal physiological levels [Rehman, 2001], were excluded, which 

included those with hereditary methaemoglobinaemia, as were patients on other 

drugs associated with methaemoglobinaemia [Hoffman et al., 2000].  

Methaemoglobin levels of 10 to 20% may be associated with symptoms [Rehman, 

2001], therefore nitric oxide was to be stopped if levels rose to ≥2.5% after the first 

half hour.  After only half an hour exposure discontinuing the nitric oxide was likely 

to be all that was required to allow methaemoglobinaemia to rapidly reverse.  In rats 

returned to clean air after exposure to nitric oxide at 100 or 200 ppm for 1 hour 

methaemoglobin disappeared with a half-life of approximately 20 minutes [Maeda et 

al., 1987].  In vitro studies suggested that nitric oxide has platelet stabilising effects 

and might prolong bleeding times in patients.  However, a prospective placebo 

controlled trial of inhaled nitric oxide (30 ppm for 30 minutes) showed that nitric 

oxide does not influence bleeding time, platelet activity or skin perfusion [Albert et 

al., 1999].    

 

Increased sympathetic tone and the angularis oculi and facial veins 

Sympathetic stimulation dilates the facial veins and constricts the angularis oculi 

veins, thus blood cooled in the nose flows to the jugular veins rather than to the brain 

and selective brain cooling does not occur [Hirashita et al., 1992].  Conversely, 

compression of the facial veins increases blood flow to the brain through the 

angularis oculi veins and was found to attenuate the rate of rise in tympanic 

temperature in humans during induced body hyperthermia with face fanning 

[Nagasaka et al., 1990].  Therefore the facial veins were compressed with a 3 oz lead 

weight taped on each side of the patient’s nose to control flow direction.  I tested 

these weights on myself and found they produced a sensation of pressure but were 

not uncomfortable. 

 

Methods of delivering the nasal airflow and nitric oxide 

Two methods of delivering air with nitric oxide were devised with advice and help 

from Graham Percival, the intensive care unit nurse manager.  I tested both methods 
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on myself with 20 ppm nitric oxide and various flow rates up to 30 L/min, which was 

higher airflow than the patients would receive.  With flow rates of 30 L/min the 

airflow stung a little when it first started, at lower flows it was not uncomfortable as 

long as, with method 2, the tubing was prepared correctly (see below). 

 

Method 1 — Whispaflow and paediatric endotracheal tubes 

This method used a Whispaflow variable high flow generator (Vital Signs Inc, 

Totowa, NJ, USA) (Figure 5.1) set to give the requisite amount of airflow using a 

Wright’s respirometer.  These flow generators are normally used for continuous 

positive airway pressure therapy and can provide flows of up to 150 L/min.  The air 

was delivered to the patient through ventilator tubing connected to a double lumen 

endotracheal tube connector, with two paediatric (uncuffed) endotracheal tubes cut 

obliquely to a suitable length to sit in the patient’s nostrils and lubricated for 

insertion.  Nitric oxide was delivered through a connector between the Whispaflow 

and the ventilator tubing and the nitric oxide analyser was inserted just before the 

endotracheal tube connector. 

 

Figure 5.1: Whispaflow variable high flow generator  

 

Drawing: CPAP System User Manual, Respironics Novametrix, Walllingford CT, USA 

 



Heat loss from upper airways and through skull: studies of direct brain cooling in humans 
 

Chapter 5: Effect of enhanced upper respiratory tract airflow and head fanning on brain 
temperature: a randomised crossover factorial trial in intubated, brain-injured patients 
 

249 

Method 2 — double airflow meter and oxygen tubing 

The air was delivered from a compressed air port, via a double flow meter, through 

green bubble oxygen tubing in each nostril.  The nitric oxide delivery system and 

nitric oxide analyser were attached into the oxygen tubing by Y connectors (Figure 

5.2).  The system was tested by Ron Harvey, the anaesthetic technician, and found to 

be capable of taking airflow of 50 L/min.  I experimented to find the best method of 

preparing the oxygen tubing for insertion into the nostrils.  The most comfortable and 

practical method was to cut the tubing at an oblique angle just beyond a bubble, in 

order that the narrower part of the tubing could sit in the nostril and the wider part 

behind help to occlude the nostril and prevent backflow.  The cut end was rounded 

off so it was not sharp and a hole was cut on the top of the tubing just back from the 

end, because having two holes for airflow was found to be more comfortable.  

Lubricating jelly was used for insertion. 

 

Figure 5.2: Air and nitric oxide delivery system us ing compressed air 

through double airflow meter and oxygen tubing  

Not drawn to scale 

 

 

Nitric oxide analyser 

Nitric oxide in 

Double airflow meter 

from compressed air 

Nostrils 
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5.2.1.2 Head fanning 

Head fanning was delivered by portable electric fans (CED Ltd, Dagenham, UK), set 

on maximum speed (3–4 m/s).  A fan was directed at each side of the head, placed  

3–4 feet away at a slightly oblique angle so that the fans were not directly opposed 

but pointing a little towards the crown of the head and away from the torso.  Use of 

bilateral head fanning was intended to maximise convective heat loss, by doubling 

the airflow and by creating turbulence around the head, and to reduce lateral 

intracranial temperature gradients (Chapter 3). 

 

These fans were used as part of normal care in the intensive care unit, although prior 

to the trial they were used for whole body cooling and set to oscillate up and down 

patients’ bodies rather than being trained at the head. 

 

It was usual nursing practice to cover patients by a sheet alone unless their 

temperature was too low in which case a blanket(s) would also be used.  In the trial, 

patients were covered from the neck down in a sheet with a blanket or towels over 

their upper torso and arms, to prevent draught from the fans inducing heat loss from 

the body.  Head bandages were not used in the patients in this trial.  Hair was shaved 

only in the vicinity of wounds and wounds were covered with a dressing, as small as 

practically possible.   

 

5.2.1.3 Foot warming 

Although there was some evidence that brain cooling by heat loss from the upper 

airways and through the skull could occur in normothermia and fever as well as in 

hyperthermia (Chapter 1), it nevertheless seemed sensible to address the issue that 

patients might be normothermic or feverish rather than hyperthermic.   The use of 

foot warming as a trial intervention was conceived of for this purpose.   
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Increased temperature is common after brain injury, most likely because of fever and 

feverish patients have an elevated set-point which they will defend (Chapters 1 and 

2).  In addition, increased sympathetic nervous system activity in brain-injured 

patients, and noradrenaline therapy if used, would be likely to cause peripheral 

vasoconstriction and therefore coolness, which would mean that higher temperatures 

in the preoptic region would be required before heat loss responses occurred 

[Boulant, 1997].  Peripheral warming appears to shift the set-point in the preoptic 

region of the brain to a lower temperature, which means that heat loss responses 

occur at lower preoptic temperatures [Boulant, 1997].  Warming of too large an area 

would be counterproductive as this could induce hyperthermia but it appeared that 

warming one foot might be of benefit.   

 

The other purpose of foot warming in this trial was to help to overcome the effects of 

increased sympathetic tone on the nasal mucosa.  Skin warming decreases 

sympathetic activity in the nose, mediated by the hypothalamus, which results in 

nasal mucosal vasodilation and an increase in nasal blood flow and heat loss from the 

upper airways [Assanasen et al., 1999;Cole, 1982a].  

 

In the presence of increased sympathetic tone and particularly with added 

noradrenaline, simply wrapping the extremities does not have much effect on skin 

temperature.  Therefore foot warming was achieved using an electric warming pad 

(Winterwarm, Aston, Birmingham, UK) over one foot, set on maximum to achieve a 

foot skin temperature of 38–39 °C.  This pad was in clinical use and was tested by 

me and at that setting found to be comfortably warm.  Placing the pad over rather 

than under the foot was considered safer because pressure in combination with 

warming increases the risk of burns as does setting the temperature as high as 40–

42 °C in anaesthetised patients [Sessler, 2001].  Assanasen used a water bath at 

42 °C in healthy volunteers [Assanasen et al., 1999].  Cole warmed the skin of the 

back in volunteers with an electric fire which increased finger blood flow; when 

finger temperature was 33–34 °C nasal mucosal blood flow and nasal expiratory 

temperature increased [Cole, 1982a].  In the trial patients, who were unconscious and 
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on anaesthetic and sedative drugs, aiming for a foot skin temperature of 38-39 °C 

was considered to be safe, but skin temperature on the warmed foot was continuously 

monitored and the skin checked to ensure there were no problems. 

 

Foot warming had to be applied throughout the trial because peripheral warming has 

systemic effects in addition to local effects on the nasal mucosa.  By potentially 

lowering the set-point it can cause all heat loss mechanisms to be activated at a lower 

central temperature than they would be without it.  Thus if foot warming was used 

with enhanced nasal airflow and not with head fanning it would have meant that the 

conditions were not the same for all the interventions.  Foot warming was therefore 

treated as a ‘constant’ and was put in place before the baseline period started and 

continued throughout the whole of each patient’s trial.   

 

5.2.1.4 Summary of interventions 

In summary therefore, the interventions were: 

• enhanced nasal airflow i.e. airflow at twice each patient’s ventilated minute 

volume with 20 ppm nitric oxide, water content of approximately 3 mg/L, and 

compression (weights) over the facial veins.  The aim of the enhancements was 

to increase heat loss to the airflow, to attenuate the effects of increased 

sympathetic tone on nasal mucosal blood flow and to control the direction of 

flow in the facial veins; 

• bilateral head fanning at a total speed of approximately 8 m/s; 

• foot warming to a skin temperature of 38–39 °C to vasodilate the nasal mucosa 

and systemically trigger heat loss responses at lower temperatures. 

The effect of these interventions on brain temperature was investigated separately 

and together.  It was thought there could be an increased effect with both 

interventions together if brain cooling by heat loss from the upper airways and heat 

loss through the skull via emissary veins were complementary mechanisms (Chapter 

1). 
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5.2.2 Patient selection criteria 

The trial was conducted in brain-injured, intubated patients admitted to the 8 bed 

neurological and general intensive care unit at the Western General Hospital in 

Edinburgh.  The considerations regarding the population, the sample and the 

representativeness of the patients were the same as in the first trial (Chapter 4). 

 

5.2.2.1 Inclusion and exclusion criteria 

Patients with a brain injury from trauma or haemorrhage were screened for inclusion. 

Inclusion criteria: 

• intubated and ventilated; 

• intracranial pressure/temperature monitor clinically indicated. 

 

Exclusion criteria: 

• patient not expected to survive, in the opinion of the intensive care Consultant or 

Consultant Neurologist; 

• clinically suspected or radiologically proven base of skull fracture, or facial 

fractures in a position which, in the opinion of a Consultant Neuroradiologist, 

might constitute a danger with nasal airflow; 

• disorder of temperature regulation (for example malignant hyperthermia); 

• seizures, cerebral neoplasm, cerebral abscess, meningitis, encephalitis, 

penetrating brain injury; 

• recent surgery, history of bleeding or varices/haemorrhoids involving both 

oesophagus and rectum; 

• methaemoglobin levels >2%; 

• patients on drugs associated with methaemoglobinaemia (for example sodium 

nitroprusside, glyceryl trinitrate, sulphonamides, metoclopramide); 
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• deranged clotting, low platelets or aspirin ingestion; 

• pregnancy; 

• age <18 years (because sinuses not fully developed and these may be involved 

in the cooling mechanisms); 

• patient or next of kin has an inadequate command of English and a suitable 

interpreter is not available. 

Hypothermia was not an explicit exclusion criterion but patients’ body temperatures 

were required to be ≥36.5 °C before they started the trial.  There was a specific 

question about this on the case report form.   

 

5.2.3 Methods of patient evaluation 

As with the previous trial this was a phase II explanatory trial and therefore detailed 

data collection was undertaken, including a careful record of the intensive care these 

patients received and their responses to it.  This was for safety reasons and also 

because it was difficult to completely anticipate what would be relevant in exploring 

and explaining the effects of nasal airflow. 

 

5.2.3.1 Baseline assessment, patient characteristics and history 

The following data were recorded: date of birth, gender, date of injury, Glasgow 

coma score at scene (if known) or on admission, type of brain injury, grade of 

subarachnoid haemorrhage (World Federation of Neurosurgical Societies [Teasdale 

et al., 1988]), computerised tomography scan results (Fisher scale [Fisher et al., 

1980]), inclusion and exclusion criteria, weight, other medical history.  Baseline 

measurements, over half an hour, of brain and core trunk temperature, intervening 

and secondary variables, collected electronically (when possible) and manually. 

 

Baseline recordings of the temperature and humidity of the airflow and the 

temperature and humidity of air in the bed space were also made for each patient. 
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5.2.3.2 Primary variable: temperatures 

The principal criteria of response to airflow were brain temperature measured in a 

frontal lobe and core trunk temperature measured in the oesophagus (or rectum if the 

oesophagus was contraindicated). 

 

Frontal lobe brain temperature 

Intracranial temperature was measured with a Camino intracranial 

pressure/temperature monitor (Integra NeuroCare, Andover, Hants) which was part 

of standard care.  This was sited in a frontal lobe just lateral of the midline in front of 

the coronal suture with the thermistor 1 cm into parenchyma.  The stated accuracy 

was ±0.3 °C (over 30–40 °C), resolution 0.1 °C. 

 

Core trunk temperature  

Core trunk temperature was measured in the oesophagus using an oesophageal 

stethoscope (Sims Graseby Ltd, Watford, Herts, UK), with the thermistor sited 

behind the heart, determined by the position of maximum heart sounds [Lees et al., 

1979].  If oesophageal temperature was contraindicated rectal temperature was 

measured with the probe (Sims Graseby Ltd) sited 10 cm into the rectum (Appendix 

II).  The stated accuracy of the probes was ±0.2 °C (over 5–45 °C), resolution 0.1 °C. 

 

5.2.3.2 Secondary variables: factors affected by temperature 

Data were also collected on factors which could be affected by temperature: 

• neurological parameters, for example intracranial pressure, cerebral perfusion 

pressure, pupil responses, Glasgow coma score (if appropriate), jugular venous 

saturations (if measured); 

• haemodynamic parameters for example heart rate. 
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5.2.3.3 Intervening variables: factors affecting temperature   

  independently of airflow 

Data were collected on factors which could affect temperature independently of the 

trial interventions: 

• anaesthetic agents given in theatre and subsequently, for example propofol and 

thiopentone; 

• sedatives, analgesics and other drugs with potential to affect temperature, for 

example midazolam, alfentanil, morphine, paracetamol, nimodipine; 

• sympathomimetic drugs, for example adrenaline and noradrenaline.  

 

5.2.4 Trial design 

The study was a randomised, crossover, factorial trial of the effect of enhanced 

airflow and head fanning on brain temperature and selective brain cooling.  It had a 

primary biological assessment parameter (temperature), and was not designed to 

show whether the interventions made a difference to patient outcome. 

 

5.2.4.1 Crossover factorial design 

Two factors were tested: enhanced airflow and head fanning.  There were therefore 

four possible combinations of the two levels from the two factors: 

• nasal airflow and nitric oxide alone; 

• head fanning alone; 

• nasal airflow and nitric oxide plus head fanning; 

• no intervention. 

 

Following a half hour baseline, each patient received all four interventions in a 

randomised order.  Each intervention was delivered for half an hour and all were 
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followed by a half hour washout, the end of which was the baseline for the following 

intervention.  This gave a trial length of 4½ hours (Figure 5.3). 

 

Figure 5.3: Trial design 

Half hour baseline 

↓ 

Randomise to intervention order (the following is just an example) 

↓ 

     Periods 

 

   1  2  3  4 

 

Patient 1  A (1 hour) B (1 hour) C (1 hour) D (1 hour) 

 

Patient 2  B  C  D  A 

 

Patient 3  C  D  A  B 

 

Patient 4  D  A  B  C 

 

Etc. 

 

A = half hour of nasal airflow followed by half hour washout = 1 hour 

B = half hour of head fanning followed by half hour washout = 1 hour 

C = half hour of nasal airflow plus head fanning followed by half hour washout = 1 hour 

D = half hour of no intervention followed by half hour washout = 1 hour. 

 

The crossover design removed between-patient variation but was not ideal for 

patients with unstable conditions.  Patient instability, particularly regarding 

temperature, was a problem in the first trial (Chapter 4) and to minimise it in this trial 

a judgement was made to keep the time on each intervention and the washout periods 

as short as possible, while still allowing enough time for interventions to work. 
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A factorial design was possible because, so far as was known, the brain cooling 

mechanisms of heat loss through the upper airways (as a result of nasal airflow) and 

heat loss through the skull (as a result of head fanning), were independent in action.  

However, it was thought that together they could have an additive effect on brain 

temperature and that brain temperature might be lower with the two mechanisms 

working together than with either on their own; the factorial design allowed this to be 

tested. 

 

It was considered that half an hour for each intervention was long enough for them to 

have an effect.  Data from the first trial indicated head fanning had an effect within 

half an hour and data in Mariak et al indicated that breathing through the nose took 

5–18 minutes to show an effect [Mariak et al., 1999].  There could be carry-over 

effects from one intervention to another, which is why washout periods were 

necessary, but the decision to make these 30 minutes was a matter of judgement and 

pragmatism rather than exact science.   

 

5.2.4.2 Blinding 

It was not practical to double or single blind this study, although it may in effect have 

been single blind given that the patients were sedated and unconscious. 

 

5.2.5 Registration and randomisation of patients 

A screening log was kept which included every patient with a brain injury admitted 

to intensive care.  The patients excluded from the trial, the reasons for exclusion and 

those eligible and randomised were recorded. 

 

The randomisation was undertaken by Professor Murray using random number 

tables.  The results were placed in sealed, opaque envelopes and held in the locked 

controlled drug cupboard on the intensive care unit.   The envelopes were released to 

me one at a time as needed and I opened each patient’s envelope during the baseline 
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data collection period.  This meant I was blind to the results of the randomisation 

until the last possible moment. 

 

5.2.6 Ethics and safety 

5.2.6.1 Ethical issues and permission 

Specific ethical issues were: 

• inability to obtain patient consent because the patients were incapacitated — the 

patients in the trial were certified as incapacitated by Consultant in charge of 

their intensive care; 

• having to obtain assent from patients’ next of kin at a time of great stress; 

• the research conveyed no benefit on the patients in the study, although if the 

interventions did reduce brain temperature this might improve the treatment of 

brain-injured patients in the future. 

 

The Multi-Centre Research Ethics Committee for Scotland reviewed the study and 

gave ethical permission.  The study also had management approval from Lothian 

University Hospitals NHS Trust.  

 

5.2.6.2 Safety considerations 

Provided the exclusion criteria were adhered to it was not anticipated that the study 

would cause harm to patients.  The trial took place in an intensive care unit where 

patients were closely monitored as part of their usual care.  In addition to the medical 

and nursing staff I was present throughout each patient’s trial and observing them for 

problems which could be attributable to the interventions.  The patients had impaired 

consciousness and as part of their usual care received continuous infusions of 

analgesics and sedatives titrated to maintain comfort and a suitable level of sedation 

for their condition.   
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No adverse effects of nasal airflow were observed in the first study.  It was not 

thought that problems would be caused by administering higher rates of drier air, 

with 20 ppm nitric oxide, for two separate half hour periods to the upper respiratory 

tract only.  As explained above, the level of nitric oxide in the patients’ noses and 

sinuses was probably not increased above that which could accrue with endotracheal 

intubation and no airflow through the nose.  Nitric oxide would have been stopped if 

nitrogen dioxide or methaemoglobin were unduly increased.  

 

It was possible some of the nasal air could enter the stomach, although that had not 

happened in the first trial with lower flow rates.  Before starting the airflow the 

nostrils and nasopharynx were suctioned and the endotracheal cuff pressure checked 

to be 20 cm H20.  After half an hour of nasal airflow, sooner if there appeared to be a 

problem, the orogastric tube was aspirated and any air removed, this was done 

periodically during airflow interventions. 

 

There was a potential risk of oesophageal or rectal bleeding, perforation or erosion 

by temperature probes.  When there was a contraindication to oesophageal 

temperature monitoring rectal temperature was used. 

 

It was not expected that patients or their relatives would be upset by being 

interviewed at 6 months post injury to assess their Glasgow outcome scale, but as for 

the first trial they would have been asked if they wanted to stop the interview and be 

referred for further help. 

 

5.2.7 Informed consent 

The process for obtaining informed consent was the same as for the first trial (Chapter 4). 

 

5.2.8 Size of study 

In these patients a brain temperature reduction of around 0.5 °C would generally be 

considered relevant clinically; the higher the patient’s temperature the more likely it 
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would be that even a small reduction would be beneficial.   Mariak et al observed a 

reduction in brain temperature of this order [Mariak et al., 1999].  There were no 

adequately controlled data available on heat loss through the skull in humans on 

which to base a power calculation and no data on the effect of enhanced airflow on 

brain temperature.  Therefore Professor Murray provided the power calculation in 

terms of the unknown standard deviation.  This indicated that with the crossover 

design a sample size of 15 patients would give 80% power to detect a treatment 

effect of 0.78 of the within patient SD at the 5% significance level.  On the basis of 

data from the previous trial it was expected that a temperature change of at least 

0.12 °C (i.e. 78% of 0.16 °C) would be detectable. 

 

The crossover design halved the number of patients needed to achieve a given power 

and the factorial design made the trial more efficient, because no more patients were 

required to test four interventions than were required to test only two interventions 

(airflow and no airflow) in the first trial. 

 

5.2.9 Data collection  

The study forms were designed by me and data collection was as for the first trial 

(Chapter 4).  WardWatcher was more reliable during this second trial.  Again, my 

being prepared to conduct trials at short notice and at any time helped with 

recruitment, although during this trial I did take a weekend off and unfortunately a 

suitable patient was missed as a result. 

  

5.2.10 Analysis and data handling 

5.2.10.1 Analysis 

The analysis plan was pre-specified and data were analysed taking account of the 

factorial structure of the four interventions.   

 

The primary single summary measure which was used in analysis was a within-

patient comparison of each patient’s mean brain temperature, and mean oesophageal 
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temperature to look for selective brain cooling, for the last 5 minutes of each 

intervention with the last 5 minutes of the preceding washout period (or baseline 

when this preceded the intervention).  The results of the differences between these 

temperatures for each intervention were then compared within each patient with the 

differences for every other intervention combination, using three-way univariate 

analysis of variance, with nasal airflow and fanning as controlled (fixed) effects and 

the sampled patients as an uncontrolled (random) effect, representative of the 

variation in the population. 

 

Like a t-test, analysis of variance assesses whether or not there is a relationship 

between an independent and dependent variable, such as a cooling intervention and 

temperature.  With two groups, each given a different cooling intervention, analysis 

of variance will give the same results as a t-test.  However, if there are more than two 

groups, as in this trial, a t-test is not appropriate because of the problems of multiple 

testing.  Analysis of variance avoids this difficulty by calculating a single test for 

significance between the interventions or factors (nasal airflow and fanning) as a 

whole on temperature, in order to determine whether the null hypothesis can be 

rejected or not.  Multifactor (in this case airflow, fanning and patients) analysis of 

variance tests for main effects and interactions between the factors.  Thus all the 24 

temperature differences with nasal airflow (12 with and 12 without fanning) were 

included in the significance test for the main effects of airflow and all the 24 

temperature differences with fanning (12 with and 12 without airflow) were included 

in the significance test for the main effects of fanning.  The test for interaction 

assessed whether the effect of one factor was consistent for every level of the other.  

If there was no statistically significant interaction between airflow and fanning for 

brain temperature or oesophageal temperature this, conversely, would mean that 

these interventions did have a statistically significant additive effect on these 

temperatures. 

 

Secondary analysis compared each patient’s mean brain and mean oesophageal 

temperature for: 
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i) the whole of each intervention with the whole of the preceding washout 

period, and  

ii)  the last 5 minutes of the preceding washout period with the mean of 5 

minutes around the lowest brain temperature after the first 10 minutes of each 

intervention. 

 Again, the results of these differences were compared within each patient with the 

differences for every other intervention by analysis of variance. 

 

The reason for including the means in ii) was because Mariak et al found that it took 

5–18 minutes for brain temperature to decrease after extubation [Mariak et al., 1999].  

The graphs in their paper show that after the initial decrease in brain temperature 

there was usually a slight rise, although not back to pre-extubation levels, and that 

this occurred quite quickly, within half an hour of extubation.  Therefore, if the mean 

around the lowest temperature was not included in the analysis plan an intervention 

effect might be missed, or the largest intervention effect might be missed.  The 

primary analysis would detect temperature changes which were sustained for longer.  

With head fanning, observational data from the first trial suggested that temperature 

continued to decrease over at least half an hour and that therefore the mean of the last 

5 minutes was appropriate. 

 

5.2.10.2 Data handling 

Microsoft Excel (part of Microsoft Professional Edition, Microsoft, 2003) and SPSS 

(SPSS version 12.0, SPSS Inc., Chicago, IL) were used for organising and analysing 

the data.  Patient data were anonymised for analysis and reporting.  Data cleaning 

was limited to known anomalies in oesophageal temperature as for the first trial 

(Chapter 4).  No patients had missing electronic data.  The electronic and manually 

collected data were summarised for analysis into an amalgamated database with a 

single row per patient by averaging the data as described above. 
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5.3 Results and discussion 

5.3.1 Recruitment and demographics 

Table 5.1 shows the flow of participants through the trial and Table 5.2 the reasons 

for excluding patients who met the eligibility criteria.  Towards the end of the trial 

there was a change in neurosurgical practice which resulted in a number of patients 

being woken and extubated, or having their brain temperature monitoring removed, 

earlier than previously.  This meant there was insufficient time to gain assent and 

conduct the trial which impacted adversely on recruitment (Table 5.2).  

 

Table 5.1: Flow of participants through the trial 

 

 

 

 

Assessed for eligibility n=95 

Excluded n=83; 
did not meet 
inclusion criteria 
n=54, see Table 
5.2 for other 
reasons n=29 

Randomised n=12 

Allocated to interventions n=12 

Analysed n=12 

Lost to follow up n=1 



Heat loss from upper airways and through skull: studies of direct brain cooling in humans 
 

Chapter 5: Effect of enhanced upper respiratory tract airflow and head fanning on brain 
temperature: a randomised crossover factorial trial in intubated, brain-injured patients 
 

265 

Table 5.2: Reasons for exclusion of patients who me t eligibility criteria 

Reasons Number of pts 

Exclusion criteria  
Not expected to survive  
(all except one died soon after admission) 

6 

Fractured base of skull 7 

Under 18 years 1 

Lack of assent  

Next of kin refused assent 3 
Next of kin incapable of giving assent  
(one was in Poland and did not speak English; the other had a drug 
problem which impaired understanding) 

2 

Other reasons  

Patient woken or Camino catheter removed too soon after 
admission to gain assent and have time to conduct trial 

6 

Brain thermistor faulty (the pressure monitor was working so a 
change of Camino catheter was considered unnecessary clinically) 

2 

Assent obtained but patient not randomised — became very 
hypertensive and had unsecured aneurysm so start of trial delayed 
while blood pressure was brought under control, but as soon as 
hypertension was controlled the patient was woken up for 
extubation and no longer eligible 

1 

Nurse researcher away 1 

Total 29 

 

Table 5.3 shows the patient demographics and type of injury.  Patients were aged  

20–67 years, six were male, six female, eight had traumatic brain injury and four 

haemorrhage.    

 

The primary aim of this trial was to find out if the interventions affected brain 

temperature but the longer term aim of the research programme was to find a simple, 

low-cost means of reducing brain temperature.  During the trial the cost of using 

nitric oxide increased considerably from a negligible amount to around £50 per hour 

which meant that enhanced nasal airflow was no longer an inexpensive intervention.  

It also became clear that it was not simple to administer high airflows (see problems 
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with nasal airflow, section 5.3.8.2).  For these reasons Professor Andrews and I took 

the decision that continuing the trial to obtain 15 patients was no longer justifiable, 

therefore recruitment was stopped after 12 patients.   

 

Table 5.3: Patient demographics and type of injury 

SAH = subarachnoid haemorrhage; ICH = intracranial haemorrhage 

Patient 
number 

Age Gender Injury and Glasgow Coma Score 
(GCS) at scene or on admission to 
hospital (O/A) 

16 20 M Trauma, GCS 15 

17 53 F SAH, GCS 13 

18 34 F SAH, GCS 3 

19 26 F Trauma, GCS 3 

20 25 M Trauma, GCS 13 O/A 

21 59 M Trauma, GCS 3 

22 67 F Trauma, GCS 5 

23 34 F ICH, GCS 8 

24 38 M Trauma, GCS 5 

25 43 M ICH, GCS 6 

26 67 F Trauma, GCS 8 O/A 

27 52 M Trauma, GCS 12 O/A 

 

 

All the recruited patients were intubated, mechanically ventilated, assessed clinically 

and had intracranial pressure and temperature monitoring.  They received the usual 

intensive medical and nursing care according to need as detailed in Chapter 4. 
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5.3.2 Delivery of nasal airflow 

Before presenting the results the methods of nasal airflow delivery are discussed.  

The first method (Whispaflow) was used in the first four patients.  In the remaining 

patients the second method was used (double airflow meter and oxygen tubing).   

Changing the nasal airflow system after four patients was a result of unforeseen 

problems.   

 

An airflow delivery system had to be devised for this trial which would cope with the 

volume of air and allow the nitric oxide to be added in safely.  The first method was 

an adaptation of our usual clinical method of adding nitric oxide into a ventilator 

circuit and worked well in pre-trial testing on me.  However, this system did not 

work well in the trial itself as it proved hard to get the air to flow consistently 

through the upper airways.  This was possibly because the patients were sedated, 

three of the first four were also on atracurium, which will have relaxed their 

nasopharynxes and probably produced greater resistance to the airflow.  This seems 

to have adversely affected the Whispaflow system in some way.  Because of this 

problem the second method of airflow delivery was devised using a double flow 

meter and oxygen tubing.  This again worked well on me and proved to be more 

satisfactory in the patients also, but it still became apparent that giving high nasal air 

flows in this patient group was not simple (see problems with nasal airflow, section 

5.3.8.2). 

 

5.3.3 Effect of enhanced nasal airflow and head fan ning on 

temperature 

The primary single summary outcome measure was a within-patient comparison of 

each patient’s mean brain temperature for the last 5 minutes of each intervention with 

the last 5 minutes of the preceding washout.  Figure 5.4 shows the brain temperature 

differences with each intervention for each patient.  Temperature differences above 

zero are increases in brain temperature with interventions, those below are 

reductions.  The interventions are shown in non-randomised order for comparative 
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purposes and an overall downward trend from no intervention (on the left) to airflow 

plus fanning (on the right) is evident.  The greatest reductions occurred with 

enhanced nasal airflow and head fanning together.   

 

Figure 5.4: Mean brain temperature over the last 5 minutes of each 

intervention minus the mean over the last 5 minutes  of previous 

washout 

Note: the interventions were delivered in random order, not the order shown here to illustrate 

temperature differences 
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The formal analysis (Table 5.4) showed that enhanced nasal airflow and head 

fanning reduced both brain and oesophageal temperatures and that these results were 

statistically significant.  Nasal airflow and head fanning together had a greater effect 

than either intervention on their own.  Univariate analysis of variance with nasal 

airflow, head fanning and subject as main effects showed no evidence of an 

interaction between nasal airflow and head fanning for brain (p=0.60) or oesophageal 

temperature (p=0.64) in the last 5 minutes of washouts and interventions, therefore 

interaction between them was omitted from the models.  The lack of a statistically 

significant interaction between them means that the data support the effects of the 
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two interventions being additive, as is shown with the estimate of combined effect 

(Table 5.4).  The observed reductions (as opposed to those estimated with analysis of 

variance) in mean brain temperature and mean oesophageal temperatures with nasal 

airflow plus head fanning were 0.31 °C and 0.24 °C respectively.  

 

Table 5.4:  Mean temperature reductions (°C) calcul ated from the last 5 

minutes of each washout minus the last 5 minutes of  the following 

intervention  

 Brain temperature reductions Oesophageal temperature reductions* 

Nasal 
airflow 

0.15 

(p=0.001, 95% CI 0.06 to 0.23)  

0.13  

(p=0.005, 95% CI 0.04 to 0.21) 

 

Head 
fanning 

0.26 

(p=<0.001, 95% CI 0.17 to 0.34) 

0.19  

(p=<0.001, 95% CI 0.11 to 0.28) 

 

Estimate of 
combined 
effect of  
airflow 
plus head 
fanning 

0.41 

(0.15 + 0.26) 

 

0.32 

(0.13 + 0.19) 

*Patient 22 had a history of oesophageal varices and therefore had rectal temperature monitoring 

 

Table 5.5 shows the results of the first part of the secondary pre-specified analysis.  

Nasal airflow and head fanning reduced both brain and oesophageal temperatures 

over 30 minutes compared to the 30 minutes of the previous washout and, apart from 

brain temperature with nasal airflow, these results are statistically significant.  Nasal 

airflow and head fanning together had a greater effect than either intervention on 

their own.  Univariate analysis of variance with nasal airflow, head fanning and 

subject as main effects showed that there was no interaction between nasal airflow 

and head fanning for brain (p=0.7) or oesophageal temperature (p=0.8) over 30 

minutes of washouts and interventions, therefore interaction between them was 

omitted from the models. 
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Table 5.5:  Mean temperature reductions (°C) calcul ated from the whole 

of each washout minus the following intervention 

 Brain temperature reductions Oesophageal temperature reductions* 

Nasal 
airflow 

0.08 

(p=0.07, 95% CI -0.01 to 0.16) 

0.08  

(p=0.02, 95% CI 0.01 to 0.15) 

 

Head 
fanning 

0.17  

(p=<0.001, 95% CI 0.09 to 0.26) 

 

0.14 

(p=<0.001, 95% CI 0.08 to 0.21) 

 

Estimate of 
combined 
effect of  
airflow 
plus head 
fanning 

0.25 

(0.08+0.17) 

 

0.22 

(0.08+0.14) 

*Patient 22 had a history of oesophageal varices and therefore had rectal temperature monitoring 

 

The secondary analysis was planned to also compare the last 5 minutes of the 

preceding washout period with the mean of 5 minutes around the lowest brain 

temperature after the first 10 minutes of each intervention.  However, the lowest 

mean brain temperature for an intervention was over the last 5 minutes in all but 

three patients (17, 18, 27), in whom the differences between the lowest mean and the 

mean over the last 5 minutes were small (≤0.1 °C), therefore it was considered 

unnecessary to run this analysis.  In these three patients brain temperature was 

increasing throughout the trial and, apart from non-response to airflow in patient 17, 

the effect of the interventions was to attenuate this with the underlying rise 

continuing in the absence of an intervention. 

 

In summary, the primary analysis shows that mean brain temperature was reduced 

with enhanced nasal airflow and with head fanning and that the effect was additive.  

The overall positive results with nasal airflow in this trial suggest that the 
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enhancements (higher, drier flow; nitric oxide; weights on the facial veins; foot 

warming) were effective but it is not possible to quantify their individual 

contributions.  The patients were receiving air through their noses alone and steps 

were taken to overcome the effect of increased sympathetic tone on the nasal 

mucosal blood flow and facial and angularis veins because this can reduce heat loss 

from the upper airways.  Apart from foot warming, which may have triggered heat 

loss responses at lower temperatures, nothing was done to enhance heat loss through 

the skull with head fanning.  None of the patients received paracetamol during the 

trial. 

 

5.3.4 Selective brain cooling 

Mean brain temperature overall (38 °C, SD 0.6) was higher than mean core body 

temperature (37.67 °C, SD 0.56).  However, as has been shown in other studies 

(Chapter 2), there was a large between-patient range in the difference between brain 

and body temperature, -0.2–1.4 °C, and even within patients the difference ranged 

from 0.3–1.0 °C.  Brain temperature was consistently higher than oesophageal 

temperature in nine patients, generally lower or the same in one patient and in the 

other two the relationship varied.   

 

There was no evidence of brain temperature reducing below trunk temperature in 

response to cooling interventions, with the exception of patient 22 who had rectal 

temperature monitoring.  However, overall there was a greater reduction in brain 

temperature compared to body temperature with the interventions (Table 5.4), which 

was to be expected as these were targeted at the head.  Analysis of variance showed 

the difference between mean brain and mean body temperature over the last 5 

minutes with nasal airflow and with head fanning was very slightly less than over the 

last 5 minutes prior to these interventions (0.02 °C and 0.07 °C respectively).  In 

other words the difference between them narrowed with cooling.  However only the 

difference with head fanning was statistically significant (p=0.02, 95% CI 0.01 to 

0.12).  Again, univariate analysis of variance with nasal airflow, head fanning and 

subject as main effects showed that there was no interaction between nasal airflow 
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and head fanning (p=1), therefore interaction between them was omitted from the 

models.   

 

In patient 22 brain temperature reduced below rectal temperature in response to nasal 

airflow and nasal airflow plus head fanning.  However rectal temperature is not 

considered an appropriate body temperature for demonstrating selective brain 

cooling [Maloney et al., 2001] (Chapter 1). 

 

In any event, whether the physiological manipulations used to achieve cooling with 

nasal airflow can be considered natural in selective brain cooling terms (Chapter 1) is 

perhaps open to question.  Normal physiology was not reproduced because air was 

flowed continuously into the upper airways, rather than inhaled, and the facial veins 

were physically compressed.  On the other hand the concentration of nitric oxide was 

possibly no greater than patients could have had in their nasal cavities had they had 

no airflow [Chatkin et al., 1999], and the airflow was no higher than patients could 

have achieved themselves with exercise [Niinimaa et al., 1980]. 

 

It is possible that the estimated absolute difference between brain and oesophageal 

temperature lacked precision, given the accuracy of the devices (±0.3 °C brain; 

±0.2 °C oesophageal/rectal), but the relationship between them changed and only if 

there was drift during each patient’s trial would this have affected the change in 

relationship.  There was no evidence of drift on the individual patients’ graphs but, in 

any event, while systematic drift could mask a real effect it could not generate a 

spurious effect.  Drift could not be ascertained definitively without checking the 

calibration of each probe before and after use which was not possible with the brain 

thermistors.  This is just one of the problems of conducting a trial in the clinical 

situation.   
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5.3.5 Patients who did not respond to the intervent ions 

Brain temperature reduced in response to the cooling interventions in all patients 

except for four who did not respond to nasal airflow (21 and 25, temperature 

unchanged; 17 and 19, temperature increased) and one who did not respond to head 

fanning (27, temperature increased) (Figure 5.4). 

 

5.3.5.1 Fever as a confounder 

Having a shorter trial period probably did reduce confounding from temperature 

changes because of fever.  Nevertheless confounding was still a possible explanation 

for non-response in the two patients (17 and 19) whose brain temperatures increased 

in response to nasal airflow. 

 

Figure 5.4 shows that in one patient (17) brain temperature increased by 0.42 °C 

during nasal airflow.  This patient’s airflow was delivered by method 1 (Whispaflow) 

and the airflow had to be aborted and started again because of problems with the 

equipment.  Therefore, instead of 30 minutes, there was nearly an hour between the 

temperature measurements at the end of the preceding washout and the end of the 

restarted airflow.  This coincided with a rise in the patient’s temperature.  The rise 

was most likely because of a chest infection for which antibiotics had just been 

started.  However, leaving this patient out of the analysis makes little difference to 

the brain temperature results with airflow in Table 5.4 (0.17 °C, p<0.001, 95% CI 

0.09 to 0.25 °C). 

 

In another patient (19) brain temperature also increased in response to nasal airflow 

(Figure 5.4).  Again air was delivered with the Whispaflow method (the last patient 

to have this method).  During the trial this patient was producing increasing amounts 

of purulent sputum and her white cell count nearly doubled from before to after the 

trial (from 8.8 to 15.4 x 109/L).  She was randomised to no intervention and then 

airflow last and over this latter part of the trial her temperature was steadily 
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increasing, although her oesophageal temperature was never above 38 °C (proposed 

as the upper limit of normal for traumatic brain injury (Chapter 2)). 

 

5.3.5.2 Patients who were normothermic or had fever rather than  

  hyperthermia 

There is debate about whether mechanisms of heat loss from the upper airways and 

through the skull work in fever (a regulated increase in temperature) and 

normothermia, as opposed to hyperthermia (an unregulated increase) (Chapter 1).  

However, failure to respond to cooling showed no evidence of being related to 

temperature being too low.  Cooling started at brain temperatures in the range  

36.9–39.1 °C, oesophageal temperatures were 0.1–0.7 °C lower which is similar to 

Mariak’s study [Mariak et al., 1999], but non-responders had brain temperatures over 

a comparable range, 37.2–39.1°C at the start of airflow (patients 17, 19, 21, 25) and 

fanning (patient 27).   

 

Five patients (16, 17, 18, 25, 27) had oesophageal temperatures of >38 °C for at least 

some of the trial.  Two of these (17, 27) had microbiologically confirmed infections 

and were on antibiotics.  In the other three, fever from infection or inflammation was 

probably the most likely cause of increased temperature, although neurogenic fever 

is possible (Chapter 2).  Patient 22 also had a confirmed infection and was on 

antibiotics but her oesophageal temperature was <38 °C. 

 

On the basis of this it seems that hyperthermia is not a prerequisite for brain cooling 

to occur by these mechanisms.   

 

5.3.5.3 Increased intracranial pressure   

It has been suggested that increased intracranial pressure interferes with reversal of 

emissary flow and therefore heat loss through the skull (Chapter 3).  The patient (27) 

who did not respond to head fanning (Figure 5.4) did have increased intracranial 
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pressure during fanning (mean 20, range 17–26 mmHg).  However, three of the other 

patients had mean intracranial pressures at least as high during head fanning and did 

respond. 

 

5.3.5.4 Nasal airflow rate 

Nasal airflow was delivered at twice patients’ ventilated minute volumes; the range 

was 12–24 L/min.  Out of interest brain temperature change with nasal airflow was 

compared to the flow rate used in each patient.  Figure 5.5 illustrates that differences 

in flow rates appear unrelated to differences in response. 

 

Figure 5.5: Brain temperature change with nasal air flow rate (mean last 

5 minutes of nasal airflow minus mean last 5 minute s preceding 

washout) 
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5.3.6 Response times and extent of response 

Figure 5.6 shows brain temperature response time to each cooling intervention.  The 

mean for nasal airflow was 10 minutes (±7 SD), for head fanning 9 minutes (±8 SD) 

and for airflow plus fanning 7 minutes (±2 SD). 
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Figure 5.6: Time to start of reduction in brain tem perature with 

interventions 

Note: nasal airflow does not show for patients 17, 19, 21 and 25 nor does head fanning for 

patient 27 because they did not respond to these interventions 
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The time to the start of brain temperature reduction with nasal airflow was less than 

15 minutes in 7 of the 8 patients who exhibited cooling (Figure 5.6).  In the study by 

Mariak et al the reduction in brain temperature with restoration of breathing began 

immediately and reached its lowest point between about 5 and 18 minutes with 

reductions of 0.4–0.85 °C [Mariak et al., 1999].  The faster response and larger 

temperature reductions in Mariak et al’s patients may be because the temperature 

probes were nearer to the nasopharynx (above the cribriform plate) by comparison 

with 1 cm into a frontal lobe.   

 

However, it could also be an indication that normal breathing, which actively 

entrains air in boluses, is more efficient with regard to cooling than continuous 

passive airflow, even when enhanced as in this trial.  Differences of this kind are not 

unknown.  Settergren et al showed a consistent reduction in pulmonary vascular 
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resistance to nose breathing with nitric oxide but not to delivery of nasal nitric oxide 

to ventilator tubing [Settergren et al., 1998].  This difference was thought to be 

because the bolus-like delivery of nitric oxide to the lungs with nose breathing was 

more efficient than the more continuous delivery via the ventilator tubing. 

 

It has been argued that heat loss from the upper airways only produces local cooling 

of the base of the brain (Chapter 1), but in 8 of the 12 patients in this trial frontal lobe 

brain temperature was reduced with nasal airflow which suggests that this may not be 

the case.  However, within the brain cooling does not occur conductively in a direct 

route but is convective and transmitted via cerebrospinal fluid and blood [Zenker and 

Kubik, 1996].  Because of this it cannot be assumed that deeper brain was 

necessarily cooled. 

 

All but one patient in this trial showed a reduction in frontal lobe brain temperature 

with bilateral head fanning.  By comparison in a case study in a single subject 20 

minutes face fanning (unspecified air speed) did not reduce brain temperature in the 

lateral ventricle or in parenchyma 1 cm above the ventricle [Shiraki et al., 1988].  

The temperature probes in this subject were sited further from the source of cooling, 

but it is also possible that bilateral head fanning is more effective than face fanning 

because a larger head surface area is targeted and because there may be more 

turbulence around the head which should increase heat loss. 

 

Although the difference was small, mean brain temperature reduction was less with 

nasal airflow than with head fanning (Table 5.4), which again might be attributable 

to the thermistors being further from the nasopharynx than they were from the skull.  

On the other hand heat loss through the skull may be greater than that from the 

airways.  Rasch et al showed that heat loss from the head was about 45 watts, 

compared to about 25 watts from the respiratory tract, in healthy volunteers at rest in 

an ambient temp of 25 °C [Rasch et al., 1991].  But the conditions are not directly 

comparable with this trial because the volunteers were self-ventilating, breathing 
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through their mouths and not their noses, and there was only a slight draft over their 

heads (approximately 0.8 m/s) [Rasch et al., 1991].  The relative contributions of 

heat loss from the upper airways and through the skull are also likely to vary, 

especially if they are physiologically complementary (Chapter 1).  However, what 

this trial has shown is that the effects are additive, because both together produced a 

greater temperature reduction than either on their own and the time to reduction in 

brain temperature was also shortest with both together (Figure 5.6; mean 7±2 (SD) 

minutes). 

 

5.3.7 Safety monitoring 

The patients were continuously observed during the course of the trial and no safety 

concerns from the interventions became apparent.  One patient had a history of 

oesophageal varices and therefore had rectal temperature monitoring.  Two patients 

who had been randomised to airflow last had their sedation reduced towards the end 

of the airflow period, as part of the process of waking them for extubation, and did 

appear to be conscious of the airflow.  Although one of these patients had a history of 

quite severe alcohol abuse and was possibly also exhibiting withdrawal symptoms 

with the reduction of sedation.  They were both still receiving intravenous analgesia 

and the awareness seemed to be more because of the strange sensation than actual 

discomfort.  It is good (and usual) practice to explain regularly to patients where they 

are, why and what is happening and this was done.   

 

Glasgow outcome scale data were collected at 6 months post injury to determine 

whether any gross safety concerns emerged.  The results are shown in Table 5.6 

 

As in the first trial, the Glasgow outcome scores show a fairly typical range for 

patients with these injuries with no suggestion that being in the trial resulted in a 

worse outcome.  Patient 25 was lost to follow up.  This was the patient with a history 

of alcohol abuse.  He was known to have left hospital but the telephone numbers 
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Table 5.6:  Patient whereabouts and Glasgow outcome  scale at 6 

months after injury 

   

Patient No. Age Injury Circumstances at time 

of GOS 

GOS* 6/12 after 

injury 

16 20 Trauma At home 5=GR 

17 53 SAH At home 5=GR 

18 34 SAH At home 5=GR 

19 26 Trauma At home 3=SD 

20 25 Trauma At home 5=GR 

21 59 Trauma In hospital 3=SD 

22 67 Trauma At home 5=GR 

23 34 ICH At home 4=MD 

24 38 Trauma Rehabilitation unit 3=SD 

25 43 ICH Not known Lost to follow up 

26 67 Trauma Dead 1=Dead 

27 52 Trauma At home 5=GR 

*Five point Glasgow Outcome Scale categories 
Dead; VS — Vegetative State; SD — Severe Disability; MD — Moderate Disability; GR — Good 
Recovery 

 

given during his admission were no longer in use and letters to him, his partner and 

General Practitioner produced no response.  Patient 26 died following withdrawal of 

treatment 19 days after admission.  She was one of the two oldest patients (both 67) 

but had a more severe brain injury than the other patient, necessitating removal of 

part of her frontal lobe.   
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As with the first trial the patients, when they could understand, and their next of kin 

were appreciative of someone taking an interest in how they were doing.  One 

patient’s daughter said at follow up that, although she had no scientific reason for 

thinking so, she did believe the trial had made a difference to her father.  This was 

despite my being very careful when seeking consent to explain that the trial was not 

likely to be of personal benefit and the hope was that it might improve care for future 

patients.  Her father had a history of binge drinking and had been drinking more 

heavily in the two weeks prior to his head injury because his wife had recently died.  

He fell and sustained a traumatic brain injury as a result of being drunk.  The injury 

was severe; on computerised tomography scan he had a fractured skull and an 

extradural, subdural and large temporal lobe haemorrhage, which required 

evacuation, with mass effect and obscuring of his third ventricle.  Despite the severe 

injury and his age, 52, this patient made a very good recovery and by the time of 

follow up had even moved into a new house and entirely redecorated it!  Because he 

did not want to risk another injury he was drinking much less and his daughter said 

he was much calmer.  Although it would be nice to be able to conclude that being in 

the trial had made a difference it must be considered coincidental; it seems rather to 

have been sustaining the injury which made the difference to this patient in 

prompting him to stop drinking to excess. 

 

5.3.8 Limitations 

Probably the two main criticisms which could be levelled at this research are 

changing the nasal airflow delivery system during the trial and stopping early, after 

12 rather than the planned 15 patients.  Neither decision was taken lightly.  Two 

other possible limitations, heterogeneity and infection risk, are also considered. 

 

5.3.8.1 Size of study 

As can be seen (Table 5.4), the results are consistent, with tight confidence intervals, 

indicating the study was not underpowered with 12 patients.  The results are also 

interesting physiologically but confirm that even with higher, drier airflows and the 
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addition of nitric oxide the changes in brain temperature with nasal airflow are too 

small to justify the costs and difficulties in administration as a clinical intervention.  

Head fanning on the other hand reduced brain temperature and is a simple, low-cost 

intervention. 

 

5.3.8.2 Problems with nasal airflow 

Delivering high nasal airflows in these patients was not easy.  Even with the second 

method of nasal airflow delivery, continuous monitoring and frequent adjustment by 

me was necessary to ensure the flow was getting through the upper airways and 

exiting through the mouth.  It may be indicative of the relatively greater difficulties 

with method 1 that two out of the four patients had no mean brain temperature 

reduction with airflow, compared to only two of the eight patients with method 2.  It 

also became apparent that high nasal airflows should not be given without adequate 

sedation.  Although I had not found the airflow uncomfortable it obviously could be 

felt and was an unusual sensation, which understandably would be more difficult to 

cope with in a semi-conscious state when explanations of what was happening were 

harder to take in. 

 

5.3.8.3  Heterogeneity of patients 

In an ideal world in a phase II trial the patient group would be as homogenous as 

possible.  In this trial the group was quite heterogeneous and included patients with 

trauma and intracranial and subarachnoid haemorrhage, both with and without 

increased core temperatures.  However, this meant the patients were more 

representative of the severely brain-injured population typically admitted to intensive 

care and, despite the heterogeneity, the responses to the cooling interventions were 

encouragingly consistent.  
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5.3.8.4 Fanning and infection risk 

Fans were being used in intensive care in the Western General Hospital at the time of 

this study and still are.  However, a note of caution about the use of fans has been 

sounded by Kees Polderman, who commented in an unreferenced footnote in a paper 

on therapeutic hypothermia in intensive care that  

“Use of fans to cool patients may be associated with 
increased infection risks.” ([Polderman, 2004] p764).   

This could be construed as a potential limitation of the study, but when asked he was 

unable to substantiate this comment.  I looked for substantiation and found another 

paper on cooling patients in intensive care which also commented on fans and 

infection:  

“… concern from the hospital microbiologists about their use 
on ICU … has led to their [fans] withdrawal. These concerns 
were related to links being made about the spread of infection 
within an ICU rather than their role as cooling agents (Rutala 
et al., 1983 (cited in Morley, 1997)).” ([Price et al., 2003] 
p43).   

The reference Price et al [2003] cite for Rutala et al is not the one cited in Morley’s 

letter [Morley, 1997] and in his letter Morley does not say fans cause infection.  He 

comments that 

“Fans are unlikely to act as a source of infection in the way 
that contaminated air conditioning systems can but they 
might enhance transmission of airborne pathogens between 
adjacent patients.  Environmental contamination of the ICU 
with pathogenic bacteria is well known [Rutala et al., 1983] 
…” ([Morley, 1997] p546). 

Rutala et al is a study of environmental contamination with methicillin-resistant 

Staphylococcus Aureus during an epidemic in a burns unit and does not mention fans 

[Rutala et al., 1983]. 

 

A more recent search on this subject (September 2009) produced a review 

specifically on fans and infection in which it is said 

“There is no published evidence that electric fans spread 
infection in clinical areas.  There were no published data on 
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the growth of concerning organisms on fans and their 
aerosolisation.  There were no case reports of high infection 
rates associated with the use of worktop electric fans.  The 
only relevant paper found that a fanning system could not be 
used to spread viral infection in a pig model.” ([Body, 2008] 
p689). 

 

While it is obviously important to keep fans clean, as with any other piece of 

equipment and the intensive care environment in general, disallowing a potentially 

useful device without better evidence seems somewhat draconian and therefore 

probably should not be considered a limitation of this study. 

 

5.3.9 Relevance of the results 

The results are physiologically interesting because they demonstrate with intracranial 

temperature measurement that mechanisms of heat loss through the upper airways 

and through the skull work in humans.  They are also of potential clinical relevance 

because head fanning could provide a simple, inexpensive means of reducing brain 

temperature in patients.   

 

Although the study did not include patients with ischaemic stroke, these are patients 

in whom it has been shown that a temperature decrease of as little as 0.3 °C may 

reduce the relative risk of poor outcome by 10–20% [Dippel et al., 2003a].  Head 

fanning could produce brain temperature reductions of the order of 0.3 °C and would 

be easy to use in stroke patients of all grades.   

 

It is generally thought that the sooner increased temperature is reduced after brain 

injury the better; indeed much of the animal research showing that lower 

temperatures convey neuroprotection has involved reducing temperature before and 

during injury (for example[Barone et al., 1997]).  Less labour intensive methods of 

temperature reduction are generally the first to be instigated, if they do not work 

more time consuming methods are considered.  Therefore interventions such as head 
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fanning which are easy to instigate and work quickly may be of benefit, even if they 

produce smaller temperature reductions than more labour intensive interventions that 

take longer to apply or to take effect.   

 

5.4 Summary and conclusions 

Intracranial temperature reductions occurred in brain-injured patients with 

continuous nasal airflow and bilateral head fanning and were larger with the two 

interventions together, although selective brain cooling did not occur.  This is of 

physiological relevance because it adds to the knowledge and understanding of the 

mechanisms of heat loss from the upper airways and through the skull.  It is also 

potentially clinically important because factors which enhance or inhibit these 

mechanisms may have an effect on brain temperature, and because head fanning 

could provide a simple, inexpensive, low-risk intervention for reducing increased 

brain temperature after brain injury and stroke. 
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Chapter 6: Effect of forced convective head cooling  

on brain temperature measured by magnetic 

resonance spectroscopy: a non-randomised pilot 

study in healthy volunteers 

 

6.1 Introduction  

The previous trial showed that simple head fanning could reduce intracranial 

temperature by a modest amount (Chapter 5).  Therefore it seemed logical to find out 

if more specialised equipment delivering colder air at higher flow rates could 

produce greater reductions in temperature.  I approached KCI Medical Products 

(UK) Ltd because when this study was being planned they were the only company 

with a therapeutic convective cooling device that could generate cold air.  Their 

prototype systemic convective cooling device (TheraKool) was used in the European 

study of cooling after cardiac arrest [Hypothermia after Cardiac Arrest Study Group, 

2002].  KCI Research and Development Facility (Ferndown, UK) agreed to help and 

subsequently developed a head and neck cooling application for the TheraKool.  This 

pilot study assessed the effect of this on cross-sectional brain temperature measured 

by magnetic resonance spectroscopy (MRS) in healthy adult volunteers.  The 

published paper [Harris et al., 2008] is in Appendix IV. 

 

6.1.1 Roles of researchers 

Professor Andrews was the Principal Investigator and provided expert clinical and 

research advice and supervision.  He led on obtaining ethical approval and, with 

Professor Ian Marshall, on obtaining approval from the Scottish Funding Council 

Brain Imaging Research Centre (SFCBIRC).  He acted as a volunteer in pre-trial 

testing of the device and assisted with the preparation and management of the 

volunteers during the cooling and scanning procedures. 
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Professor Murray was the statistician.  He provided expert advice on study size, 

design and data analysis as well as supervision. 

 

Professor Marshall, a specialist in MRS, (Department of Medical and Radiological 

Sciences, University of Edinburgh) assisted with SFCBIRC approvals, advised on 

and managed the temperature measurement with magnetic resonance and wrote and 

administered the scanning protocol.  He determined and wrote the method for 

converting scanning data into temperature values in °C per voxel, analysed the 

scanning data and provided me with the temperature values. 

 

Dr Robinson (Senior Scientist, Materials, KCI Research and Development Facility) 

was in charge of engineering and making the device and assisted with the pre-trial 

testing on Professor Andrews and me and with cooling the volunteers.  He also 

provided technical and practical support with setting up and running the Fluoroptic® 

temperature monitoring.   

 

My role was that of nurse researcher and study coordinator.  I sourced the device and 

investigated methods of non-invasive brain temperature measurement and magnetic 

resonance compatible temperature measurement.  I undertook the literature review 

and wrote the protocol, with advice from Professor Andrews, Professor Murray and 

Professor Marshall.   Neck cooling was incorporated in addition to head cooling at 

the request of Keith Heaton (Research and Development Director, KCI).  Dr Royce 

Johnston (KCI Department of New Technologies and Bioengineering) suggested 

monitoring forearm minus fingertip temperature.  The information sheets were 

written by me and I helped with ethics and SFCBIRC approvals and obtained 

approval from Lothian University Hospitals NHS Trust management.  I organised 

and ran the pre-trial testing using myself and Professor Andrews as subjects, with 

support and help from Claire Battison, Research Nurse, who undertook the 

monitoring whilst I was being cooled, and Dr Robinson.  Co-ordinating the study 

included working with the Radiographers in the research scanner, the volunteers and 
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the study personnel to ensure suitable scanning slots were booked, the necessary 

equipment available and everyone was appropriately prepared.  I recruited and 

consented the volunteers and planned, organised and managed their care and the 

delivery of the interventions.  Claire Battison and Professor Andrews helped with 

preparing volunteers for scanning and looking after them afterwards.  I undertook the 

analysis from the temperature data supplied by Professor Marshall, with support and 

advice from Professor Murray, and wrote and submitted the paper for publication 

with support and advice from the co-authors. 

 

6.1.2 Funding 

The study was funded by KCI Research and Development Facility (Ferndown, UK) 

who provided the cooling device, paid for the scans, Fluoroptic® thermometry and 

volunteers’ expenses and gave an unrestricted grant to cover my salary part-time.  No 

one from KCI was involved in the analysis and interpretation of the data, the decision 

to submit for publication or decisions on the content of this thesis.   

 

6.1.3 Background 

6.1.3.1 Introduction 

A review found few studies of direct brain cooling as a therapeutic intervention in 

adult brain-injured humans (Chapter 3) and only one randomised, controlled trial of 

non-invasive convective head cooling (Chapter 5), which showed that bilateral head 

fanning with ambient air could reduce brain temperature after brain injury by 0.26 °C 

(p<0.001, 95% CI 0.17 to 0.34 °C) [Harris et al., 2007].  Although this was not a 

particularly large temperature reduction, further investigation of convective head 

cooling was considered worthwhile.  Steps were therefore taken to source a device to 

deliver higher flows of colder air with a view to conducting a pilot study in healthy 

volunteers as a preliminary to a study in patients. 
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6.1.3.2 Sourcing and developing a convective head cooling device 

A suitable device was not immediately apparent and sourcing one required an 

extensive search of the literature, the internet and writing to manufacturers and other 

researchers. 

 

Augustine Medical 

Wass et al used a cooling machine produced by Augustine Medical Inc (Eden Prairie, 

Minnesota) to deliver air at 1000 L/min and 13 °C through a specially made helmet 

of Bair Hugger material; two layers of disposable cloth-like paper with holes 

punched through the inside layer [Wass et al., 1998].  The helmet had sections cut 

out for the dogs’ ears and for the monitoring and covered the head and neck area 

(personal communication with manufacturer).  The Augustine Medical device was 

intended to be used with Bair Hugger blankets for systemic cooling in patients but 

was no longer in production when planning was begun for this study.   

 

CairCooler 

In Britain the Augustine Medical device was eventually replaced by the Pentatherm 

CairCooler (Actamed Ltd, Wakefield, UK).  This was also designed to be used with 

Bair Hugger blankets for systemic cooling and produced air at about 800 L/min 

which could be cooled to 10 °C.  When this became available we happened to be 

looking for a systemic cooling device for clinical use in intensive care and therefore 

were lent one of the machines to try.  

  

Professor Andrews and I used the CairCooler systemically in a patient with high 

brain and rectal temperatures but without success.  Prior to using the CairCooler the 

patient’s brain temperature had been reduced with head fanning.  Therefore we tried 

using the CairCooler for head cooling with, in turn, a paediatric full access Bair 

Hugger blanket (model no. 555) formed into a helmet around the head and a 

paediatric short blanket (model no. 536) placed in a ‘U’ shape round the head.  Each 
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blanket was tried for half an hour with the air at 10 °C but the patient’s brain 

temperature continued to rise.  At this point head fanning with electric fans was 

resumed together with whole body cooling and the patient’s regular dose of 

paracetamol was given, with this combination of interventions her temperatures 

reduced.  We had hoped that cold air with the CairCooler would cause a greater 

reduction in brain temperature than fanning with ambient air.  However very little 

draft could be felt around the patient’s head with either of the head blankets, 

therefore it was presumed that the lack of effect was because the resistance of the 

blanket reduced the velocity of the air (later confirmed in testing by KCI).  This, 

together with consideration of the wind chill temperature index [National Oceanic 

and Atmospheric Administration National Weather Service Office of Climate Water 

and Weather Services, 2006], suggested that air temperature might be less important 

than air velocity for head cooling.  However, the “sum effect” of temperature, 

humidity and convection on water loss in cold conditions “is not easy to predict” 

([Lehmuskallio, 2001] p75). 

 

Vortex tube 

A vortex tube with, respectively, a hair dryer hood and a motorcycle helmet, 

delivering air at temperatures of -12 °C at 15 m/s [Hillen et al., 1990] and 2 °C at 424 

L/min [Symonds et al., 1986] had been used for scalp cooling during chemotherapy.  

I therefore purchased a vortex tube (Meech Air Technology, Witney, Oxfordshire) 

and conducted head cooling experiments on myself with oesophageal temperature 

monitoring.  It was possible to achieve small reductions in oesophageal temperature, 

particularly when my hair was wetted to increase heat loss by evaporation.  However 

the vortex tube was noisy, produced very hot air at the opposite end of the tube to the 

cold air and required large volumes of compressed air to run.  Piped compressed air 

was only available in the operating theatres and running the vortex tube off cylinders 

was not practical for any length of time. 
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United States Navy Helicopter Aircrew Integrated Life Support (HAILS) 

system 

A news report of the HAILS system under development by the US Navy indicated 

that this device generated cold air for circulation round a flying suit and helmet.  

However, contacting the Office of Naval Research produced no response despite 

trying several times and being told that my email was being sent to the appropriate 

people. 

 

TheraKool 

Just before the CairCooler became available, I found that a whole body convective 

cooling device, the TheraKool, had been developed for the Hypothermia after 

Cardiac Arrest study [Hypothermia after Cardiac Arrest Study Group, 2002] by KCI 

Research and Development Facility.  The TheraKool was not then commercially 

available but was being developed for market and was CE marked (i.e. certified to 

conform to European Union safety, health and environmental requirements).  Keith 

Heaton, the Research and Development Director, and Mark Beard, the Senior 

Electronics Engineer, came to Edinburgh to meet me and were interested in the 

research and prepared to help.  This made the study possible. 

 

The existing TheraKool consisted of an air mattress with a tent within which the 

patient lay while cold air was circulated around them (Figure 6.1). 

 

It was planned to develop an alternative ‘front end’ to the tent and mattress for head 

and neck cooling.  Tests with a paediatric Bair Hugger blanket (model no. 536) 

(Figure 6.2) showed that whilst the tent achieved a flow rate of 600–800 L/min the 

Bair Hugger blanket caused considerable increased resistance which reduced the 

flow to 250–300 L/min. 
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Figure 6.1 TheraKool device, KCI Inc 

 

 

Photo: KCI R&D Facility, Ferndown, Dorset 

 

 

Figure 6.2: Bair Hugger blanket (model no. 536) wit h the TheraKool 

device 

 

Photo: KCI R&D Facility, Ferndown, Dorset 
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A question which was relevant to developing the head cooling device, and which 

KCI asked for information about, was whether there were areas of the head at which 

the air should be specifically targeted.  The available evidence suggested that the 

veins which transmit cooled blood from the skin of the head to the brain covered 

most of the head and face (Chapter 1).  With the exception of the ears and nose 

(which have most arteriovenous anastomoses [Bergersen, 1993]), the head, neck and 

face are in a relative state of vasoconstriction during normothermia and have little 

vasoconstrictive response to cold [Hertzman and Roth, 1942;Froese and Burton, 

1957;Granberg, 1991;Rasch and Cabanac, 1993b].  At 0 °C ambient temperature, 

skin temperature is warmest over the scalp, followed by the neck, forehead, cheeks, 

chin, nose and ears [Lehmuskallio, 2001].  Wearing a cap hinders heat loss from the 

head as, to a lesser extent, does a head band placed around the head covering the 

forehead [Rasch and Cabanac, 1993a].  Well ventilated cycling helmets on the other 

hand have been found not to increase body temperature and perceived sensations of 

heat [Sheffield-Moore et al., 1997].  Taking all this into account it seemed sensible 

for the device to flow air over as much of the head and face as possible.  However 

with cold air, it would be preferable to target the warmest (least vasoconstricted) 

areas, i.e. scalp and forehead, as these would be capable of the greatest heat loss, and 

not those which are more susceptible to vasoconstriction and therefore cold injury, 

i.e. ears and nose.  Subjects whose eyes were open would be unlikely to tolerate air 

blown directly at their faces. 

 

KCI changed the software in the TheraKool machine to allow it to be run without the 

mattress and tent.  They then made three prototype hoods which were assessed in 

pre-study testing. 

 

6.1.3.3 Neck cooling 

One of the mechanisms of brain cooling is carotid blood which is cooled by venous 

blood from the skin of the body and in turn cools the brain (Chapter 1).  Cooling the 
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neck in addition to the head might potentiate brain cooling by reducing the 

temperature of the incoming blood in the carotid arteries.  The relative lack of 

vasoconstriction of neck skin to cold may contribute to the feasibility of this.   

 

Nothing was found in existing literature on the effect of neck cooling alone on brain 

temperature in humans, but Wang et al demonstrated brain temperature reduction in 

humans with a head and neck cooling helmet through which cold liquid was 

circulated (mean reduction 1.84 °C (range 0.9–2.4 °C) within 1 hour) [Wang et al., 

2004a].  The relative contributions of neck cooling versus head cooling to this 

reduction are not known.  Neck cooling was found to reduce rectal temperature rises 

by 0.21 °C (9.5%) (p<0.02), and sweat rates, in healthy volunteers during strenuous 

exercise [Gordon et al., 1990].  Using a vascular heat transfer model, Bommadevara 

and Zhu estimated that, at common carotid blood flows of 240 ml/min, 

 “A 1.1 °C temperature drop along the carotid arteries is 
possible when the neck surface is cooled to 0 °C.” 
([Bommadevara and Zhu, 2002]  p137). 

Their model indicated that blood flow in the carotid arteries and jugular veins was 

the main factor affecting cooling; higher blood flows reduced cooling and lower 

flows increased it.   

 

With KCI’s involvement it was possible to develop a convective neck cooling 

application in addition to head cooling and they were keen to do this, therefore the 

study was planned to assess convective neck cooling in addition to convective head 

cooling. 

 

6.1.3.4 Non-invasive brain temperature measurement 

A limitation of some of the previous research on brain cooling in humans has been 

the lack of intracranial temperature measurement.  Invasive brain temperature 

monitoring is inappropriate in health and less severe brain injuries.  When it is 

clinically appropriate, only a single point of measurement is usually possible which 
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gives no information on the effect of cooling on temperature across the brain.  

However, if the effect of convective head and neck cooling was to be assessed in 

healthy volunteers a method of measuring brain temperature non-invasively was 

needed. 

 

Leaving aside tympanic membrane temperature and evoked potentials, which as 

proxy measures of brain temperature were not ideal (Chapter 1),  there seemed to be 

three possible methods of measuring intracranial temperature non-invasively: zero-

heat flow thermometry [Togawa, 1985], microwave thermometry [Hand et al., 2001] 

and magnetic resonance imaging (MRI) [Germain et al., 2001].  The zero-heat flow 

thermometer (Terumo, Japan) determines temperature at 1 cm depth below the skin 

and is typically used on the forehead or chest [Matsukawa et al., 1997].  Agreement 

with intracranial temperature had not been assessed and 1 cm depth on the forehead 

was possibly not sufficiently deep, but in any event the device was no longer 

available in the UK.  Professor David Edwards and colleagues at Imperial College 

Medical School, London, were building a microwave thermometer to measure deep 

brain temperature in babies but it was not available or suitable for this study 

(personal communication with Professor Edwards).  

 

MRI can be used for focal and more global measurement of brain temperature.  

There are various methods of which MRS seemed to be the most promising 

[Germain et al., 2001].  Prior to this study MRS temperature measurement had not 

been undertaken in Edinburgh but Professor Marshall was able and willing to do it. 

 

Single voxel MRS was used to assess the effect of a conductive gel cooling cap in 

healthy adults [Corbett et al., 1997].  More recently two-dimensional MRS had been 

used to look at temperature gradients across the brains of piglets with cooling caps 

[Thornton et al., 2004].  A great attraction of MRS temperature measurement for the 

purposes of this study was the facility to map temperature across the brain and detect 

the effect of head cooling more globally.   
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The decision to use MRS brain temperature measurement meant that any study 

equipment which was to be used in the scanner room had to be MRI safe (i.e. able to 

be in the room containing the magnet without danger — anything containing ferrous 

metal was unsafe) and compatible (i.e. not cause interference with acquisition of 

scanning data).  In addition to the volunteer participants, all study personnel had to 

be screened, using the standard MRI screening questionnaire, to ensure they had no 

contraindications to being in the vicinity of the scanner. 

 

6.1.3.5 Core trunk and skin temperature measurement 

The requirement for MRI compatibility necessitated using fibre-optic thermometry 

for measuring core trunk temperature in the oesophagus and on the skin.  The Invivo 

3150 (Orlando, FL) MRI compatible patient monitoring system in use at the Western 

General Hospital did not have temperature monitoring.  It was possible to obtain a 

fibre-optic skin temperature probe for this system but it was not suitable for invasive 

use and the monitor only had facility to measure temperature at one site.  The sole 

other option found was Luxtron Fluoroptic® thermometry with the most appropriate 

system being the m3300 biomedical lab kit (Luxtron, Santa Clara, CA).  This was 

capable of measuring oesophageal and skin temperatures, with a little adaption to 

allow the probes to be used invasively.      

 

6.1.3.6 Background summary  

Bilateral head fanning has been shown to reduce brain temperature in brain-injured 

patients (Chapter 5) and convective head cooling with cold air to reduce brain 

temperature considerably more in uninjured dogs [Wass et al., 1998].  It was 

therefore considered worthwhile assessing brain cooling in humans with a device 

which could deliver high flow rates of cold air.  Because neck cooling might 

potentiate brain cooling this was also thought worthy of investigation.  Engineers at 

KCI Research and Development Facility specially developed an MRI compatible 

head and neck cooling application for their Therakool systemic convective cooling 



Heat loss from upper airways and through skull: studies of direct brain cooling in humans 
 

Chapter 6: Effect of forced convective head cooling on brain temperature measured by 
magnetic resonance spectroscopy: a non-randomised pilot study in healthy volunteers  
 

296 

device.  MRS temperature measurement was chosen to assess the effect of this 

device on brain temperature with Fluoroptic® thermometry to measure oesophageal 

temperature.  

  

6.1.4 Aim and research questions 

The aim of this pilot study was to assess the effect of a forced convective head and 

neck cooling device on brain temperature in healthy adult humans, using two-

dimensional MRS to measure brain temperature non-invasively and map cooling 

across the brain. 

 

Research questions: 

In healthy adults, does forced convective cooling of the head and/or the head and 

neck reduce 

i) brain temperature measured by MRS; 

ii)  core body temperature measured in the oesophagus with a Fluoroptic® 

thermometer? 

 

6.2 Pre-trial testing 

The cooling device and study equipment was tested prior to recruiting volunteer 

participants. 

 

6.2.1 Forced convective cooling 

The initial testing assessed which of the three hood prototypes to use; these had 

slightly different numbers, sizes and placement of holes for air flow.  The hood 

which provided the best sensation of flow without blowing air directly on the ears or 

into the eyes was selected.  The airflow was turbulent, which would increase heat 

loss compared to laminar flow, and eddied round the head, it felt refreshing and heat 

loss was possible from the whole head, except for the relatively small area being lain 
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on.  The main drawback was that it was like being surrounded by white noise, which 

was quite soothing but made it hard to hear what people were saying.  In a patient 

version an earphone system might be necessary. 

 

The cooling device was tested five times on me with oesophageal temperature 

monitoring using the Luxtron thermometry (Figure 6.3) and once on Professor 

Andrews with axilla temperature monitoring.  As a result it was decided that the air 

demand temperature should be set at 3 °C (the lowest setting) and the primary air 

demand (flow) at 100% (the maximum) for the study itself. 

 

 Figure 6.3: Convective cooling device during pre-tr ial testing 

 

Photo: Dr Tim Robinson 

 

6.2.2 Clothing and foot warming 

The clothing to be worn in the study was also determined from the pre-trial testing.  

It became apparent in particular that protecting the torso from the airflow was 



Heat loss from upper airways and through skull: studies of direct brain cooling in humans 
 

Chapter 6: Effect of forced convective head cooling on brain temperature measured by 
magnetic resonance spectroscopy: a non-randomised pilot study in healthy volunteers  
 

298 

important and I made and tested a wind-proof jerkin for this purpose which was used 

in the trial.  The jerkin was made of heat reflecting material on the inside (cut from a 

foil survival blanket) overlaid with polythene.   

 

Foot warming was used in this study as in the earlier trials (Chapters 4 and 5).  The 

electric heating pad previously used was not MRI compatible and therefore hot packs 

which did not require a power supply were sourced.  These packs are typically used 

in sports medicine or for hand warming in cold weather and either have an internal 

activator or are pre-charged in boiling water or a microwave.  It was surprising how 

many of them contained ferrous substances.  However, Mueller Sports Medicine hot 

packs (Prairie du Sac, Wisconsin, USA) were MRI compatible and I tested these on 

myself to ensure that they would not cause scalding and would hold their temperature 

for long enough.  Testing showed foot skin temperature rose from 31.7 to 39.1 °C 

within 5 minutes, rose to a maximum of 41.7 °C and was 39.7 °C after an hour.   

 

6.2.3 Fluoroptic ® thermometry 

The Luxtron Fluoroptic® temperature monitoring is primarily designed for industrial 

and laboratory use and is not as user friendly as clinical monitoring.  The instructions 

left much to be desired.  However, the UK supplier was very helpful and Dr 

Robinson (KCI) undertook some initial trouble shooting with them.  I then devised 

and refined a set of instructions and an electronic graphing template until satisfied 

these would be reliable for use in the study. 

 

The temperature probes are made of silica, plastic, Kevlar and PVC and are MRI 

compatible.  They are too fine to be passed down the oesophagus without a sheath.  

The supplier could not recommend a sheath and said that researchers worked out 

their own ways of doing this, but were unable to put me in touch with anyone who 

had used the monitoring for invasive temperature measurement.  (As a result of this 

experience I agreed that they could put other researchers in touch with me).  It 

seemed logical to try enteral feeding tubes, and I tested soft, fine bore tubes and 
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conventional tubes in order to find a practical method which caused minimum 

discomfort and no interference with the temperature measurement.  Conventional 

size 10 fg enteral tubes proved the most satisfactory and did not affect performance.   

 

Fixing the probes to the skin for skin temperature measurement was found to be best 

achieved with hydrocolloid dressings (DuoDERM, Convatec Ltd, Deeside, UK).  

This dressing material provided insulation from ambient air and was comfortable and 

easy to remove without damaging the probes. 

 

6.3 Methods 

6.3.1 Participant selection criteria 

Volunteers were to be recruited from amongst hospital personnel.  A number of 

colleagues had expressed interest in helping and it was felt that they would have a 

better understanding of what to expect and that therefore wider advertising for 

volunteers was not appropriate or necessary. 

 

6.3.1.1 Inclusion and exclusion criteria 

Inclusion criteria:  

• healthy adults (≥18 years of age) with no significant medical history. 

 

Exclusion criteria: 

• cardiovascular disease, hypertension, asthma; 

• claustrophobia; 

• pregnancy; 

• any contraindication to MRI. 
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6.3.2 Intervention: convective head and head and ne ck cooling 

6.3.2.1 Forced convective cooling 

The forced convective cooling device delivered air through a hood, which left the 

face exposed, and separate neck collar (Figure 6.4).  The hood and collar were both 

made of a double layer of thin nylon sheeting with holes punched in the inner layer 

through which the air flowed out over the head and neck.  They were attached to the 

ducting from the cooling machine by a Y connector which allowed the hood and 

collar to be independently clamped off so that either head or neck cooling or both 

together could be delivered.  The hood was designed to fit inside the scanner head 

coil and had Velcro straps to secure it to the coil.   

 

Air from the cooling machine was ducted to the hood (via the wave guide between 

the control room and scanner room) through 11.5 m of 8.5 cm diameter neoprene 

insulated plastic tubing (Figure 6.5).  (This tubing led to the device being nicknamed 

the ‘Laocoön’ or the ‘tubby custard machine’ — depending on the person’s frame of 

reference!)  The temperature and air speed at the hood end of the tubing was 

approximately 14.5 °C and 42.5 L/s (15 m/s)1.  The temperature in the hood itself 

would have been rather higher and the speed rather lower. 

                                                 

 
1 Volume flow (L/s) versus flow velocity (m/s).  Volume flow is diameter and velocity dependent 
whereas flow velocity is not diameter dependent.  Ideally when cooling one wants to know the flow 
volume but this is not easy to measure.  The engineers knew what the cooling machine itself was 
capable of producing but once a front end device was attached it was difficult to measure flow.  This 
was one reason why the flow rate setting on the machine was a percentage rather than an absolute 
value.  The front end device in this trial was particularly idiosyncratic because of the additional tubing 
required to allow it to be used with MRI.  Neither was it straightforward to convert flow velocity to 
volume flow because speed varies across the delivery tube and to some extent with temperature; 
velocity is conventionally measured in the middle at the point of maximum flow.  In the hood, the 
flow is likely to have been lower because of resistance (and higher in temperature) but also turbulent 
and therefore potentially more effective in removing heat — turbulence was a flow factor which could 
not be accounted for.  On the assumptions that there was no flow at the edges of the tube and that the 
change in speed was linear from the edge to the centre of the tube where flow was maximum,  Dr 
Robinson calculated that the flow volume was 42.5 L/s at the hood end of the delivery tube. 
 



Heat loss from upper airways and through skull: studies of direct brain cooling in humans 
 

Chapter 6: Effect of forced convective head cooling on brain temperature measured by 
magnetic resonance spectroscopy: a non-randomised pilot study in healthy volunteers  
 

301 

 

The cooling machine was not MRI safe and during the study was housed in the 

scanner control room; all other parts were made of materials which were MRI safe 

and compatible. 

 

Figure 6.4: Cooling hood and neck collar with Y con nector  

The Velcro straps for attaching the hood to the scanner head coil can be seen. 

 

Photo: Dr Tim Robinson 
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Figure 6.5: Arrangement for ducting air from the co oling machine in the 

scanner control room to the scanner room (A: The sc anner control 

room with the wave guide; B: The scanner room) 

A: The scanner control room showing the insulated a ir delivery tubing going through 

the wave guide 

 

B: The scanner room showing the tubing coming from the control room and the 

scanner bed and scanner, with the head coil sitting  in the magnet bore 

 

Photos: Professor Peter Andrews 
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6.3.2.2 Clothing and foot warming 

The participants wore thick socks, loose cotton track-suit bottoms and tee shirts and 

over this the specially made jerkin which closed down the back.  The jerkin was 

taped down round the base of participants’ necks to prevent air blowing on their 

bodies.  Once lying on the scanner bed participants were covered entirely by two 

layers of cotton cellulose blankets which were tucked down over their shoulders.  

 

To reduce their set-point and encourage participants to cool, bilateral foot warming 

was used with an MRI compatible hot pack (Mueller Sports Medicine, Prairie du 

Sac, Wisconsin, USA) placed under and over each foot during the whole time in the 

scanner.  These were charged according to the manufacturer’s instructions by 

immersing them for 8 minutes in water which had been boiled and removed from the 

heat.   

 

6.3.3 Methods of evaluation 

The effects of cooling on brain temperature and oesophageal temperature were the 

primary and secondary variables of interest.  Vasoconstriction and shivering as 

markers of defence against cooling were also assessed. 

 

6.3.3.1 Baseline assessment and characteristics of participants  

The participants’ age, gender, body-mass index and amount of hair was recorded.  

MRS brain temperature and oesophageal temperature were measured at baseline.   

 

6.3.3.2 Primary variable — MRS brain temperature 

MRS is a well established technique that uses MRI to detect certain naturally 

occurring brain metabolites.  By interpreting the relative frequencies of a reference 

metabolite, N-acetyl aspartate (NAA), and water it is possible to estimate tissue 
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temperature with precision (agreement between repeated measurements) of 

approximately ±0.5 °C in 1 ml voxels [Marshall et al., 2006]. 

 

Direct comparison between conventional thermometry and MRS temperature is not 

straightforward because even MRI compatible temperature probes can affect 

collection of MRS data in the immediate vicinity of the probe.  Corbett et al 

compared MRS temperature over 2 cm3 of parenchyma in pigs during brain heating 

and cooling (40–28 °C), with temperature measured in the centre of the same 

parenchymal volume (1 and 2 cm into cerebral cortex) by a Luxtron thermometer 

[Corbett et al., 1997].  The MRS temperature and the thermometer temperature were 

highly correlated (r = 0.93).  In piglets with cooling caps there was good correlation 

(r2 = 0.984) between brain temperature measurement with fibre-optic probes at four 

points across the brain and mean temperature over all voxels measured with MRS 

[Thornton et al., 2004].  However the authors commented that the cerebral 

temperature gradients made direct comparisons between the two methods difficult.  

Unfortunately neither study assessed the limits of agreement and correlation does not 

show how well the methods agreed [Bland and Altman, 1986a]. 

 

A single voxel measurement can be made in three minutes, whilst to measure a 

complete two-dimensional grid of voxels across the brain (as for this study) takes 

about 10 minutes.  Spectroscopy data for MRS temperature measurement were 

obtained at three time points: over the baseline and over the end of the head cooling 

and head and neck cooling periods.     

 

6.3.3.3 Secondary variable — oesophageal temperature 

Oesophageal temperature was continuously monitored, second by second, with the 

m3300 biomedical lab kit MRI (Luxtron, Santa Clara, California, USA) using 

Fluoroptic® thermometry.  The temperature probes have a temperature sensitive 

phosphorescent sensor on the end.  Light pulses transmitted down the probe cause 

the sensor to fluoresce and the fluorescent decay time after each pulse varies 
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precisely with the sensor temperature, allowing temperature measurement with an 

accuracy of ±0.2 °C.   

 

For oesophageal placement the probes were sheathed in 10 fg enteral feeding tubes.  

In the absence of being able to check placement audibly with an oesophageal 

stethoscope as in the previous two studies, the probes were placed in the lower third 

of the oesophagus behind the right atrium by measurement: 24–28 cm below the 

corniculate cartilages [Togawa, 1985] i.e. 31–35 cm from the teeth.  Subjects rested 

for at least 30 minutes in the scanner holding bay after passing an oesophageal 

temperature probe in order to allow their temperatures to stabilise and the 

sympathetic arousal the procedure may have induced to reduce. 

 

6.3.3.4 Assessment of peripheral vasoconstriction and shivering  

Defence against cooling was assessed by peripheral vasoconstriction and shivering 

score.  Vasoconstriction occurs before shivering.  The vasoconstriction threshold is at 

core temperatures of about 36.5–37 °C and the shivering threshold at about 35.5–

36 °C (i.e. 1 °C lower) [Sessler, 2005].   

 

Vasoconstriction 

Peripheral vasoconstriction was measured by forearm minus fingertip temperature 

with a Luxtron Fluoroptic® temperature probe on one index finger opposite the nail 

bed and another proximally on the radial side of the forearm midway between the 

wrist and the elbow [Sessler et al., 1988].  The probes were taped in place by strips 

of hydrocolloid dressing once volunteers were lying on the scanner bed. 

 

The forearm minus fingertip gradient provides an index of skin vasoconstriction and 

changes less than 0.2 °C per 5 minutes over 30 minutes in a steady thermoregulatory 

state [Rubinstein and Sessler, 1990].  A 4 °C gradient is considered to indicate severe 

thermoregulatory vasoconstriction, i.e. greater than would occur with stress or 
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hypovolaemia for example [Rubinstein and Sessler, 1990;Sessler, 2003].  Finger tip 

temperature depends on ambient temperature as well as blood flow and therefore 

both sites were exposed to the same ambient temperature; gradient changes thus 

reflected thermoregulatory change rather than difference in ambient temperature 

[Rubinstein and Sessler, 1990].     

 

Shivering 

A scale developed to detect post-anaesthetic shivering [Wrench et al., 1997] was 

adapted for participants to report shivering: 

0 = no shivering; 

1 = muscular activity confined to one muscle group; 

2 = muscular activity in more than one muscle group; 

3 = gross muscular activity involving the whole body. 

 

Because this scale was developed for use by observers, it normally has five points 

(0–4) with the second point on the scale being one or more of the following 

symptoms: piloerection, peripheral vasoconstriction, peripheral cyanosis without 

other cause, but without visible muscular activity.  This was omitted because the 

volunteers were unlikely to be able to detect these changes and vasoconstriction was 

assessed by changes in the forearm minus finger tip gradient.  If participants could 

not differentiate between points 1 to 3 (above) they were asked to rate shivering as 

none, moderate or severe [Sessler et al., 1991]. 

 

6.3.4 Ethics and safety 

6.3.4.1 Ethical issues and permission 

The main ethical issue was the small chance that the scanning would reveal hitherto 

unsuspected and asymptomatic abnormalities.  Subjects were made aware of this 

possibility as part of the recruitment process.  As part of the consenting process they 
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agreed to a radiological report being sent to their General Practitioner, even if the 

scan was normal.  If abnormalities were revealed the subject was to be referred to a 

Consultant for investigation as appropriate.  Subjects were advised that this could 

affect their life insurance or private medical insurance and if they had either of these 

to check with the company before agreeing to take part in the research. 

 

Permission for the trial was obtained from the Lothian NHS Research Ethics 

Committee, Lothian University Hospitals NHS Trust management and SFCBIRC. 

   

6.3.4.2 Safety considerations 

Provided the inclusion and exclusion criteria and usual MRI safety measures were 

adhered to it was not expected that the study would cause any harm to the 

participants. 

   

MRI 

MRI scanning does not involve ionising radiation, is non-invasive and is considered 

safe.  The main potential risk is the attraction of unsecured ferromagnetic metal 

objects into the strong magnetic field of the scanner.  No such objects are permitted 

in the scanner room.  All visitors are subjected to a safety screening questionnaire 

before entering the room.  Another risk is interference by the magnetic field of the 

scanner with implanted cardiac pacemakers and pacemaker wearers are not permitted 

in the MR suite. 

 

Other potential risks are mild tissue warming from the radio frequency pulses used 

during imaging, particularly in patients with impaired circulation, and the high 

acoustic noise levels during scanning.  Radio frequency warming is restricted to safe 

levels (Department of Health approved) by the scanner control system.  Ear 

defenders are worn in the scanner to reduce the acoustic noise to an acceptable level. 
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The scanner can be claustrophobic therefore claustrophobia was an exclusion 

criterion.  If any volunteers did experience claustrophobia scanning was to be 

stopped immediately and the subject excluded from the study. 

 

Head cooling 

When the face is immersed in cold water the diving reflex elicits sympathetic and 

parasympathetic activation.  In healthy volunteers ice on the forehead increased 

mean systolic blood pressure to about 110% of baseline and mean diastolic to about 

112% and slightly increased the heart rate (<5 beats per minute) [Heindl et al., 2004].  

Inhalation of cold air (–25 °C) also increased blood pressure to about 105–110% of 

baseline and increased heart rate by about 10 beats per minute [Heindl et al., 2004].  

Breathing cold, dry air (–4 °C and –10 °C; RH 0.3%) through the nose (but not 

through the mouth) caused bronchoconstriction in healthy volunteers [Fontanari et 

al., 1996], as did facial cooling (ambient temperature –17 °C) [Koskela and 

Tukiainen, 1995]. 

 

Only healthy volunteers were recruited to this study.  Subjects with cardiovascular 

problems, untreated hypertension (blood pressure was checked prior to recruitment) 

and bronchoconstrictive diseases such as asthma were not eligible.  The temperature 

of the air in the hood was 14.5 °C and therefore not as cold as that used in the studies 

above which showed cardiovascular and respiratory effects. 

 

6.3.4.3 Safety monitoring 

In addition to the normal checks and precautions for entering the scanning room, the 

volunteers were continuously observed for adverse effects, i.e. anything untoward, 

and for adverse events, i.e. problems which could be attributable to the cooling 

intervention or the scanning.  Heart rate, blood pressure and oxygen saturation were 

monitored throughout their time in the scanner.  Although there was an intercom 

between the scanner and the control room, the noise of the airflow combined with the 

noise of scanning meant that hearing the participants was not always easy, therefore 
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they were given a call bell and instructed to ring if they needed assistance of any 

kind.  They were reminded that if they wished to stop participating at any time they 

were completely free to do so and did not have to give a reason.  

 

After their scans subjects were escorted to the scanner holding bay and cared for by 

one of the research team who assisted them to remove the monitoring, provided hot 

drinks and biscuits and stayed with them until they felt ready to leave. 

 

6.3.5 Size and design of study 

6.3.5.1 Size of study 

Five volunteers were judged sufficient for this pilot study in the absence of any 

previous data on which to base a power calculation.   

 

6.3.5.2 Study design 

This was a non-randomised pilot study to assess the effect of forced convective head 

and head and neck cooling on brain temperature, measured by MRS, and 

oesophageal temperature.  Each participant had: 

10 minute baseline → 30 minutes head cooling → 30 minutes head and neck cooling. 

 

Subjects were imaged to measure brain temperature over the baseline and the final 10 

minutes of head cooling and of head and neck cooling.  Oesophageal temperature 

was monitored continuously and measures were taken to reduce participants’ defence 

against cooling. 

 

The main reason for not randomising the order of the two cooling interventions was 

so that each would have the same temporal interval from baseline for the purposes of 

comparison.  This allowed brain temperature gradients to be assessed over time 

which randomisation of neck cooling would not have facilitated.  A washout between 
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head cooling and head and neck cooling was not possible because it would have 

required too long in the scanner, therefore a clear differentiation between head 

cooling and head and neck cooling was not possible.   

 

In the previous trial it took less than 15 minutes for head fanning to begin reducing 

frontal lobe brain temperature in 10 out of 12 patients (Chapter 5).  Thirty minutes each 

of head cooling and head and neck cooling were therefore judged sufficient to show a 

reduction in brain temperature.  This also kept the total time in the scanner within 

reasonable limits for the volunteers to remain comfortable without moving their heads. 

 

6.3.6 Recruitment and informed consent 

Participants were recruited by word of mouth from amongst medical and nursing 

colleagues.  They therefore had good awareness of what was involved in MRI 

scanning and the monitoring.  Nevertheless those interested in volunteering were 

offered the opportunity to lie in the scanner and to pass an oesophageal temperature 

probe before consenting to participate, two who participated did this.  Another 

participant had been scanned previously.  They were given the choice of passing 

their own oesophageal probes (which personally I find easier and more comfortable) 

or having the probe passed by me or Professor Andrews.  Volunteers were also 

encouraged to try the device before consenting and four did so.   

 

Written informed consent was obtained from all participants.  They were given an 

information sheet, time to consider their response and asked to sign a consent form 

and to complete and sign the MRI screening form before taking part in the study. 

 

6.3.7 Data collection and analysis 

6.3.7.1 Data collection 

MRS brain temperature 

All MRI measurements were made on a 1.5 Tesla Signa scanner (GE Healthcare, 

Slough, UK) fitted with the standard head coil.  Axial T2-weighted fast spin echo 
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images were acquired and used to position the spectroscopic imaging plane 

horizontally at the level of the basal ganglia.  The manufacturer’s standard single 

slice spectroscopic imaging sequence was used with point resolved spectroscopy 

(PRESS) excitation, echo time of 145 ms and repetition time of 1000 ms.  The field 

of view was 32 cm with a phase-encoding grid of 24×24, and the slice thickness was 

10 mm.  Automatic shimming and chemical shift selective water suppression were 

applied.  For each phase encoding, 512 complex data points were acquired with a 

sampling interval of 1 ms.   

 

The scanning sequences were randomised for each volunteer before analysis.  The 

method of analysis has been previously described [Marshall et al., 2006] and was as 

follows.  Raw spectroscopic data were transferred to a workstation and interpolated 

to a 32×32 matrix during Fourier transformation, thereby yielding 10×10×10 mm 

voxels (i.e. volume 1ml).  Zero-order phase correction was made using the residual 

water signals, hence effectively bringing water to a fixed nominal chemical shift of 

4.70 ppm.  Resulting spectra were modelled as Gaussian peaks using the AMARES 

algorithm [Vanhamme et al., 1997] within the MRUI package [van den Boogaart et 

al., 1996].  For each spectrum the ppm or Hz location of the water peak was set to 0 

and the distance between the water peak and the NAA peak, as identified by the 

modelling software, was recorded.  The relationship between the distance from water 

to NAA and the temperature of the tissue is linear and was extrapolated from a 

previously conducted pilot study [Marshall et al., 2006].  The presence of 

cerebrospinal fluid (where there is no NAA) reduced the number of valid voxels at 

the centre of the brain, voxels containing a substantial proportion of cerebrospinal 

fluid were excluded, and distortions the number around the periphery.  Spectra were 

automatically discarded if fitted line widths were less than 1 Hz or greater than 10 

Hz, or if the metabolite peaks were more than 0.1 ppm offset from their expected 

values, or if the voxels lay on the edges of the PRESS excitation region.  All spectra 

were also inspected visually and discarded if judged to be of poor quality, for 

example having a badly elevated baseline or containing spurious peaks.   
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As with any thermometer, the accuracy (closeness to the true value) of temperature 

readings depends on correct calibration.  Calibration of a linear scale typically 

requires two parameters: the ‘scale factor’ and the ‘offset’.  Temperatures for the 

remaining voxels were calculated using the equation  

T = 37 + 100(CSNA – 2.035).  

Where 100 is the ‘scale factor’ from the literature [Germain et al., 2001]; CSNA is the 

measured chemical shift of NAA; 2.035, the group mean chemical shift of NAA 

measured in a group of healthy ‘reference’ volunteers; and 37 °C the ‘offset’, that is 

the assumed group mean brain temperature of the volunteers [Marshall et al., 2006].  

The ‘zero’ for the MRS temperature scale is thus set at 37 °C, which is valid for 

assessing temperature change but may not be valid for measuring actual temperature.  

The actual mean brain temperature of the reference group (or of any human 

volunteers) is not known and may have been different from 37 °C.  This would affect 

the accuracy of absolute measurements but the method can still be applied to 

investigate temperature changes as was done in this study.  Approximately one-sixth 

of all voxels were automatically discarded because they yielded apparent 

temperatures outside the limits 32–40 °C.  These voxels were mainly around the 

edges of the brain. 

 

The spectroscopic grid was overlaid on the corresponding axial T2-weighted image, 

and voxels were classified by region, blinded to the temperature values.  The regions 

did not necessarily coincide with distinct vascular or physiological regions, but were 

chosen to explore possible temperature gradients whilst ensuring that there were 

sufficient valid voxels in each region.  Voxels lying within the region formed by 

joining the tips of the lateral ventricles were designated ‘core’, voxels lying within 

approximately one voxel of the brain surface were defined as ‘outer’, and all other 

voxels were defined as ‘intermediate’ (Figure 6.6).  The resulting temperatures for 

the core, intermediate and outer voxels for each subject were transferred to a 

Microsoft Office Excel spreadsheet (part of Microsoft Professional Edition, 

Microsoft, 2003).  These temperatures are the data which I received from Professor 
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Marshall for further analysis.  Figure 6.7 shows the spectra for a core region and 

Figure 6.8 an example of a voxel temperature map at baseline. 

 

Figure 6.6: Boundaries of core, intermediate and ou ter voxels drawn on 

the voxel grid 

 

Axial T2-weighted image at the level of the basal ganglia, overlaid with the spectroscopic grid 
showing the region boundaries drawn in red, blue and green.  Each numbered square on the grid 
corresponds to one voxel.  Core voxels are within the green line, intermediate voxels between the 
green and blue lines, and outer voxels between the blue and red lines. 
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Figure 6.7: Spectra for a core region 

Same subject as in Figure 6.6 
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Figure 6.8: Example of a voxel temperature map at b aseline 

Same subject as in Figures 6.6 and 6.7 

 

 

Oesophageal and forearm minus fingertip temperatures 

Data collection was electronic, second by second, and subsequently averaged over 

the final minute and the final 10 minutes of the baseline and the head and head and 

neck cooling periods. 

 

6.3.7.2 Calculations and statistical analysis 

The plan for the primary and secondary analyses was specified in advance, the 

remainder of the analysis was expected to be exploratory.  It was originally intended 

that the primary analysis would average the MRS brain temperature data over three 
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concentric regions and a central core of voxels but in the event there were 

insufficient valid voxels to achieve this, therefore an outer, intermediate and central 

region were delineated as described above.  The mean MRS temperatures of the core, 

intermediate and outer voxels were calculated for each subject for the baseline and 

each cooling intervention.  The overall brain temperature means were determined 

from these regional means.  Averaging overall would have been more precise but the 

method used compensated for unbalanced voxel numbers in the regions (each subject 

did not have the same number of valid voxels in each region) and gave more even 

weighting to the regions in the overall mean. 

   

The formal tests for cooling effect were paired, two-tailed t-tests of the baseline 

corrected MRS brain temperature, averaged over the means of the core, intermediate 

and outer voxels, for all subjects for head cooling and head and neck cooling.  The 

formal tests for temperature gradient were one-sample, two-tailed t-tests comparing 

the slopes of each subject’s mean outer, intermediate and core voxel temperatures for 

baseline corrected head cooling, head and neck cooling and the mean of head plus 

head and neck cooling.  With only five subjects the assumption that the data was 

normally distributed could not be tested therefore a Friedman non-parametric 

repeated measures analysis was also carried out. 

 

The secondary analysis gives the mean oesophageal temperature differences with 

cooling for each subject for the last 10 minutes of each intervention, i.e. over the 

equivalent time to the MRS brain temperature data acquisition, and for the final 

minute of each intervention. 

 

As explained above, the MRS method was suitable for measurement of temperature 

change but not necessarily for measurement of absolute temperature.  Therefore it 

was not possible to make direct comparisons between brain temperature assessed by 

MRS and oesophageal temperature, for example to say that one was or was not 

higher than the other. 
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Microsoft Office Excel and the Statistical Package for the Social Sciences (SPSS 

12.0, SPSS Inc, Chicago, Illinois, USA) were used for organising and analysing the 

data. 

 

6.3 Results 

The study took place in the SFCBIRC MRI scanner at the Western General Hospital, 

Edinburgh.   

 

6.3.1 Participants 

Three male and two female subjects, aged 31–48 years, were recruited.  Their body-

mass index ranged from 21.6–28.5.  Two subjects had long hair which was left loose 

down their backs with the neck collar placed between their necks and hair.  Two had 

short hair, 3–5 cm length all over, and one had male pattern baldness with remaining 

hair approximately 0.5 cm long. 

 

One subject was scanned on the first day and two per day thereafter.  The ambient 

temperature in the scanning room was 18.4 °C for subject 1 and 20 °C for subjects  

2–5 (within recommended room temperature range for the UK [Hartley, 2006]).  The 

foot packs still felt hot at the end of each trial. 

   

Although the scans were not undertaken for diagnostic purposes they were 

nevertheless routinely reported and were within normal limits. 

 

The head cooling had to be started again in subject 1 because the device became 

disconnected.  This aborted head cooling period was not used in the analysis. 
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6.3.2 MRS brain temperature 

Spectroscopic scanning took approximately 10 minutes for each measurement of 

brain temperature and was undertaken over the baseline and the final 10 minutes of 

each cooling intervention, centred on 25 minutes after the start of cooling.  All 

subjects had usable spectroscopic data.  Table 6.1 shows the valid voxels yielded by 

the MRS analysis per period and region. 

 

Table 6.1: Mean number (range) of valid voxels per period and region  

n=5 subjects 

Period Mean number 

(range) of voxels 

per period 

Region Mean number 

(range) of voxels 

per region 

Outer 13 (6–23) 

Intermediate 30 (19–37) 

Baseline  

69 (54–90) 

Core 26 (17–32) 

Outer 10 (5–13) 

Intermediate 25 (14–35) 

Head cooling  

54 (36–69) 

Core 20 (14–24) 

Outer 10 (2–16) 

Intermediate 27 (15–40) 

Head and 

neck cooling 

 

55 (33–73) 

Core 18 (13–24) 

 

In every subject, mean brain temperature over all voxels decreased relative to 

baseline with head cooling (Figure 6.9).   
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Figure 6.9: Baseline corrected mean MRS brain tempe rature with head 

cooling and head and neck cooling over all voxels f or all subjects  
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The formal test for cooling, averaging MRS brain temperature over all voxels for all 

subjects, showed head cooling produced a baseline corrected reduction in mean brain 

temperature of 0.45 °C (SD 0.23 °C, range 0.16–0.77 °C) which was statistically 

significant (p=0.01, 95% CI 0.17 to 0.74 °C).  At the end of head and neck cooling 

the baseline corrected reduction in mean brain temperature was 0.37 °C (SD 0.30 °C, 

range 0.01–0.66 °C).  This was on the borderline of significance at the 5% level 

(p=0.049; 95% CI 0.00 to 0.74 °C).  These findings are supported by the results of an 

overall Friedman test (χ2 7.6, 2 df, p=0.02). 

 

Head cooling reduced mean brain temperature in the outer, intermediate and core 

voxels relative to baseline, with the exception of subject 4 whose intermediate voxels 

were on average warmer with head cooling (Figure 6.10).  The formal test for 

gradient was not significant at the 5% level (p=0.43; 95% CI -0.15 to 0.29 °C) and 

neither was the Friedman test (χ
2 1.2, 2 df, p=0.55).  This means, taking the five 

subjects together, there was no evidence of a systematic cooling gradient from outer 

through intermediate to core voxels. 
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Figure 6.10: Baseline corrected mean MRS brain temp erature with head 

cooling over outer, intermediate, and core voxels f or all subjects 
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Head and neck cooling reduced mean brain temperature in the outer, intermediate 

and core voxels relative to baseline, with the exception of the intermediate and core 

voxels in subject 4 and the core voxels in subject 2, which were on average warmer 

(Figure 6.11).   The formal test for gradient was not significant at the 5% level 

(p=0.07; 95% CI -0.03 to 0.58 °C) and nor was the Friedman test (χ2 3.6, 2 df, 

p=0.17).  The formal test for gradient for the baseline corrected mean of head cooling 

plus head and neck cooling was on the borderline of significance at the 5% level 

(p=0.049, 95% CI 0.00 to 0.34 °C).  The Friedman test was not significant (χ2 5.2,  

2 df, p=0.07). 

 

6.3.3 Oesophageal temperature 

Mean oesophageal temperature over baseline was 36.56 °C (SD 0.36, range  

36.16–37.02 °C). 

 

Mean baseline corrected oesophageal temperature reductions over the final 10 

minutes of each period (i.e. over equivalent times to MRS brain temperature) were  
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Figure 6.11: Baseline corrected mean MRS brain temp erature with head 

and neck cooling over outer, intermediate and core voxels for all 

subjects  
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0.16 °C (SD 0.04 °C, range 0.12–0.21 °C) with head cooling and 0.36 °C (SD 

0.12 °C, range 0.19–0.51 °C) with head and neck cooling.  Figure 6.12 shows the 

data by subject.  Mean baseline corrected oesophageal temperature reductions over 

the final minute of each period were only very slightly larger: 0.17 °C (SD 0.05 °C) 

and 0.38 °C (SD 0.12 °C) respectively. 

 

6.3.4 Defence against cooling — peripheral vasoconstriction and  

 shivering 

All subjects said they felt cold by the end of the trial and subjects 1 and 2 had goose 

bumps.  Only subject 5 experienced overt shivering, which occurred after neck 

cooling began and was scored as moderate. 

  

The forearm minus fingertip temperature differences averaged over the final minute 

of baseline, head cooling, and head and neck cooling are shown in Figure 6.13.  

Generally, the difference increased as cooling continued, signifying increasing 
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Figure 6.12: Mean baseline corrected oesophageal te mperature 

differences over final 10 minutes of each cooling i ntervention 

(equivalent times to MRS brain temperature) for all  subjects 
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vasoconstriction.  A difference of 0 °C represents the onset of vasoconstriction and 

>4 °C represents significant vasoconstriction. 

 

Figure 6.13: Mean forearm minus fingertip temperatu re difference over 

final minute of baseline and each cooling intervent ion for all subjects 
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6.4 Discussion 

6.4.1 Effect of the convective cooling device on temperature 

This study has shown that brain temperature can be reduced with forced convective 

head cooling.  Head cooling produced a statistically significant mean overall MRS 

brain temperature reduction of 0.45 °C within 30 minutes, including a reduction in 

core brain temperature (Figure 6.10).  Head and neck cooling produced a mean 

reduction of 0.37 °C (Figure 6.11).  The equivalent mean oesophageal temperature 

reduction was 0.16 °C for head cooling and 0.36 °C for head and neck cooling.  

 

Although cross-sectional brain temperature reduced more than oesophageal 

temperature with head cooling it is not possible to say whether brain temperature 

reduced below oesophageal temperature, i.e. whether selective brain cooling 

occurred.  The methods of temperature measurement are different and differently 

calibrated and it is not known if an MRS temperature of, for example, 37 °C was the 

same as a fibre-optic temperature probe reading of 37 °C.   

 

The MRS temperature measurements were acquired during the last 10 minutes of 

each 30 minute cooling intervention, and therefore approximate the true temperature 

25 minutes into the intervention.  This is because there is not a one-to-one 

geometrical relationship between the position of a voxel and the time at which its 

data is acquired during an MRI sequence.  Rather, the data required for each voxel is 

built up slowly throughout the scan time and the most important information can be 

thought of as being acquired half way through a standard sort of sequence.  Although 

subjects received each intervention for 30 minutes, the head cooling results may 

represent cooling for as little as 20 minutes because the MRS brain temperature data 

was being collected over the final 10 minutes of the intervention (centred on 25 

minutes). 
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6.4.2 Comparison of brain cooling rate with other studies 

Taking the mean overall MRS brain temperature reduction as 0.45 °C over 30 

minutes gives an hourly cooling rate of 0.9 °C/h.  However, a case could be made for 

1.35 °C/h (over 20 minutes) or 1.08 °C/h (over 25 minutes).  Over 1 hour with head 

followed by head and neck cooling the cooling rate was 0.37 °C/h.   

 

The hourly cooling rate is a concept which occurs in the literature and is sometimes 

used to facilitate comparison between cooling studies because, even if not directly 

reported, this data can sometimes be extrapolated [White, 2006].   Where an 

intervention has been applied for an hour and is being compared with another 

intervention also applied for an hour, comparisons may be valid, although there are 

many other potential confounding factors.  However it cannot be assumed that the 

rate of cooling over, for example, 30 minutes would be maintained if the intervention 

was continued for an hour, indeed it was not in this study.  The cooling rate is 

unlikely to be constant over time and will reduce the longer cooling is applied, 

therefore comparing cooling rates derived from interventions applied for different 

lengths of time may invalidate the comparison.  With these caveats on this concept 

some comparison of the results with that of other studies in adult humans follows, 

although none of them measured brain temperature at more than one site.  

 

In healthy volunteers a frozen gel cap reduced MRS temperature in a voxel in the 

superficial cortex by mean 0.2 °C in 50 minutes [Corbett and Laptook, 1998].  In 

brain-injured patients with bilateral head fanning, brain temperature reduced by mean 

0.26 °C after 30 minutes, equivalent to an hourly cooling rate of 0.52 °C (Chapter 5).  

With a circulating head and neck cooling helmet in brain-injured patients with 

shaved heads the mean hourly cooling rate was 1.84 °C [Wang et al., 2004a].  

Shaving the head may increase head cooling.  Pretorius et al measured skin heat loss, 

in healthy adult humans, on the back of the head over hair and on the hairless 
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forehead during head cooling by water immersion and found that heat loss was 

approximately 28% less from hair covered skin [Pretorius et al., 2006]. 

 

It is perhaps not surprising that the cooling rates were higher in patients than healthy 

volunteers because the patients were heavily sedated and wearing less clothing.  In 

both volunteer studies the subjects were lying flat for scanning in which position 

there is a two-fold reduction in emissary flow, compared to 30° head up (the standard 

position for brain-injured patients), which could mean heat loss through the skull is 

reduced [Nagasaka et al., 1993]. 

 

6.4.3 Cooling across the brain 

The oesophageal temperature data over the same period as the MRS data shows that 

all subjects reduced their mean oesophageal temperature compared to baseline with 

head cooling and head and neck cooling (Figure 6.12).  Care was taken to prevent 

their bodies being directly cooled by the cold air, therefore it is not unreasonable to 

conclude that for oesophageal temperature to be reduced (measured behind the right 

atrium), there was a heat loss gradient from the head via the jugular veins and venous 

system and through the lungs.  This, together with the temperature reduction in core 

voxels (Figure 6.10) and the lack of a statistically significant temperature gradient 

with cooling, suggests that external convective cooling can affect deep brain 

temperature. 

 

To my knowledge this is the only study in humans which has measured cross-

sectional brain temperature with external head cooling.  However, the question of 

whether brain temperature in adults can be altered by external cooling (including 

convection and circulating and non-circulating helmets) has been addressed with 

modelling, most commonly based on Pennes’ bio-heat equation which was initially 

developed for the forearm [Pennes, 1948;Nelson and Nunneley, 1998;Zhu and Diao, 

2001;Diao et al., 2003;Zhu et al., 2006;Dennis et al., 2003;Sukstanskii and 

Yablonskiy, 2004].  This is a continuum model, which assumes capillary blood 
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achieves thermal equilibrium with the surrounding tissue, in which the cerebral blood 

flow and the metabolic heat production of the brain are averaged over a model of the 

brain as a hemisphere of brain tissue (white and gray matter), overlaid by skull and 

scalp. 

 

Contrary to the results of this study, which showed that external head cooling 

reduces MRS brain temperature in core voxels ≥5 cm below the parenchymal 

surface, the modelling data suggests it affects only relatively superficial brain areas; 

depth estimates range from 4–18 mm below the parenchymal surface.  

 

Modelling brain cooling involves simplifying a process which in reality is very 

complex and making a number of assumptions.  For example, Liang Zhu’s group 

simplify their model by omitting the dura mater and cerebrospinal fluid (CSF) [Diao 

et al., 2003].  Their reasoning is 

“First, this layer is very thin.  Second, the thermal properties 
of the CSF should be very similar to that of the brain tissue 
provided that the convective effect of the CSF can be 
neglected.” ([Diao et al., 2003] p351).   

However, Zenker and Kubik’s work suggests that the convective effect of 

cerebrospinal fluid should not be neglected ([Zenker and Kubik, 1996], Chapter 1). 

 

Some of the modelling assumptions are questionable in my view.  Sukstanskii and 

Yablonskiy, for example, assume  

“arterial blood temperature is constant across the brain”  

and  

“no heat dissipation takes place on the interfaces between 
internal surfaces (brain/CSF/skull/scalp)” ([Sukstanskii and 
Yablonskiy, 2004] p584).   

In their model arterial blood temperature is fixed at 37 °C and they conclude that 

incoming arterial blood temperature and blood flow are the main determinants of 

brain temperature and state,  
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“… our results illustrate the fallacy of attempting to induce 
isolated brain hypothermia by head surface cooling: even 
extreme changes in ambient temperature leads to temperature 
changes only in the vicinity of the head surface whereas in 
the brain the temperature remains practically constant.” 
([Sukstanskii and Yablonskiy, 2004] p486).   

Incoming arterial blood temperature and blood flow may be the main determinants of 

brain temperature, but in reality arterial blood temperature does not remain constant 

at 37 °C because heat loss from the head to a cooling device causes body temperature 

to drop.  The brain cooling is not isolated and never could be without complicated 

‘re-plumbing’ of brain and body blood flow of the sort that Kuhnen et al used 

[Kuhnen et al., 1999]. 

 

Liang Zhu’s group are not as categorical in their assertions as Yablonskiy’s group.  

Although their modelling suggested that temperature variation with head cooling was 

limited to a superficial 17 mm depth of brain tissue, they estimated that the volume 

of brain tissue between the brain surface and 17 mm depth is 49% of the total in 

adults, and therefore average brain temperature reduces as head skin temperature 

decreases [Zhu and Diao, 2001].  They also seem to more readily acknowledge that 

modelling can be fallible as a representation of reality. 

 

In the models blood flow is usually treated as a constant or as decreasing with 

decreasing temperature and it is assumed that cerebral metabolism and blood flow 

are coupled.  Zhu’s group modelled different incoming arterial blood temperatures 

and different rates of cerebral blood flow [Zhu and Diao, 2001;Diao et al., 2003], but 

when they studied cerebral blood flow in response to head cooling in rats they found 

this was much more complex than their model allowed for [Diao and Zhu, 2006].  

The literature on the effect of head cooling on cerebral blood flow suggests the 

relationship is variable and inconsistent (Chapter 3).  Flow and metabolism are not 

invariably coupled and one of the factors in this is that the real relationship between 

cerebral blood flow and brain temperature during brain cooling is not clear, because 

there is uncertainty over the value of Q10 (the factor by which metabolic rate 

decreases with temperature).  The value of Q10 for most neuronal physical and 
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chemical processes may on average be 2.3 (doubling with a 10 °C change), but the 

value for individual substances and cells can be considerably different from the 

average [Kiyatkin, 2007b].  Furthermore, the relationship may not be constant, 

especially after brain injury. 

   

Both groups refer to cooling ‘penetrating’ the brain [Diao et al., 2003;Zhu et al., 

2006].  This is a flawed concept because in fact there is heat flux (energy loss) down 

temperature gradients from warm (brain) to cool (helmet), i.e. heat is lost rather than 

cold gained.  Maintenance of brain temperature will only be as good as the capacity 

of heat production to combat heat loss, through what in effect is a heat exchanger of 

blood, cerebrospinal fluid and tissue with external temperature (whether 

environmental or device).  It is not really different in terms of physics and 

physiology from heat gains and losses for the body as a whole.  Hayward and Baker 

recognised this early on:  

“The brain, unlike other deep heat-producing organs, is 
uniquely susceptible to heat exchange with the environment, 
both via the scalp and via the nasal cavity.  The brain’s 
situation as a “superficial” organ complicates the study of 
brain temperature and must be recalled in any analysis of 
cerebral function.” ([Hayward and Baker, 1968] p401). 

 

The simplification and assumptions may explain why some of the modelling 

conclusions are somewhat counter intuitive (this doesn’t explain why modellers 

don’t question them on that basis!).  For example that varying the external 

convection coefficient from still air (4W/m-2/°C-1) up to 46–50W/m-2/°C-1 ([Nelson 

and Nunneley, 1998;Dennis et al., 2003] and to infinity [Sukstanskii and Yablonskiy, 

2004] essentially makes no difference to cerebral heat exchange and therefore brain 

cooling.  Nelson and Nunneley modelled two brain volumes (88 and 1.33 litres) but 

reported the larger, which was considered to be more similar to an adult male brain, 

because they found little difference in temperature results between the two sizes 

[Nelson and Nunneley, 1998].  This lack of difference is surprising because a smaller 

brain would be expected to be more susceptible to environmental heat loss, and 

indeed this is what neonatal head cooling research suggests [Gluckman et al., 2005]. 
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Apart from modelling studies, it is possible to draw some conclusions about the more 

far reaching effects of head cooling on temperature from actual studies in adults.  In 

this volunteer study external head cooling reduced oesophageal temperature and 

previous studies have shown a reduction in bladder temperature in brain-injured adult 

humans [Hachimi-Idrissi et al., 2001;Wang et al., 2004a].  For core body temperature 

to be reduced suggests that deeper brain sites must be cooled.  Wang et al, for 

example, showed that brain temperature (“0.8 cm below the cortical surface”) 

reduced below bladder temperature by a mean of 1.6 °C with head cooling [Wang et 

al., 2004a].  Therefore there must have been cooling beyond the site of brain 

temperature monitoring, even if the more central parts of the brain were still above 

arterial temperature as modelling predicts.  For example,  ≤1.5 cm below brain 

surface 

 “… parenchymal temperatures were 0.2–0.3 °C above 
arterial temperatures, regardless of surface conditions” 
([Nelson and Nunneley, 1998] p353).   

Although a number of the modelling papers were published recently enough for the 

authors to have been aware of studies of actual head cooling in adult patients, 

particularly Hachimi-Idrissi et al in 2001, no reference is made to these. 

 

There seems to be only one study of forced convective head cooling which has 

measured brain temperature in more than one place.  This is Wass et al’s study in 

anaesthetised dogs with maintenance of normothermic body temperature by 

cardiopulmonary bypass [Wass et al., 1998].  After 30 minutes of head cooling, 

temperature in the parenchyma, 1 and 2 cm below the dura had reduced 2±0.8 °C 

(mean±SD) and 0.7±0.4 °C respectively from the baseline of about 38 °C.  This is 

perhaps roughly anatomically equivalent to a gradient of 1.3 °C between outer and 

intermediate voxels, which is considerably more than in the volunteers in this study.  

Although in the dogs the measurements were in a different and partial plane, as the 

monitoring was inserted parietally along a single radius, 1.5 cm lateral to the midline 

and 3 cm rostral to the lambdoidal ridge, compared to the measurement across a 

complete horizontal plane at the level of the basal ganglia in this study.  However, 
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dogs’ brains are considerably smaller than those of humans which will have 

facilitated increased heat loss and, in combination with the influence of 

normothermic blood at a constant temperature from the trunk, is also likely to have 

increased the temperature gradient. 

 

Although core voxels were cooled by head cooling in the volunteers and the 

temperature gradients with cooling were not significant, by the end of head and neck 

cooling there is more suggestion on the temperature plot that some gradient is 

appearing (Figure 6.11).  The test for gradient for the mean of head and head plus 

neck cooling was of borderline significance.  This should be interpreted with caution 

in this small study, but some slope, i.e. less reduction in temperature with distance 

from the source of the cooling, would be expected and has been shown in animal 

studies of direct brain cooling (Chapter 3).  With longer cooling time and greater 

temperature reduction it is possible a gradient would appear.   

 

In any event, if core brain is not cooled to the same extent as more superficial areas 

this does not mean therapeutic head cooling will be ineffective.  Cooling the 

superficial brain will cool the more metabolically active and therefore potentially 

more vulnerable cortices.  Hypothermia induced systemically (n=20, rectal 

temperature 33–34 °C) and by direct head cooling (circulating cooling cap, n=14, 

rectal temperature 34.5 °C) has been compared with no cooling (n=52) in neonates 

with moderate and severe hypoxic-ischaemic injury (classified by aEEG, injury 

severity proportional between groups).  No head cooled infants had severe cortical 

lesions by comparison with 25% with systemic hypothermia and 27% without 

cooling (p=0.01) [Rutherford et al., 2005].   

 

Brain thermoregulation is complex and it is nearly impossible to capture the 

complexities in a model, especially as it is far from certain the full picture is clear or 

that the physiological and clinical relevance, of what are often subtle nuances, are 

understood.  Reducing the complexities can lead to inaccuracies in the predictions.  
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Studies in adult humans suggest that brain temperature reductions with external head 

cooling are not simply superficial.  Ultimately the optimum strategy may be to tailor 

the cooling method to the patient and the injury, taking into account practicalities and 

the importance of speed of intervention. 

 

6.4.4 Head and neck cooling 

The mean brain temperature reduction with head and neck cooling (0.37 °C) was less 

than for head cooling and of only borderline statistical significance; three subjects (2, 

4 and 5) had a smaller baseline corrected brain temperature reduction than with head 

cooling (Figure 6.9).  With few subjects, the possible reasons can only be speculative 

but nevertheless deserve some consideration.  Because head and neck cooling was 

delivered second, subjects could have been defending more strongly against cooling 

because they had been cooled for longer.  Head and neck cooling, however, reduced 

oesophageal temperature more than head cooling in all subjects, despite producing an 

increase in vasoconstriction in all but subject 5, who nevertheless reported some 

shivering (Figure 6.13).  This suggests head and neck cooling together may have 

relatively more effect on core trunk temperature and thus perhaps be less head 

selective than head cooling alone. 

  

It is possible that carotid vasodilation with cooling reduced the effectiveness of neck 

cooling.  One of the mechanisms for brain cooling is carotid blood which is cooled 

by venous blood from the skin of the body and in turn cools the brain.  Therefore it is 

usually assumed that cooling the neck in addition to the head will increase brain 

cooling by reducing the temperature of the incoming blood in the carotid arteries.   

 

However, in vitro, it has been shown that cooling induces vasodilation in isolated 

rabbit carotid artery preparations [Mustafa and Thulesius, 2002] and, to a greater 

extent, heating induces vasoconstriction [Mustafa et al., 2004] (Chapter 3).  In vivo, 

whole body hyperthermia (4 °C above baseline) in rabbits decreased both carotid and 

cerebral blood flow (measured with radionuclide imaging) [Mustafa et al., 2007].  
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The 40% reduction in cerebral blood flow resulting from carotid constriction was not 

uniform across the brain but significantly greater in the frontal area and cerebral 

hemispheres (served by the carotids) compared to the cerebellum (served by the 

vertebral arteries) (n=5, p<0.05).  Mustafa et al argued that neck cooling should be 

used to reverse carotid vasoconstriction in hyperthermia [Mustafa et al., 2007].  

However this assumes the vasoconstriction is not helpful. 

 

The carotid artery responses to heating and cooling shown by Mustafa and 

colleagues [Mustafa and Thulesius, 2002;Mustafa et al., 2004;Mustafa et al., 2007] 

seem logical from a thermoregulatory perspective.  These suggest that carotid blood 

flow from the body to the brain is reduced in hyperthermia, which would reduce 

brain heat gain and be in synergy with the brain cooling mechanisms of heat loss 

from the upper airways and through the skull, and also with the shift in blood flow 

from the body core to the skin which facilitates body cooling [Bouchama and 

Knochel, 2002].  Conversely, under cold conditions the brain would receive rather 

more blood from the body to compensate for heat losses from the head.  By the end 

of 30 minutes of head cooling, mean brain temperature in the volunteers had reduced 

by 0.45 °C and oesophageal temperature by only 0.16 °C, which suggests body 

temperatures were relatively warmer in comparison to brain temperatures than at 

baseline (i.e. the brain–body temperature gradient narrowed because cooling affected 

brain temperature to a greater extent than oesophageal temperature). Therefore, if 

neck cooling did induce carotid vasodilation the consequent increase in flow of 

relatively warmer blood from the body may have reduced the rate of brain cooling. 

 

With only five subjects the nuances of difference between head and head and neck 

cooling are not robust.  The optimum balance of interventions, to achieve a 

therapeutic level of head cooling without shivering and undue systemic cooling, 

remains to be determined.  Different patients may require different strategies; in 

unsedated and less severely ill patients for example perhaps head cooling alone 

would be preferable. 
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6.4.5 Limitations of the study 

This was a small observational phase I study designed to obtain pilot data with a 

convective cooling device in healthy humans.  It fulfilled this purpose but 

nevertheless there are some limitations. 

 

MRS temperature measurement 

Although spectroscopic imaging can measure brain temperatures on a regional basis, 

interpretation of the measurements in an absolute sense is confounded by large 

between-subject variations in mean temperature, and sometimes quite large within-

subject temperature ranges.  However, this does not exclude the use of the technique 

in studies such as this where individuals are acting as their own controls and 

temperature change is the point of interest.  Furthermore, within-subject ‘noise’ of 

this kind should make it harder to show the consistent overall cooling effect 

demonstrated here.  Clinical utility will be limited by the precision of the technique, 

which is of the order of 1 °C for 1 mL voxels imaged at 1.5 Tesla [Marshall et al., 

2006].  Therefore the measurements from several voxels must be combined to 

achieve significant results for small temperature changes from scan to scan.  Further 

work is planned to optimise the technique for regional brain temperature 

measurement. 

 

Gender differences 

This study included both men and women, whereas many studies of heat loss in 

volunteers include only men to avoid having to contend with gender differences 

affecting temperature and thermoregulation [Kaciuba-Uscilko and Grucza, 2001].  In 

this case it was considered important to include both sexes because the study was 

intended as a pilot for a future study in patients and was not a laboratory study of 

thermoregulation.  Therefore gender differences in response are not exactly a 

limitation, but they possibly explain some of the individual variability, although with 

few subjects in each group differences are simply suggestive and not conclusive. 
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Males and females did respond differently in some respects.  Figure 6.13 illustrates 

that males (subjects 1 to 3) generally became more vasoconstricted with cooling but 

were never significantly vasoconstricted (forearm minus fingertip temperature 

gradients in excess of 4 °C), except for subject 3 by the end of head and neck 

cooling.  Females (subjects 4 and 5), however, were significantly vasoconstricted 

throughout the study, which is congruent with females having a more pronounced 

cutaneous vascular response to cooling [Cankar and Finderle, 2003].  However, since 

they were significantly vasoconstricted even at baseline, before exposure to the 

cooling interventions, it is also possible that sympathetic arousal, perhaps because of 

anxiety, was a contributory factor. 

 

The females also had fewer valid voxels for MRS brain temperature calculations, in 

part because their heads were smaller, which means that their brain temperature data 

for regional cooling may be a little less robust.  In Figure 6.10, for example, it can be 

seen that their response to head cooling was somewhat less uniform than that of the 

men. 

 

6.5 Conclusions 

This was a small inherently descriptive study.  It allows for some interesting points 

of discussion, but it is inappropriate to draw more definitive conclusions than that the 

forced convective head cooling device consistently reduced overall MRS brain 

temperature, the reduction was not confined to superficial areas of the brain and the 

cooling was sufficiently effective to also reduce oesophageal temperature.  The study 

fulfilled its purpose as a pilot for a trial of forced convective head and head and neck 

cooling in brain-injured patients with intracranial temperature monitoring.
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Chapter 7: Conclusions and further research 

 

7.1 What this research has shown  

This research started as an investigation into whether restoring upper respiratory tract 

airflow in intubated patients would reduce brain temperature.  It developed into an 

exploration of heat loss from the upper airways and through the skull.   

 

In a fairly typical population of intubated patients with severe brain trauma or 

haemorrhage, in whom monitoring intracranial temperature was justifiable, the first 

trial showed that replication of ‘normal’ nasal airflow had no clinically relevant or 

statistically significant effect on intracranial temperature (Chapter 4).  However, the 

trial provided data which suggested that head fanning could induce heat loss through 

the skull.  The second trial, in a similar group of patients, demonstrated that it was 

possible to reduce brain temperature with higher flow rates of drier air with nitric 

oxide added (enhanced nasal airflow) and with bilateral head fanning (Chapter 5).  

Using both methods of cooling together had an additive effect on brain temperature 

reduction.  The difficulties and expense of delivering enhanced nasal airflow for a 

small temperature reduction meant that this intervention was unlikely to be 

therapeutically useful.  Bilateral head fanning on the other hand was thought to 

warrant further research.  The final study therefore involved developing a convective 

head and neck cooling device which was used on healthy volunteers with MRS brain 

temperature measurement (Chapter 6).  This device reduced cross-sectional brain 

temperature and, to a lesser extent, oesophageal temperature. 

 

The brain temperature reductions demonstrated were small although the interventions 

were applied for relatively short periods.  In patients the mean reduction in frontal 

lobe brain temperature was 0.26 °C in 30 minutes with bilateral head fanning.  In 

volunteers the mean reduction in MRS brain temperature was 0.4 °C in 

approximately 30 minutes with the convective head cooling device. 
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However, in my view the main interest and relevance of the results to date is 

physiological, because this research adds to knowledge and understanding of 

mechanisms of heat loss from the upper airways and through the skull in humans.  

Clinically, factors which enhance or inhibit these mechanisms may have an effect on 

brain temperature but the therapeutic relevance of convective head cooling by these 

methods requires further research.  External convective head cooling may improve 

patient comfort and provide a useful addition to pharmacological methods of 

reducing raised temperature.  If hypothermia is required a convective head cooling 

device could provide a means of maintaining hypothermia after induction with, for 

example, cold intravenous fluids.   

 

Nursing is about caring for and working in partnership with patients to promote 

health and the best circumstances for healing and wholeness by optimising biological 

and psychosocial mechanisms.  As a nurse I have approached brain cooling research 

in that context; trying to understand, work with and make the best use of normal 

mechanisms of heat loss in brain-injured patients while trying not to lose sight of the 

care of each individual as a whole.  But as a nurse without a science background I 

have found this research very intellectually challenging, and am acutely conscious 

that there is much more to learn, find out and try to understand.  However I am a firm 

proponent of life-long learning and have found tackling this new subject of brain 

cooling at an older age to have benefits as well as difficulties, therefore my intention 

is to continue this research. 

 

7.2 Further research  

There are three areas of further (post-thesis) research which are in various stages of 

progression: an updated systematic review, development of a convective head 

cooling device and furthering knowledge and understanding of the subtleties of brain 

temperature and the mechanisms of brain temperature maintenance. 
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7.2.1  Systematic review update 

Since the first review of brain cooling in Chapter 3 was published [Harris and 

Andrews, 2005] there has been one other review [Christian et al., 2008], which 

included the controlled trials in this thesis [Andrews et al., 2005;Harris et al., 2007].  

A systematic review has not been published and there has been more research on 

brain cooling since the systematic review in Chapter 3 was undertaken and the 

research for this thesis was completed.   

 

With regard to non-invasive external head cooling, this more recent research includes 

three randomised controlled trials in traumatic brain injury [Qiu et al., 2006a;Qiu et 

al., 2006b;Harris et al., 2009].  Two of these were outcome trials [Qiu et al., 

2006a;Harris et al., 2009] of which the larger showed improvement with head 

cooling [Qiu et al., 2006a].  There have also been a number of feasibility and 

observational studies.  These include head and neck cooling [Liu et al., 2006] and the 

use of ice packs on craniotomy sites [Forte et al., 2009] in traumatic brain injury.  In 

cardiac arrest, a cap which directs cold water over the head [Wandaller et al., 2009] 

and a chemotherapy cooling cap [Storm et al., 2008]. 

 

With regard to induction of heat loss from the upper airways there are three new 

devices.  A pharyngeal balloon (Okayama University Medical School, Okayama, 

Japan), a nasal balloon (Quickcool, Lund, Sweden) and a nasopharyngeal 

perfluorocarbon and oxygen spray (Rhinochill, Benechill Inc, San Diego, USA).  

Studies in animals with these devices have been published (for example [Takeda et 

al., 2006;Covaciu et al., 2008;Wolfson et al., 2008]) and trials in humans are in 

progress.  Dohi et al have reported observational case studies of nasopharyngeal air 

and head fanning in brain haemorrhage and trauma [Dohi et al., 2006a] and a non-

randomised trial of nasopharyngeal air for induction of cooling in brain haemorrhage 

[Dohi et al., 2006b].   
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As discussed in Chapter 3, developing the search terms for a systematic review is not 

easy because of the wide variety of descriptors used for head/brain cooling and lack 

of agreed terminology.  Medical subject headings are not helpful and finding a 

balance between specificity and sensitivity is difficult.  Abstracts often contain 

insufficient detail on cooling methods.  Reporting of methods, and sometimes data, is 

not as good as one would hope even in the full text.  It is planned to tackle the issue 

of terminology in order to get some agreement amongst clinicians and researchers to 

make it easier to conduct reviews of brain cooling in the future.  We may ultimately 

seek to have medical subject headings updated to facilitate searches. 

 

The difficulties are exemplified by my discovery since the last study was conducted 

(Chapter 6), that two reports on face fanning in brain injury were missed in the 

review in Chapter 3.  These were observational studies by Mariak and form part of 

his research on brain temperature measurement rather than being studies of head 

cooling per se [Mariak et al., 1993;Mariak et al., 2003].  One was a thermal 

physiology conference report [Mariak et al., 1993]; conference proceedings were not 

searched for the review.  The title of the other, ‘Tympanic temperature reflects 

intracranial temperature changes in humans’, does not refer to a cooling intervention 

(which is why it did not show up on searches), because the study was not designed to 

assess the effect of fanning on temperature [Mariak et al., 2003].  It was not a 

randomised trial, and the authors explicitly state that the patients’ thermoregulatory 

(because they were not all hyperthermic) and clinical states were too variable for 

 “… conclusions to be drawn about the effect of facial 
fanning on intracranial temperature.” ([Mariak et al., 2003] 
p282). 

In both studies face fanning was used in conscious, post-operative neurosurgical 

patients to identify extracranial temperatures (tympanic membrane, oesophageal and 

rectal) which reflected intracranial (subdural) temperature.  In the earlier study (n=6) 

the time course of fanning is not given.  In the second (n=14) Mariak et al comment  

“Generally, all patients reported an unpleasant sensation 
when fanned.  The duration of fanning was between 20 and 
30 min, depending on the individual patient’s tolerance.” 
([Mariak et al., 2003] p281).   
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Subdural temperature was reduced with face fanning in half the patients in each 

study, with an overall mean reduction of 0.15±0.18 °C [Mariak et al., 1993;Mariak et 

al., 2003]. 

 

We now have funding for a systematic review of brain cooling from the Health 

Technology Assessment programme (Lead Investigator myself, co-investigators 

Professor Andrews, Professor Murray and Dr Forbes).  The review will assess the 

effect of methods of inducing heat loss from the upper airways and through the skull 

on brain temperature (or proxy) and outcome in adults after brain trauma, stroke and 

cardiac arrest.  The objectives include assessing the effect of head cooling on 

intracranial pressure and biochemical markers of injury, complications and side 

effects and an economic analysis.  The overall aim is to provide a comprehensive 

picture of brain cooling research which will inform clinicians and guide researchers. 

 

7.2.2 Development of a convective head cooling devi ce 

The study in healthy volunteers (Chapter 6) was intended to be a pilot for a trial of 

convective head cooling in patients, but before this could be undertaken KCI stopped 

all research and development work on cooling devices.  Their Therakool systemic 

cooling device was proving hard to market because of competition from other 

systemic devices such as the Arctic Sun (Medivance Inc, Louisville, USA) and 

intravascular cooling catheters.  KCI’s head office therefore took the decision to 

concentrate on their vacuum assisted wound healing device and therapeutic beds 

because these were proving to be highly commercially successful.  

 

Clinically there are two feasible methods of external direct brain cooling: by 

conduction (with or without a convective element) and by forced convection of air.  

Conductive methods consist of helmets containing circulating cold fluid or frozen 

material (Chapter 3).  With circulating helmets heat from the head is transferred by 

conduction through the helmet wall and then removed by the circulating coolant 

[Merrill, 2005].  Non-circulating helmets may be less effective than circulating 
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helmets but are simple and relatively inexpensive; indeed the simplest method is ice 

packs.  For optimum heat removal the helmet needs to be in close contact with the 

scalp and may be pressurised to achieve this.  The Discrete Cerebral Hypothermia 

System (CoolSystems, Inc., Berkley, CA) used by Wang et al and Harris et al was 

pressurised to 15 mmHg [Wang et al., 2004a;Harris et al., 2009].  Nevertheless 

Harris et al comment that it was not fully effective and one of the reasons given is 

“insufficient cap contact with the scalp” ([Harris et al., 2009] p1263).  The necessity 

for close scalp contact may be problematic following brain injury, in the presence of 

wounds and skull fractures for example, and if the constriction causes an increase in 

intracranial pressure.   

 

Forced convective methods use airflow to remove heat and have potential advantages 

over other methods in causing no pressure on the skull and utilising all modes of heat 

transfer from the head to the environment.  Heat loss is facilitated through the skull, 

including the face, and the upper airways in self-ventilating subjects.  If electric fans 

are used forced convective cooling is also simple and cheap.  Recently a pilot study 

has been published of servo-controlled fanning of ambient air directed 

cephalocaudally in infants with hypoxic-ischaemic injury [Horn et al., 2009].  This 

study was prompted by the need for “an effective, low-maintenance, and low-cost 

cooling method” because this injury is more common in developing countries [Horn 

et al., 2009].  However, in general forced convective methods have received less 

attention than conductive methods of direct brain cooling, possibly because it is more 

technically challenging to develop an effective device (Chapter 3).  Convective head 

cooling device development is an area for further research. 

 

7.2.3  Brain temperature and brain temperature main tenance 

Something which I found surprising when starting out on this research was the 

paucity of anatomical and physiological information on brain temperature 

maintenance and regulation, and brain cooling in particular, in neurology textbooks.  

I went to the University medical library and found that when textbooks had anything 

on the subject it was simply a sentence or two to the effect that carotid blood cooled 
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the brain.  Looking again this year that situation seems not to have changed.  For 

example, there is nothing specifically on brain temperature or brain thermoregulation 

in the most recent and largest Encyclopedia of Neuroscience [Squire, 2009] in the 

library.  This suggests that brain temperature and cerebral thermoregulation — if the 

brain does thermoregulate — are not considered to be particularly important in their 

own right.  They seem to be thought of as mainly passive by-products of other 

processes.  But undertaking this research has illustrated to me that there is a great 

deal which is not yet known and understood on the subject of brain temperature 

under normal circumstances, let alone pathological ones, and plenty of scope for 

further research.  Some thoughts are outlined here. 

 

The temperature changes achieved in the studies in this thesis were small and it is not 

known if changes of this magnitude affect outcome after brain trauma and 

haemorrhage.  But small changes in temperature within normal thermoregulatory 

limits, such as may occur naturally with heat loss from the upper airways and 

through the skull, do have effects on physical and psychological well being and are 

therefore physiologically relevant, although it can be difficult to know whether 

temperature change is cause or effect in each situation.   

 

The vascular theory of emotional efference suggests that physiological processes 

which affect brain temperature influence affect [McIntosh et al., 1997].  Subtle 

alterations in temperature have been implicated in seasonal affective disorder 

[Schwartz et al., 2001] and schizophrenia [Shiloh et al., 2008] and are important in 

sleep [Wehr, 1992;Lack et al., 2008] and it has been hypothesised that manipulation 

of brain temperature may be a mechanism in treatment of mood disorders [Salerian et 

al., 2008].  In this context yawning has recently been proposed to have a brain 

cooling function and to be linked to conditions in which thermoregulation may be 

altered or impaired, including schizophrenia, stress and anxiety, epilepsy, multiple 

sclerosis, brain trauma and stroke [Gallup and Gallup, 2007;Gallup and Gallup, 

2008]. 
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In conditions of emotional arousal selective brain cooling is not active and the 

temperature of the amygdala may therefore be higher than in states of emotional 

relaxation [Caputa, 2004].  Caputa has suggested that even a small rise in amygdala 

temperature may have the effect of reinforcing the emotional response by positive 

feedback and thus have adaptive value [Caputa, 2004].  It would follow that if local 

selective brain cooling by heat loss from the upper airways is impaired the amygdala 

may not experience the usual temperature reductions which would ensue in states of 

emotional relaxation.  The ability to recognize and process the emotional content of 

facial expressions is an important aspect of successful social interaction and bonding 

in animals and humans [Tate et al., 2006].  Amygdala activity corresponds with the 

emotion people experience in response to facial expressions [Sato et al., 2004].  

Dannlowski et al’s suggestion, on the basis of their functional magnetic resonance 

imaging research on amygdala activity related to processing of facial emotions, is  

“that pathological amygdala hyperactivity in depression 
affects the onset and maintenance of emotional disorders by 
eliciting dysfunctional negative biases” ([Dannlowski et al., 
2007] p19).   

Speculatively, perhaps pathological amygdala hyperactivity may occur in depression 

and schizophrenia because brain cooling is impaired and the amygdala is not cooled 

as it would be periodically if brain cooling was unimpaired.  The relationship 

between brain cooling and warming mechanisms, emotion, facial expression and 

mental health is an area where further research seems warranted.  Although restoring 

airflow through the noses of intubated patients did not make an appreciable 

difference to intracranial temperature measured at a distance from the nasopharynx 

(Chapter 4), it is not known if there were more local effects which could be 

important for mood. 

 

Cerebral blood flow is a key factor in brain temperature and very little is known, for 

example, about the changes in the balance and direction of venous flow in the nose 

and the brain in response to the demands of thermoregulation and pathology.  Or 

perhaps blood flow may be a driving factor — as with temperature, whether blood 

flow is cause or effect is not necessarily clear.  Cerebral blood flow, and particularly 
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venous flow, is an area which would warrant further research in the context of brain 

temperature and brain cooling. 

 

The corollary to brain cooling is brain warming but there is little research on the 

existence, mechanisms or physiological importance of this in humans.  Nevertheless 

the ability to increase brain temperature seems to have physiological importance 

[Kiyatkin, 2007a].  It is thought that cerebral heat production may be increased in 

response to cold ambient temperatures and that this is a function of glial cells 

[Donhoffer, 1980].  This heat production has been described as selective brain 

warming and has been shown in rats and rabbits ([Donhoffer, 1980;Szelenyi and 

Donhoffer, 1978;Cabanac, 1995].  It is possible selective brain warming also occurs 

in humans (Cabanac, 1995; Szelényi, 1998).  Rapid eye movement (REM) sleep may 

also have a brain warming function through a variety of mechanisms, including 

changes in blood flow direction and increased neuronal activity and metabolism 

[Wehr, 1992].  Under normal circumstances prevention of brain cooling may be 

more important than is generally realised; Gisolfi and Mora’s thesis is that the brain 

has evolved to work at warm temperatures (approximately 37 °C) and 

thermoregulation is tailored to keeping it warm [Gisolfi and Mora, 2000]. 

 

Possibly the response of the carotid arteries to cold is one mechanism for preventing 

excessive brain cooling (Chapter 6).  It seems too that application of cold to the roof 

of the mouth and pharynx (as in ice cream headache [Hulihan, 1997]) can induce 

reduction of flow in the middle cerebral artery [Sleigh, 1997].  It is also now 

recognised that brown adipose tissue (BAT) is more prevalent in adult humans than 

was previously thought, particularly in the supraclavicular, paravertebral and neck 

regions [Nedergaard et al., 2007;van Marken Lichtenbelt et al., 2009].  This begs the 

question of whether BAT plays any part in brain temperature regulation and brain 

warming given the proximity of much of the deposits to the carotid and vertebral 

arteries.  This was a possibility raised by Wehr in relation to REM sleep even though 

the prevalence of BAT in adult humans was not well recognised at the time he was 

writing [Wehr, 1992].  
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Finally, it is possible that cooling of patients after traumatic brain injury and stroke 

may be more effective if it is better targeted, perhaps to specific sub-types of injury 

or particular temperature states.  In my view therefore better methods of determining 

why temperature is altered are needed, to more reliably differentiate between 

infection, inflammation and central thermoregulatory damage for example.  As also 

are better methods of determining the stage of the inflammatory cascade after injury 

in individuals.  Better methods of this kind would allow temperature manipulations 

to be tailored more specifically to individual patients’ needs.  With temperature 

interventions one ‘size’ is unlikely to fit all and that will probably apply to both the 

optimum target temperature and the method of cooling.  

  

7.3 Conclusion 

This research has shown that intracranial temperature can be reduced in brain-injured 

patients by inducing heat loss from the upper airways and through the skull and has 

added to physiological understanding of brain cooling mechanisms.  Nevertheless 

there is much still to be discovered about brain cooling in health and injury.  In 

healthy volunteers a prototype convective head cooling device reduced cross-

sectional brain temperature measured by MRS.  This pilot study provides a basis for 

device development and a future trial in patients. 
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