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1) Abstract

This overview reviews seventeen publications between 1995 and 2005. CHE Imray 

was the first author of eleven of the papers, the senior author of four and a major 

contributor to two of the publications. The overview should be read in conjunction 

with the full copies of the seventeen publications (Appendix 2).

The brain is exquisitely sensitive to oxygen requiring a constant supply of adequately 

oxygenated blood to function normally. Cerebral oxygen delivery is dynamic, and 

alters rapidly in response to changes in physiological and pathological stimuli. 

Interference with cerebral oxygen delivery, either as a result of decreased cerebral 

blood flow, decreased arterial oxygenation or particulate matter (cerebral 

microemboli) within the blood can all rapidly result in temporary or permanent loss of 

function within minutes.

The author has used non-invasive cerebral perfusion imaging techniques, initially in 

the clinical setting (in clinic, at the bedside and in the operating theatre) and later 

transferring these methods to the field setting at high altitude. As a result of these 

studies, new insights into cerebral perfusion have been gained. Novel concepts such 

as 'virtual altitude' and 'partitioning of arterial and venous volumes' have been 

developed. New equipment has been designed and developed, such as the recumbent, 

collapsible, portable exercise bike. Finally new clinical treatments have been 

developed, including an apparently safe way to treat the high-risk group of patients 

with crescendo transient ischaemic attacks or mini-strokes, greatly reducing the risk 

of developing a subsequent major stroke.

The work submitted for consideration for a PhD by publication represents ten years of 

investigation in two closely inter-related fields. The aim of the submission is to 

provide a background to the seventeen publications (Appendix 2) allowing them to be 

seen in context to existing knowledge. Appendix 3 contains twelve additional 

communications that have either been published, or accepted for publication after the 

original list of seventeen publications was submitted to the University of Glamorgan. 

They confirm the author's ongoing interest and contributions to this field of research.
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3) Introduction 

a) Anatomy

It has been known since ancient time that occlusive pressure on both the carotid 

arteries will rapidly result in unconsciousness, and the word Kaponq (karotis) 

reflects this knowledge being the ancient Greek for deep sleep. Although the brain is 

only about 2% of the total body weight, it receives 15-20% of the body's blood (1). 

Brain cells are exquisitely sensitive to hypoxia and the autoregulatory system is 

designed to maintain balance of cerebral oxygen delivery and cerebral oxygen 

consumption (1). Blood is supplied by two pairs of arteries, the internal carotid 

arteries and the vertebral arteries. The vertebral arteries join to form the basilar artery. 

The internal carotid arteries and the basilar artery form a ring of vessels called the 

CircleofWillis(2).

Figure 1

Extracram'al blood supply: From 'Grants Atlas of Anatomy' 7th Edition.
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On the right side, the innominate artery (otherwise known as the brachio-cephalic 

trunk) arises from the arch of the aorta, bifurcates behind the right sterno-clavicular 

joint into the right common carotid artery and the right subclavian artery. The right 

vertebral artery arises from the right subclavian artery. The left common carotid artery 

arises directly from the arch of the aorta, where it lies in front of the left subclavian 

artery up to the level of the left sterno-clavicular joint, here the two arteries diverge. 

The left vertebral artery arises from the left subclavian artery. Both common carotid 

arteries run superiorly within the carotid sheath and adjacent to the internal jugular 

veins and the vagus nerves. The common carotid arteries bifurcate at the level of the 

thyroid cartilage into the internal and external carotid arteries. The external carotid 

artery rapidly divides into a number of branches to supply the face, head and neck. 

The internal carotid artery at this level is somewhat greater in diameter than the rest of 

the internal carotid artery and this portion is known as the carotid bulb. The carotid 

body is a small yellow-grey structure, which lies at the bifurcation of the common 

carotid lying between the internal and external carotid arteries, and is innervated by 

the glossopharyngeal nerve, and has a role in the control of blood pressure and pH. 

The internal carotid artery has no branches as it passes superiorly up towards the 

carotid foramen, through which it enters the skull; it then takes a tortuous course 

through the carotid siphon and finally passes on to the Circle of Willis. The left and 

right internal carotid arteries and the basilar artery merging into the anterior cerebral 

arteries, the anterior communicating artery and the posterior-communicating artery, to 

form the Circle of Willis (3).

On both sides, the first part of the vertebral artery arises from the subclavian artery 

and passes upwards and rapidly disappears into sixth cervical vertebra. The second 

parts of both the vertebral arteries ascend through the upper six cervical vertebrae in 

the transverse foramina. The left and right vertebral arteries join to form the basilar 

artery which in turn enters the posterior part of the Circle of Willis.

14



Figure 2 a,b 

Circle of Willis: From 'Grants Atlas of Anatomy' 7th Edition.

b) Control of cerebral blood flow.

Although the human adult brain accounts for only approximately 2% of total body 

weight, cerebral blood flow (CBF) at 50 ml/min/lOOg of brain tissue accounts for 15- 

20% of the resting cardiac output (1). This reflects the high cerebral metabolic rate 

(CMROa) and so high demand for oxygen by brain tissue. The brain consumes on 

average 3.3 ml (Vmin/lOOg, which again is about 20% of the total body consumption 

at rest (4). Cerebral blood flow is kept constant over a wide range of conditions in 

order to maintain cerebral oxygen delivery by a mechanism called autoregulation. 

Maintaining adequate CBF following injury is particularly important in patients in the 

intensive care unit setting. We have recently published a review of the various 

techniques commonly used (5). The five major determinants of cerebral blood flow 

are blood pressure, arterial carbon dioxide, arterial oxygen, metabolic factors and 

neural factors.

I) Blood pressure and the auto-regulation of cerebral blood flow

Cerebral blood flow (CBF) autoregulation is the ability of the brain to maintain total 

and regional CBF constant despite large changes in systemic arterial blood pressure 

(6). The cerebral perfusion pressure represents the difference between mean systemic 

arterial pressure and cerebral outflow pressure. The out flow pressure is the higher of

15



the cerebral venous pressure (jugular venous bulb pressure) and the intracranial 

pressure. In health, autoregulation is generally expressed as the relationship between 

CBF and arterial blood pressure since cerebral venous and CSF pressures are low. 

CBF auto regulation can be impaired or lost following injury or surgery and the 

monitoring and maintenance of adequate cerebral perfusion is a crucial component of 

a neuro-intensive care unit (5).

Figure 3

Cerebral blood flow and auto regulation: 

Taken from NewfieldP & CottrellJE (Ref7)
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The cerebral vascular resistance (CVR) can be expressed by Poiseuille's Law as:

Resistance to flow = 8 hi / « r4

Or

CVR = CPP/CBF - (8 /«) x h x (1 / r4)

Where (8 /*) is a constant for calculation, h the blood viscosity, 1 the length and r the 

radius of the vessel, and CPP is the cerebral perfusion pressure. Importantly the radius 

enters to the fourth power in the equation, making it the most efficient means of 

controlling vascular resistance.
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In adults under normal conditions, auto regulation of CBF occurs between a cerebral 

perfusion pressure of roughly 60 mmHg to 150 mmHg (6). Vascular smooth muscle 

possesses an intrinsic capacity to constrict in response to rises in wall tension and 

conversely to relax when there are falls in wall tension. Cerebral vasodilatation is 

maximal at the lower limit of auto regulation, and if the blood pressure falls further 

the CBF falls passively with cerebral perfusion pressure. At the upper limits of blood 

pressure controlled auto regulation vasoconstriction is maximal; a further rise in blood 

pressure may cause the vessels to vasodilate resulting in a rise in CBF and possible 

disruption of the blood-brain-barrier (5, 6, 8). Metabolic mediators, such as adenosine, 

can also be involved in the low-pressure range of autoregulation (8).

Our experience during carotid surgery under loco-regional anaesthesia (9) confirmed 

Stoneham's original observation (10) that pharmacological augmentation of the 

systemic blood pressure can reverse a patient's neurological deficit during the cross 

clamp phase of the operation. Sub-maximal exercise at high altitude results in further 

peripheral arterial desaturation. Despite the decrease in PaO2, cerebral oxygen 

delivery is maintained by a number of mechanisms including a rise in arterial blood 

pressure and increased cerebral blood flow (11).

II) Arterial carbon dioxide and the auto-regulation of cerebral blood flow

Arterial carbon dioxide (PaCO2) is a major determinant of CBF, being a powerful 

cerebral vasodilator (12). A reduction in PaCO2 has strong vasoconstrictor effects on 

the cerebral blood vessels, reducing cerebral blood flow. In normotensive adults CBF 

increases almost linearly when arterial PCO2 (PaCO2) increases from 20 to 80 mmHg. 

Global CBF varies by about 2 to 4 % for each mmHg change in PaCO2 (13). The 

effects of PaCO2 on the cerebral circulation are regulated by a complex and 

interrelated system of mediators. The initial stimulus of CO2 -induced vasodilatation 

is a decrease in brain extra cellular pH, further mediated by nitric oxide, prostanoids, 

cyclic nucleotides, potassium channels, and a decrease in intracellular calcium 

concentration as a final common mediator (14).
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Figure 4

CBF and arterial carbon dioxide:

Taken from Kety SS, Schmidt CF (Refl2)

Oo

J:
_l

100

75

50

m 25

25 50 75 100 125 150 

PaCO2, nrtmHg

Changes in CBF in relationship with PaCO2

Systemic blood pressure has an important influence on how PaCO2 affects CBF. 

Moderate hypotension impairs the response of the cerebral circulation to changes in 

PaCO2 , and severe hypotension abolishes it altogether (15). Similarly, PaCC>2 

modifies blood pressure determined auto regulation, and from hypercapnia to 

hypocapnia there is a widening of the auto regulation plateau (16).

We have published extensively on the subject of the effects that changing PaCO2; 

observed on ascent to altitude has on cerebral perfusion, and this will be discussed 

further in section 4 of this overview of publications (11, 17, 18, 19).

II) Arterial oxygen and the auto-regulation of cerebral blood flow

CBF remains constant above an arterial oxygen (PaCy level of SOmmHg, and 

increases once PaOa drops below 50 mmHg maintaining a constant level of cerebral 

oxygen delivery (12). In normocapneic ventilated rats, a fall in PaO2 from 1 SOmmHg 

to 60 mrnHg caused little change in cerebral blood flow; however a further reduction 

in PaOa to 25mmHg resulted in a fivefold increase in cerebral blood flow (20).

18



Figure 5

CBF and Arterial Oxygen:

Taken from NewfieldP & CottrellJE (Ref7).
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Hypoxia acts directly on cerebral tissue to promote the release of adenosine, and in 

some cases prostanoids which contribute significantly to cerebral vasodilatation. 

Hypoxia also acts directly on cerebrovascular smooth muscle to produce hyper 

polarisation and reduce calcium uptake, both mechanisms enhancing vasodilatation. 

Hypoxia also appears to promote release of both relaxing and constricting factors 

from the endothelium, the combined effect of which can either promote or attenuate 

vasodilatation depending on the artery and species under study.

In addition to chemical stimuli in blood, chemical stimuli present in the CSF such as 

neurotransmitters that can also affect cerebral haemodynamics. Neurotransmitters can 

reach vasoactive levels in perivascular CSF as a result of synaptic overflow during 

neuronal activation or in pathological conditions.

We have published extensively on the subject of the effects that changing PaC>2 

observed on ascent to altitude has on cerebral perfusion, and this will be discussed 

further in section 4 of this overview of (11, 17, 18, 19).
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IV) Metabolic auto-regulation of cerebral blood flow

Under most circumstances cerebral blood flow remains remarkably constant (22), and 

there appears to be a precise matching of cerebral blood flow (and cerebral oxygen 

delivery) and cerebral oxygen consumption (CMROa). Cerebral metabolic regulation 

is the process of adaptation of CBF to the metabolic demands of the brain (23), This 

matching or coupling occurs regionally, with increases in local blood flow when 

tissue is metabolically active; for instance there is an increase in blood flow to the 

visual cortex when it is stimulated (24). The coupling also occurs globally with 

reductions in blood flow during sleep (25).

CBF is linked to brain function and metabolism so that CBF varies in parallel with 

CMRC«2. This coupling of flow to metabolism is a rapid and precise regulation so that 

local increases in metabolic demand can be rapidly met by a local increase in CBF 

and substrate delivery. Several vasoactive metabolic mediators have been proposed 

for cerebral regulation, including hydrogen ion, potassium, CO2 , adenosine, glycolytic 

intermediates, phospholipid metabolites (23), and nitric oxide (26). In humans, flow- 

metabolism coupling is evident during a variety of motor and cognitive tasks that can 

be mapped using CBF techniques (27).
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Figure 6

Metabolic auto-regulation: 

Taken from Lou HC et al (Ref23)
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The global relationship between CBF and CMRO2 can be expressed by the Pick 

equation where DajC>2 is the arterio-jugular venous content difference for oxygen:

CMRO2 = DajO2 x CBF or DajO2 = CMRO2 / CBF.

We have recently published a review article on techniques to assess cerebral perfusion 

and metabolism and other articles on similar subjects (6, 9,11, 17,18, 19, 21).

V) Neural auto-regulation of cerebral blood flow

Unlike other vascular beds, there is a relative lack of humoral and autonomic control 

over normal cerebrovascular tone. There is only a small change in CBF with maximal 

autonomic stimulation (28).
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c) Background of methods to determine cerebral perfusion at sea level 

I) Nitrous oxide

Cerebral blood flow was first measured using nitrous oxide washout techniques in 

1948, and this technique remains the gold standard (29). Kety and Schimdt described 

the method which involves the introduction of a low proportion (5-10%) of nitrous 

oxide (NO2) into the subject's inhalation mixture. The arterial concentration of NO2 

reaches saturation faster than the cerebral venous drainage. The cerebral blood flow 

(CBF) is obtained by applying Pick's principle to the difference in the arterial and the 

venous concentrations of NO2 at fixed time points.

//; 133Xenon

133Xenon is an inert radioactive gas. Following the injection or inhalation of I33Xenon 

it is possible to measure the rate of arrival of the radioisotope using a scintillation 

detector over the cranial vault. It is also possible, using multi channel detectors, to 

assess regional cerebral blood flow (30). This technique has been extensively 

developed allowing accurate assessments of both global and regional cerebral blood 

flow both clinically and at altitude (31).

III) Trans-cranial Doppler assessment of the middle cerebral artery velocity

Trans-cranial Doppler is a non-invasive ultrasound-based technique that can be used 

to measure the velocity of blood within the large arteries of the cerebral arterial 

circulation. The middle cerebral artery is insonated with a 2MHz pulsed signal 

transmitted through the temporal bone to a depth between 4.5-6.0cm. The signal is 

reflected by the solid components of the blood (mostly red blood cells) and distorted 

by according to the Doppler-shift principle. The reflected waveform gives information 

about systolic, diastolic and mean arterial velocities (32).

IV) Near infrared cerebral spectroscopy (NIRs)

Reflected near infra-red spectroscopy uses light in the NIR spectrum (650-1 lOOnm), 

and like pulse oximeters and mixed venous oximeters, uses the principles of light 

transmission and absorption to measure concentrations of oxygenated and 

deoxygenated haemoglobin in cerebral tissue. The NIRs technique has been described 

to date in the assessment of cerebral tissue, and many use a two-sensor technique to 

enable the scalp/skull contribution to be eliminated. By subtracting the readings
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obtained from photo detector I from the readings from photo detector II, data 

regarding tissue oxygenation at a depth of 2.5-5 cms is collected. As such the 

technique provides information not currently available by any other modality. 

Reflected near-infrared light spectroscopy allows continuous non-invasive cerebral 

oxygenation monitoring. The technique was first described in adults in 1991 (33) and 

has widespread clinical applications.

Figure 7

Near infrared cerebral spectroscopy:

Taken from Williams IMet al (Ref34)

Light 
Source

Scalp 

Skull

Brain

Although NIRs techniques remain mainly a research tool, the technique has been 

shown to precisely track changes measured in jugular venous bulb saturations in 

healthy volunteers under conditions of isocapneic hypoxia (24). Assessment of 

cerebral perfusion under hypoxic circumstances needs to be performed with 

isocapnea, in order that only one parameter is changed at a time. Isocapnea can be 

achieved using computerised end tidal forcing techniques (24) where the FiCOi is 

varied on a breath by breath basis. The technique has also been validated comparing 

NIRs with PET scanning, with 133Xenon washout techniques, and with internal carotid 

artery stump pressures (25). NIRs has been found to be a reliable and reproducible 

method for evaluation of cerebrovascular reactivity and hypercapnia has been shown 

to cause a vasodilatation limited to the resistive vessels of the brain (26).
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d) Relationship between altitude and barometric pressure

On ascent to altitude there is a fall in ambient barometric pressure (37). Although the 

percentage of oxygen remains unchanged there is a reduction in the partial pressure of 

inspired oxygen (PiO2). In addition to the major changes in PiOi there are minor 

variations, at any given altitude, in barometric pressure observed with both latitude 

(38) and season (37).

Figure 8

Relationship between altitude and barometric pressure: 

Taken from Heath D and Williams DR. (Ref39).
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e) Cerebral perfusion at altitude

In healthy individuals at altitude the factors affecting cerebral perfusion are complex. 

Whilst there is a hypoxic cerebral vasodilatation, the reduced PaO2 also results in an 

increase in the rate and depth of respiration (40). This in turn causes a reduction in 

PaCO2, which will result in a reduction in the cerebral blood flow (41). It is the 

interaction between these two opposing effects that will determine the cerebral blood
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flow at any particular altitude. There is widespread evidence that ascent to altitude 

increases cerebral blood flow. In 1966 Severinghaus (42), using the nitrous oxide 

technique of Seymour Kety (29), demonstrated that cerebral blood flow increased by 

24% in the first 6-12 hours at altitude but this fell to 13% above sea level values at 3-5 

days (42). These observations were confirmed using trans-cranial Doppler techniques 

with a 20% rise observed at 18-44 hours returning towards sea level values at 4-12 

days. There were no differences between sea level and 4300m TCD cerebral blood 

flow (CBF) during prolonged exercise. Further evidence of a rise in CBF at altitude is 

shown in a study that showed a reduction in the mean circulation time of fluorescein 

through the retina at altitude (43). There appears to be general agreement that there is 

an initial rise in cerebral blood flow on acute exposure to high altitude, and this 

gradually returns towards the baseline level with acclimatisation.

I) Cerebralperfusion in acute mountain sickness

Acute mountain sickness (AMS) is a common clinical problem affecting individuals 

who ascend to high altitude. All travellers to altitudes over 2,500m (8000ft) are 

potentially susceptible to AMS (44, 45). Symptoms include headache, lethargy, 

shortness of breath, sleep disturbance, loss of appetite, nausea and vomiting, and the 

symptoms usually appear within 6-12 hours after arrival at altitude (46, 47). In the 

Himalayas the prevalence of AMS has been reported to vary from 43 to 63% (46) and 

in the Alps from 9 to 69% (47). The severity depends upon a number of factors 

including rate of ascent, the altitude achieved, recent previous acclimatisation, and the 

susceptibility of the individual to the syndrome (48).

In AMS there is evidence of an increase in CBF, however the pathophysiology of 

high altitude cerebral oedema (HACE) and AMS in general is uncertain but may in 

part be a result of a generalised capillary leakage rather than increased cerebral blood 

flow alone. Conflicting views exist regarding changes in CBF with AMS. Jensen et al 

demonstrated a rise in 133Xenon cerebral blood flow in all subjects, independent of 

AMS symptoms (31). However cerebral blood flow is thought by some to rise in 

acute mountain sickness (49). The observed rise in CBF was postulated to be due to 

the lower PaO2 seen in the subjects with AMS. More recently the same group 

performed a decompression chamber study and demonstrated no link between acute 

mountain sickness and cerebral blood flow (50). In the first (field study), CBF and
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AMS was evaluated after 24 h at 4,559-m altitude. The second (chamber study) 

assessed alterations in CBF and AMS scores during the first 6 h at the same simulated 

altitude. The second study differed from the first (field study) in the absence of 

exercise, cold, and other adjuncts to the mountaineering experience. It has been shown 

that in subjects with AMS, the cerebral haemodynamic response or the ability of the 

cerebral vessels to vasoconstrict in response to acute hyperventilation is increased 

compared to subjects without AMS (51). The trans-cranial Doppler middle cerebral 

artery velocity (TCD MCA) was also found to be higher in subjects with the lowest 

SaC>2 (51). There is also evidence of impaired cerebral autoregulation (auto regulation 

refers to the ability of the brain to maintain CBF at a constant level) on acute exposure 

to altitude. Subjects were studied on exposure to 4243m by evaluating the increase in 

mean arterial blood pressure with a phenylephrine infusion (phenylephrine is a 

sympathomimetic and acts by stimulating alpha-receptors), and by measuring the 

change in TCD MCA velocity. If there were no change in TCD MCA velocity this 

would imply perfect autoregulation. However all Sherpas and most of the lowlanders 

acutely exposed to this altitude showed evidence of impaired cerebral autoregulation. 

The phenylephedrine infusion resulted in larger increases in blood pressure than 

occurred at sea level (52). Yang et al (53) published animal work to show 3% COa 

enriched air improved CBF as assessed by radio-labelled micro spheres. In this model 

there was no reduction in AMS symptoms with the supplemental CCh, however CO2 

remained an important determinant of cerebral blood flow at all altitudes.

II) Headache in Acute Mountain Sickness

The headache that occurs at altitude was initially attributed to the increase in cerebral 

blood flow, however Reeves et al found no correlation between the rise in CBF and 

headaches in a simulated ascent to 4800m (54). The symptoms of acute mountain 

sickness and the symptoms of raised intracranial pressure appear similar, with 

headaches, nausea, photophobia, and ataxia being features of both conditions. The 

evidence for raised intracranial pressure in subjects with severe AMS is fairly strong. 

CSF pressure was found to be elevated during AMS compared with that after 

recovery (55). There are two reports of subjects dying from cerebral AMS have 

cerebral oedema on autopsy (55, 56) and there was flattening of cerebral convolutions 

Computerised axial tomography demonstrates diffuse low-density areas consistent 

with oedema in subjects with HACE (57). However using a non-invasive assessment
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(tympanic membrane displacement), alteration in intracranial pressure was found to 

relate to changes in altitude rather than AMS (58). A further recent study found no 

evidence of elevated lumbar puncture pressures in twenty two subjects randomly 

exposed to 12% oxygen for 18 h (59).

Impaired cerebral autoregulation may result in raised capillary hydrostatic pressures 

and so compound mechanical vascular leaks (59). Disruption of the blood brain 

barrier may be important in the development of AMS and HACE and is likely to 

occur in severe cerebral oedema. Animal studies suggest there may be an important 

further, and to date unidentified factor, required for the blood-brain-barrier to become 

disrupted (60).

Current evidence suggests a potential role for free radicals in the development of a 

dysfunctional blood-brain-barrier and this is based upon the susceptibility of the 

vascular endothelium to damage from redox reactions (61). Normobaric hypoxic 

stimulus has been shown to activate oxidative stress and this is accentuated by 

exercise (62) Exercise per se is a risk factor for AMS (63) and we have shown sub- 

maximal exercise at high altitude results in both arterial desaturation, reduced cerebral 

oxygenation and alteration in CBF (11). Bailey et al (64, 65) have identified an 

increase in putative biomarkers of free radical-mediated lipid peroxidation. Preloading 

subjects with antioxidant prophylaxis resulted in neuroprotection (62). However 

recent evidence suggests there is no detectable evidence for gross barrier dysfunction 

in mild to moderate AMS (59).

The blood brain barrier is influenced by the neurotransmitters nitric oxide, histamine, 

substance P, reactive oxygen species*, 5-hydroxytryptamine, cytokines and 

endothelial growth factors. Local hypoxia triggers a complex cascade of cellular 

responses resulting in an increase in lactate, capillary basement membrane disruption 

and plasma extravasation. Vascular endothelial growth factor (VEGF) may be the 

most potent identified agent that causes basement membrane disruption and oedema 

formation. VEGF has been shown to be up regulated by hypoxia in rats (66) and also

*ROS include include oxygen ions, free radicals and peroxides and are small molecules that are highly reactive 
due to the presence of unpaired valence shell electrons. ROSs form as a natural byproduct of the normal 
metabolism of oxygen but can damage cell membranes by causing oxidative stress. Cells normally defend 
themselves against ROS damage through the use of the enzymes superoxide dismutase (SOD) and catalase .
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in humans after exercise (67). Relief of high altitude headache with dexamethasone 

provides indirect evidence of the importance of cerebral oedema and vascular 

permeability in high altitude headaches since dexamethasone suppresses lipid 

peroxidation blocks VGEF and reduces endothelial permeability.

To date there has been an assumption that the increase in cerebral blood flow seen at 

altitude is uniform. However there is increasing evidence, particularly from PET 

scanning, that there are significant variations in regional blood flow in 

subjects/patients at sea level (68) and it likely that such variations in regional blood 

flow will also occur at altitude. PET scanning of subjects inside a hypobaric chamber 

would give further insights.

Great emphasis has been focused on cerebral blood flow, possibly because this was all 

that could readily be measured in the field (using nitrous oxide, TCD or I33Xenon). 

Ascent to altitude results in an increase in cerebral blood flow and yet the subjects are 

known to be hypoxic. It was recently postulated that cerebral blood flow increases to 

maintain a constant level of oxygen delivery to the brain (69). Oxygen delivery to the 

brain is clearly likely to be the critical determinant of health and illness at all altitudes.

Ill) Supplementary oxygen

Oxygen delivery to tissues is critical in determining performance and illness at all 

altitudes. Cerebral oxygen delivery (COD) is dependent upon blood flow, arterial 

oxygenation, the oxyhaemoglobin dissociation curve, the haemoglobin concentration 

and arterio-venous pardoning. Supplementary carbon dioxide will affect the first three 

to a greater or lesser degree, whilst supplementary oxygen will predominantly affect 

arterial oxygenation. Paul Bert, in 1878, was the first person to describe deterioration 

in cerebral function in subjects subjected to acute hypobaria. He noted an impairment 

of vision, hearing and a mental dullness, which rapidly reversed with oxygen (70). 

Cerebral function is known to deteriorate at high altitude, and 4000-5000m appears to 

be the critical altitude at which the effects are first observed (37). Rate of ascent and 

previous recent exposure as well as the individuals' susceptibility appear to be 

important. Complex tasks appear to be problematical at an earlier stage as does 

learning new things. This was first described in a detailed series of experiments 

undertaken by MacFarland during the 1930s in the Andes. Both simple and complex
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psychological functions (arithmetical tests and writing ability) were significantly 

impaired at altitude (71). Alteration in cerebral function under hypoxic conditions is 

well recognized. At sea level when the FiOi is decreased to 75% of normal, complex 

task performance is altered, at 65% short term memory is impaired, at 50% judgement 

is altered and at 30-40% unconsciousness occurs (72).

On the Silver Hut Expedition to Nepal in 1964, Gill et al (73) reported 'falling 

efficiency' in sorting playing cards in subjects at 5,800m. Acclimatization has been 

shown in Indian army soldiers stationed at high altitude to result in an improvement in 

psychomotor efficiency. Psychomotor and numerate memory were impaired in shift 

workers at Mauna Kea, and improvements were noted with acclimatization (74).

In an attempt to improve neuropsychological function at a simulated altitude of 

5000m 6% supplementary oxygen has been used, and this resulted in higher SaC>2 

(93.0% vs. 81.6%), quicker reaction times, improved hand-eye co-ordination and a 

more positive sense of well-being (75). The proposed ALMA radio-telescope at 

5000m in Chile will use this novel approach to protecting the workforce (76). Instead 

of the workforce acclimatising fully to the altitude, supplementary oxygen will be fed 

through the air conditioning/heating ducts to critical living areas, and oxygen tanks 

not dissimilar to SCUBA tanks will be used for maintenance purposes. For each 1% 

of oxygen enrichment, there is an apparent altitude reduction of about 300m. 6% 

oxygen will therefore have the effect of 'lowering' the telescope from 5000m to an 

'apparent' altitude of about 3200m. This altitude is clearly a more reasonable 

proposition for daily commuting for the astronomers from their base at San Pedro da 

Atacama (2400m). The safety of the workforce will however be entirely dependent 

upon the efficacy of the oxygen enrichers and safe transport in the event of the need to 

evacuate an individual. There are mixed views amongst experts as to whether this is a 

true advance or a potentially dangerous development.

Whether or not exposure to extreme altitudes might result in permanent residual 

nervous system abnormalities occur remains controversial. A statistically significant 

decline in digit recall (representing cognitive function) and speed of finger tapping 

(representing motor function) has been found in individuals following an expedition 

to the summit of Everest; the abnormalities were less evident at twelve months after
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the expedition but still remained significantly different from pre-expedition testing 

(77). Persistent cognitive impairment was described in climbers who reached summits 

over 8500m without supplementary oxygen. Magnetic resonance imaging (MRI) in 

climbers who have been to extreme altitude without oxygen show evidence of 

permanent cortical atrophy confirming that time at extreme altitude without oxygen 

can be detrimental (78).

George Finch was the first person to show the practical value of supplementary 

oxygen for climbing on Mount Everest in 1922.

Figure 9 a.b

Oxygen apparatus for 1924 British Everest Expedition: 

Taken from WestJB. (Ref79)
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Experimental literature suggests hypoxia alone rarely causes neuronal death. Cats 

exposed to PaOa of 17mmHg for 25 minutes were normal both clinically and 

neuropathologically unless hypotension supervened. With hypotension infarcts 

occurred, mainly in the watershed areas. Hypercarbia appears to be cerebro-protective 

during hypoxic insults, and the high PaCO2 seen in the hypoxic survivors reported by 

Gray and Horner might be an example of such a phenomenon. In focal ischaemia, 

hypercarbic ventilation (Paco2 of 65-80 mm Hg) has been shown to attenuate infarct
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size (80). On the other hand hypocarbia with respiratory alkalosis might make the 

brain more vulnerable to hypoxia (81).

IV) Supplementary carbon dioxide

Carbon dioxide induces both direct and indirect circulatory effects. Hypercapnia 

results in increased cardiac output and an alteration in intrapulmonary shunting with a 

net increase in PaOi (82). As a result of increased cardiac output and increased 

regional blood flow, including mesenteric flow, there is improved oxygen delivery to 

tissues. Hypercapnia also shifts the oxyhaemoglobin dissociation curve to the right 

further improving oxygen delivery to the tissues. In patients with coronary artery 

disease there is evidence that, acting directly, hypercapnia dilates peripheral arterioles 

reducing the systemic vascular resistance index, increasing the cardiac index, and 

augmenting myocardial blood flow (83). Hypocapnia has important detrimental 

effects at sea level. There is accumulating clinical and basic scientific evidence that 

points to an active role for carbon dioxide in organ injury, in which raised 

concentrations of carbon dioxide are protective and low concentrations are injurious 

(84). A hypothesis put forward recently postulates that hyperventilation resulting in a 

low PaCC>2 might be contributory to the development of adult respiratory distress 

syndrome (84). Prophylactic hyperventilation of head injury patients is associated 

with a worsened neurological outcome (85). Experimentally ischaemic strokes in 

animals are worse in the presence of hypocapnia.

There is no data on the effect of carbon dioxide on peripheral tissue oxygenation at 

altitude. At sea level, in the peripheral circulation, the indirect effects of 

vasoconstriction are overcome by the direct vasodilating effect of CO2 so that the total 

peripheral resistance decreases. Hypocapnia shifts the oxyhaemoglobin dissociation 

curve to the left restricting oxygen off-loading at the tissue level and local oxygen 

delivery may be further reduced by hypocapnic vasoconstriction (84). COa has 

different effects on different vascular beds. CC>2 is known to be a powerful cerebral 

vasodilator at sea level. Although CC>2 is known to increase CBF at sea level, there 

are conflicting reports at altitude (86, 87). Although the peripheral chemoreceptors are 

sensitive to changes in PaCO2, the main sensor for changes in PaCO2 is the central 

medullary chemoreceptor, which is located just beneath the surface of the fourth 

ventricle. The blood brain barrier is readily permeable to dissolved CC>2, less
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permeable to H+ and even less so to HCCV. A rise in PaCOj is rapidly reflected by a 

rise in CSF PCC>2, and this causes a rapid increase in CSF [H*]. This is sensed by the 

chemoreceptors resulting in increased stimulation of the respiratory centre and 

increased ventilation. Activation of the CNS evokes sympatho-adrenal responses 

results in increased myocardial contractility, tachycardia and hypertension. 

Acclimatisation is likely in part to involve the resetting of the central medullary 

chemoreceptors to new levels of COi (88). Acetazolamide is a carbonic anhydrase 

inhibitor and may cause a rise in intracellular COi maintaining cerebral blood flow 

during the hyperventilation of acclimatisation.

Oxygen delivery to tissue in healthy individuals on acute exposure to high altitude is 

similar in many respects to oxygen deliveries in disease.

f) Pathology of arterial disease

Atherosclerosis is the most common cause of death in the western world (myocardial 

infarction, cerebral infarction and peripheral vascular disease). The word is derived 

from the Greek word athero: gruel, paste or porridge and sclerosis: hardness. There is 

a build up fats, cholesterol, fibrous tissue and calcium within the intimal layer of the 

artery. The plaques occur mainly in medium and large arteries such as the coronaries, 

the carotids, the renals and in the arteries to the lower limbs.

The endothelial lining of an artery has both protective and metabolic functions. Intact 

the endothelium prevents clots forming on its surface. However damage to the 

endothelium by trauma, elevated cholesterol levels, high blood pressure, cigarette 

smoke, and diabetes can all lead to platelet adherence and aggregation on the vessel 

wall. Following damage to the endothelium, fatty acids, cholesterol, platelets and 

calcium become incorporated into the vessel wall. Macrophages migrate into the 

vessel wall and attempt to clear the excessive build up of fats (89). Smooth muscle 

cells migrate into the intimal layer and are transformed into foam cells as they attempt 

to deal with the excessive build up of cholesterol and fatty acids (90, 91). They also 

secrete collagen forming a fibrous cap. The process repeats itself many times until the 

vessel gradually narrows decreasing distal blood flow. There is evidence that vascular 

oxidant stress enhances progression and angiogenesis of experimental atheroma (92, 

93). One of the potential mechanisms by which statins prevent the development of
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atherosclerosis is through their antioxidant properties (94). Ulceration of the plaque 

will leave a raw highly thrombogenic surface activating the clotting cascade locally 

and resulting in adherence of platelets. Sudden thrombosis of the vessel is also 

possible. Depending upon the end organ supplied by the diseased artery and the time 

scale over which the plaques develop differing clinical scenarios will evolve, a TIA or 

stroke, angina or myocardial infarction or peripheral rest pain or gangrene. There is 

evidence that C-reactive protein levels in patients with peripheral arterial disease 

relate to both the severity of the disease and to future cardiovascular events (95)

Figure 10

Pathogenesis of atheroma 
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Cerebral ischaemia, secondary to extra cranial vascular disease within the internal 

carotid artery, may be precipitated by thrombosis, embolism or a significant flow 

limiting reduction of the lumen. The end result of ischaemia is infarction of the brain 

tissue, which once established is irreversible. However there is a stage when the tissue 

effects are reversible. A transient ischaemic attack (TIA) is defined as a focal
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neurological deficit and in the anterior circulation this commonly results in a 

contralateral hemi paresis or hemi sensory loss, amaurosis fugax (visual disturbance) 

or dysphasia, and the deficit fully resolves within 24 hours. Typically it will only last 

10-30 minutes. Permanent cerebral damage resulting in a stroke occurs when cerebral 

tissue is irreversibly damaged. Atherosclerosis of the internal carotid artery results in 

a localised plaque, which may narrow the artery or ulcerate. Narrowing may continue 

until the artery occludes by a thrombosis, which extends from the primary site of 

disease proximally (junction of internal and external carotid artery) and distally to the 

next major branches where collateral flow will normally restrict its extension. In the 

internal carotid artery the thrombosis usually extends from the carotid bifurcation to 

the Circle of Willis (1).

An ulcerated plaque causes local platelet deposition, and where they combine with 

fibrin thrombus forms. At any point in time the platelet aggregates, thrombus or 

atheromatous debris may be dislodged forming emboli will be washed downstream 

lodging in the retinal arteries causing amaurosis fugax or blindness or in the cerebral 

vessels causing hemi motor, hemi sensory dysphasic TIAs or strokes. The outcome of 

the embolism will depend upon a number of factors including frequency, size, nature 

and site of impaction. Repeated embolization will tend to have a cumulative effect.

If the internal carotid artery narrows gradually and without distal embolization, 

collateral vessels can develop to such an extent that the vessel can occlude with no 

symptoms. The risk of a subsequent embolic stroke is negligible, but sometimes the 

blood supply is sufficiently reduced that it cannot respond to fluctuations in blood 

pressure or changes in arterial oxygen. This can result in a hypo perfusion TIA 

(deficit <24 hours) or stroke (deficit >24 hours).

d) Carotid artery disease and transient ischaemic attacks (TIAs) 

i) Introduction

The risk of stroke after a hemispheric transient ischaemic attack (TIA) is greatest 

within the first 72 hours, and prevalence as high as 20% within the first month has 

been reported (96). The Royal College of Physicians 'National Clinical Guidelines for 

Stroke' (2004) recommend that patients with TIAs or minor stroke should be seen in a
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specialist neurovascular clinic within 7 days, and those with more than one TIA 

(recurrent or crescendo TIAs) should be admitted and investigated immediately (97). 

A number of prospective randomised trials have shown a benefit to carotid 

endarterectomy combined with medical therapy over medical therapy alone in patients 

with symptomatic critical internal carotid artery stenosis (98, 99, 100). However there 

is a paucity of data for patients with recurrent or crescendo TIAs, although they are 

often empirically heparinized prior to urgent surgery. Mentzer et al (101) described 12 

patients with crescendo TIAs, 7 underwent emergency carotid endarterectomy and 

none had major complications, but of the 5 patients treated non-operatively, 3 suffered 

strokes and 1 died of cerebral infarction. In the Veterans Affairs trialists study, 

patients with recent TIA or minor stroke were randomised to either surgery or best 

medical therapy. Of the 98 patients treated medically, 12 developed crescendo TIAs, 

4 had minor strokes and 3 had major strokes, and all 12 with crescendo TIAs 

subsequently underwent uncomplicated urgent carotid endarterectomy (102). In 

another study (103), 29 patients with repetitive TIAs were treated with heparin until 

elective carotid surgery was undertaken. There was a mean wait for surgery of 5 days, 

and whilst on heparin there were 2 carotid occlusions and 13 patients continued to 

have further TIAs. Post-operatively there was 1 stroke and 1 death due to myocardial 

infarction. Based upon the reported poor outcome of patients with crescendo TIAs 

with medical treatment alone, a more aggressive approach with urgent surgical 

intervention has been advocated (102). However the published results of urgent 

carotid surgery are variable, with complication rates ranging from no deficits in 12 

patients, to operative mortalities as high as 20% and neurological deficits in up to 

40% in other series (102, 104-9). A recent systematic review of 13 studies of the risks 

of carotid endarterectomy in relation to both the clinical indication for and timing of 

surgery has shown that urgent carotid surgery for evolving symptoms has a much 

higher risk (19.2%, 95% CI, 10.7 to 27.8) than surgery for stable symptoms (OR, 3.9; 

95% CI, 2.7 to 5.7; PO.001) (110). Since both medical and emergency carotid 

surgery appears to have significant complication rates, is there an alternative 

approach?

II) Transcranial Doppler, microembolic signals and medical therapy

Transient microembolic signals can be detected in the middle cerebral artery using 

transcramal Doppler techniques (TCD) and they are frequent phenomena for some
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days following an acute stroke (111). Microemboli are a significant independent 

predictor of early ischaemic recurrence in patients with stroke or TIA of arterial origin

(112). In a study of 69 patients with symptomatic carotid stenosis, microemboli were 

detected more frequently when studied soon after symptoms of cerebral ischaemia

(113). In asymptomatic patients with a critical internal carotid artery stenosis, it was 

demonstrated that when the microembolic signal rate was greater than 2 per hour in 

the ipsilateral MCA, there was an associated increased risk of developing ischaemia 

(odds ratio, 31; 95% confidence interval 3-302: p=0.005). A number of further studies 

have demonstrated a link between persistent cerebral microembolization and the risk 

of future TIA or stroke (114-116). It appears the presence of microemboli may define 

a sub-group of patients with critical stenoses that may be at greater risk of having a 

stroke (117).

Figure 11 a,b

Trans-cranial Doppler: Platelet micro-embolus:

Taken from CHE Imray & C Tiivas (Ref32).

Anticoagulation was first shown to influence TCD-detected cerebral microembolism 

when the efficacy of a heparin infusion was assessed in a forty-five year old woman 

with a left anterior cerebral infarct without evidence of vascular disease (118). 

Goertler et al (119) have assessed the efficacy of intravenous acetylsalicylic acid 

(acetylsalicylic acid inhibits platelet prostaglandin synthesis and the ADP- and
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collagen-induced platelet release reaction) in controlling microemboli. Nine patients 

with recent symptoms arising from critical internal carotid artery stenosis underwent 

1-hour of TCD monitoring were given intravenous aspirin SOOmg and then the 

measurements repeated. There was a reduction in the number of microemboli starting 

within 30 minutes in most patients; however the one patient that showed no fall in the 

number of microemboli subsequently suffered an ischaemic event. In a further study 

from the same group (120), 74 patients with symptomatic critical internal carotid 

artery stenosis underwent 1-hour bilateral TCD monitoring within 1 month of 

symptoms. 38 patients (51%) had detectable emboli, of those on aspirin (n=48) there 

was a 40% incidence of microembolic signals, of those not on aspirin (n=26) 70% had 

detectable microemboli. TCD detected emboli will be controlled in approximately 

half of patients on maximal medical therapy, whilst in the others persistent 

embolization is an independent predictor of recurrent TIA or stroke (adjusted odds 

ratio 37.0; 95% CI 3.5-333; p<0.003). If cerebral microemboli persist despite medical 

therapy, there is an approximately forty-fold increased risk of further neurological 

events.

Rapid control of microemboli with the glycoprotein Ilb/IIIa receptor inhibitor 

(tirofiban) has been described in twenty-four patients with recent cerebral or retinal 

embolism of arterial origin (121). With tirofiban, the microembolic signal rate 

dropped from a median (range) of 38 per hour (9 to 324) to zero in all patients. After 

cessation of infusion, the inhibitory effect of tirofiban was found to be reversible, with 

a significant increase in microembolic signals (median 13.5; range 0 to 35; n=16; 

PO.001). Six patients received overlapping oral anti-platelet agents and remained 

microemboli-negative. The authors concluded that cerebral microemboli of arterial 

origin have the properties of solid emboli, with platelet-fibrinogen units as 

predominant constituent parts and that glycoprotein Ilb/IIIa antagonists may have the 

potential to bridge the ischaemic risk in patients with unstable carotid disease (121). 

Tirofiban has been also been shown to inhibit extension of microthrombosis, which 

may occur subsequent to arterial occlusion by emboli.

One concern with monitoring for cerebral microemboli for relatively short periods of 

time is the potential of missing microemboli. Recently an ambulatory TCD system 

has been developed which uses an auto-search algorithm to restore vessel insonation
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should signal quality fall. Since patients can be monitored continuously for up to five 

hours, and in view of the likely temporal variability in embolization, the technique is 

likely to improve the predictive value of recording for microemboli (122).

HI) Tramcranial Doppler and carotid surgery

1) Intra-operative TCD

During carotid endarterectomy, the common, internal and external carotid arteries all 

have to be temporarily clamped so the operation can be performed with minimal 

blood loss. During this cross clamp phase, blood can only reach the ipselateral 

anterior circulation via the circle of Willis. Historically, TCD was first used during 

carotid surgery to help to determine the need for shunting during the cross clamp 

phase (123), and a greater than 90% decrease in the middle cerebral artery velocity is 

associated with operative stroke (odds ratio 3.6, 95% CI 1.4-9.0) (124). Subsequently, 

TCD has also been used to measure the intra-operative microembolic load (125, 126). 

TCD sensitivity to the presence of particulate emboli can help guide surgical 

dissection of the carotid prior to endarterectomy. Jansen et al. found that a high 

microembolic load was significantly related to new ischaemic lesions (127). Intra- 

operatively TCD emboli detection has been used to modify surgical technique or 

strategy, for example early clamping of the internal carotid artery when there is a high 

embolic load (128, 128).

2) Post-operative TCD

An early post-operative carotid thrombosis rate of 2-3% is reported (130, 131). It is 

thought that after carotid endarterectomy, TCD-detected microemboli are platelet 

aggregates generated by partially denuded and highly thrombogenic vascular 

endothelium. Unchecked, these aggregates may mature into occlusive thromboemboli, 

resulting in infarcts in the succeeding hours or days. Microembolic counts greater 

than 50 per hour in the early post-operative phase after carotid endarterectomy are 

predictive of the development of ipsilateral focal ischaemia (132, 133). Lennard et al. 

(134) have eliminated all post-operative strokes with the aid of a three hour TCD 

monitoring session. They found signs of persistent embolization at >25 microemboli 

signals/10 min consistently preceded injury. Embolization was completely prevented 

with incremental infusion of the antiplatelet agent, Dextran-40. The same group have 

now audited 600 consecutive carotid endarterectomies, following the introduction of
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TCD directed Dextran therapy and found that the postoperative thrombotic stroke rate 

fell from 2.7% to 0% (130, 131). There is evidence that 30 minutes of post-operative 

monitoring may be adequate (135).
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5) Chronological ordered overview publications

The author made major contributions in all scientific steps, including developments of 

the concepts, grant funding, ethical submission, data collection, and analysis and 

manuscript preparation and submission for these publications.

a} Altitude related publications 

1. Intracranial pressure at high altitude and acute mountain sickness.

Authorship:

AD Wright, CHE Imrav. MSC Morrisey, RJ Marchbanks and AR Bradwell

Publication:

Clinical Science 1995; 89: 201-204.

Type of study:

Peer review paper

Background:

Rapid ascent to high altitude is associated with the development of acute mountain 

sickness. A characteristic clinical feature of AMS is the development of a headache. 

AMS can progress to high altitude cerebral oedema (HACE), coma and finally death. 

There is circumstantial and anecdotal evidence that in AMS there is a rise in 

intracerebral pressure. The development of a non-invasive method of measuring 

changes in intracranial pressure enabled us to perform a prospective study of AMS in 

a group of subjects trekking to high altitude. The method was based upon the 

principle that a patent cochlear aqueduct transmits intracranial pressure to the peri- 

lymphatic fluid of the cochlea. The resting position of the footplate of the stapes 

within the oval window depends upon the pressure of peri-lymphatic fluid. Increasing 

pressure displaces the stapes footplate laterally, allowing a greater degree of freedom 

for motion of the stapes medially when the stapedius muscle contracts. Movement of
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the tympanic membrane can be measured by volume displacement by a transducer 

probe sealed within the external auditory meatus.

Aims and hypothesis:

This study attempted to measure, using non-invasive techniques the changes in 

intracerebral pressure on ascent to altitude and with AMS. We believed ascent to 

altitude would result in raised intracranial pressure

Subject population:

24 healthy individuals on acute ascent to high altitude

Methodology and statistical analysis:

Prospective observational paired study 

Student t- Test

Altitude(s):

150m, 3440m, 4120m and 5200m

Interim conclusions:

In this study we measured indirectly changes in intra-cranial pressure indirectly at 

altitude for the first time. The technique proved to be practical in the field and 

although no correlation with acute mountain sickness was found it was an important 

first study in that it became apparent that changes in intra-cerebral physiological 

parameters could be measured in the field. There was no evidence to support the 

currently favoured hypothesis that high altitude cerebral oedema is a result of a tight 

box, that is to say AMS results in brain swelling within a closed space resulting in 

raised intracranial pressure and reduced cerebral perfusion. We demonstrated a rise in 

intracranial pressure following a rapid rise in altitude. These findings of a rise in 

intracranial pressure with an acute hypoxic stimulus have also been found in sheep 

with peaks occurring at 6 hours (Yang SP, Bergo GW, Krasney E, Krasney JA. 

Cerebral pressure-flow and metabolic responses to sustained hypoxia: effect of carbon 

dioxide. Journal of Applied Physiology 1994 76: 303-313).
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Figure 12

Sequential changes in tympanic membrane displacement with altitude:
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Fig, I. Sequential changes in tympanic membrane (Tm) displace 
ment from baseline to high attitude. A mare negative displacement 
indicates a rise in intracraniai pressure.

Implications:

This study is an important contribution to the study of intracranial pressure at altitude. 

Mild to moderate AMS does not result in raised ICP. Ascent to altitude does result in 

measurable rises in ICP. This study did not assess subjects with severe AMS.

2. Near-infrared spectroscopy (NIRs) in the assessment of cerebral oxygenation 

at high altitude.

Authorship

CHE Imray. NJ Barnett, S Walsh, T Clarke, J Morgan, D Hale, H Hoar, D Mole, I

Chesner, AD Wright.

Publication
Wilderness and Environmental Medicine 1998; 9: 198-203

Publication type:

Peer review paper
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Background:

Near-infrared light spectroscopy allows continuous non-invasive cerebral oxygenation 

monitoring and uses light in the NIR spectrum (650-llOOnm). Like pulse oximeters 

and mixed venous oximeters, the technique uses the principles of light transmission 

and absorption to measure concentrations of oxygenated and deoxygenated 

haemoglobin in cerebral tissue. It had been used clinically and appears to give good 

assessments of trends in cerebral oxygenation.

Aims and hypothesis:

This study aimed to assess cerebral oxygenation on ascent to altitude non-invasively. 

We hypothesised that there would be a reduction in cerebral oxygenation at altitude.

Subjects population:

20 fit individuals on acute ascent to altitude

Methodology and statistical analysis:

Prospective observational paired study 

Student t- Test

Altitude(s):

150m (Birmingham,UK), Om (Arica, Chile), 2770m, 3650m, 4680m

Interim conclusions:

This study is the first to describe the use of cerebral NIRs at altitude and in the field. 

We knew that with increasing altitude there is a steady decrease in peripheral arterial 

oxygenation. The fall in PaO2 results in an increase in cerebral blood flow. The 

question raised was whether the increase in CBF maintained cerebral oxygen delivery 

or whether there would be a fall in cerebral oxygenation on ascent to altitude.
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Figure 13

Reduction in cerebral NIRs and peripheral arterial saturations with increasing altitude:
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Implications:

This important study described for the first time the fall in cerebral oxygenation with 
ascent to altitude, and the gradual rise in cerebral oxygenation observed as individuals 
acclimatised with time to 4680m. The NIRs technique proved to be robust and 
suitable for use in the field.

3. Cerebral oxygenation at high altitude and the response to carbon dioxide, 

hyperventilation and oxygen.

Authorship:

CHE Imray, S Brearey, T Clarke, S Walsh, J Morgan, AD Wright.

Publication:

Clinical Science 2000; 98:159-164
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Publication type:

Peer review paper

Background:

Ascent to altitude results in a reduction partial pressure of inspired oxygen (PiCh). As 

a result of this hypoxic stimulation, respiratory rate increases in an attempt to improve 

PaO2. Although there is an increase in PaOa with hyperventilation there is a fall in 

PaCO2 . The fall in PaO2 and the fall in PaCO2 have opposing effects on the cerebral 

circulation, and cerebral NIRs would allow continuous dynamic assessment of 

cerebral oxygenation. This study was the first study to assess cerebral oxygenation at 

altitude in response to supplementary oxygen, carbon dioxide and hyperventilation.

Aims and hypothesis:

Having successfully pioneered the use of NIRs in the field, the aim of this study was 

to assess the dynamic changes in cerebral oxygenation that we hypothesised would 

occur with various interventions for the first time.

Subjects:

20 fit individuals on acute ascent to altitude

Methodology and statistical analysis:

Prospective observational paired study 

Student t- Test

Altitude(s):

150m, Om, 2770m, 3560m, 4680m

Interim conclusions:

Having successfully shown that cerebral NIRs could be used in the field at altitude, 

this study began to investigate the factors that were known to affect cerebral blood 

flow and cerebral oxygen delivery, although in this study no direct measures of 

cerebral blood flow were undertaken.

Supplementary carbon dioxide increased cerebral oxygenation by increasing the rate 

and depth of respiration and by probably increased cerebral blood flow.
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Supplementary oxygen increased cerebral oxygenation as a result of the large increase 

in PaOa being more important than the likely drop in cerebral blood flow. Somewhat 

surprisingly hyperventilation decreased cerebral oxygenation at sea level, primarily 

due to the minor increase in the arterial oxygen and the presumed larger decrease in 
cerebral blood flow.

Implications:

This was an important study. For the first time dynamic NIRs studies had been 

successfully undertaken, addressing some of the limitations of field research. At high 

altitude hyperventilation increased cerebral oxygenation, there was a large rise in 

arterial oxygen and a probably relatively modest fall in cerebral blood flow. NIRs had 

been shown to measure dynamic changes in cerebral oxygenation at altitude. More 

detailed studies using trans-cranial Doppler were indicated.

4. Carbon dioxide contributes to the beneficial effect of pressurisation in a 

portable hyperbaric chamber.

Authorship:

CHE Imrav, S Brearey, T Clarke, S Walsh, J Morgan, AD Wright.

Publication:

Clinical Science 2001; 100: 151-157.

Publication type:

Peer review paper

Background:

Treatments of AMS include descent or supplementary oxygen. A novel approach 

introduced in the '90s is the use of the portable hyperbaric chamber. This is an airtight 

fabric envelope which can be sealed with a subject inside. A foot pump can be used to 

raise the ambient pressure within the chamber to approximately 200mB (2 psi or 105 

mmHg) above the atmospheric pressure. This is equivalent to a simulated descent of
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approximately 1000m. This studied assessed for the first time changes in the near 

infrared cerebral oxygenation of subjects within the chamber at three altitudes.

Aims and hypothesis:

The aim of this study was to assess cerebral NIRs within a portable hyperbaric 

chamber for the first time, and to assess the effect of the build up of carbon dioxide 

within the chamber. We hypothesised that there would be an improvement in cerebral 

rSO2 which would be further improved by the build up of carbon dioxide.

Subjects:

6, 10, 9 respectively fit individuals on acute ascent to altitude

Methodology and statistical analysis:

Prospective observational paired study 

Student t- Test

Altitude(s):

3475m, 4680m, 5005m

Interim conclusions:

This paper demonstrated that portable hyperbaric chambers increased not only the 

arterial oxygen levels (pulse oximetry), but also increased cerebral oxygenation 

(NIRs). The effect is short lived, with changes in both arterial oxygen and cerebral 

oxygenation rapidly returning to pre-pressurisation levels once subjects were removed 

from the chamber. The second important observation was that the build up of carbon 

dioxide within the chamber during pressurisation which had previously been felt to be 

insignificant actually accounted for about one third of the beneficial effect on cerebral 

oxygenation of the chamber. This observation rekindled the longstanding debate as to 

the relative merits of oxygen and carbon dioxide which first began in the late 

eighteenth century between Paul Bert and Angelo Mosso.
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Figure 14

Changes in PiCO?. PeCO?, peripheral arterial and cerebral oxvgenation in a portable 
hyperbaric chamber at altitude:

Inspired Carbon Dioxide (PiCO),

Baseline 200 millibar 200 millibar 200 millibar 
alone • »oda lime »spacer

Endtidal Carbon Dioxide (PeCO),

Baseline 200 millibar 200 millibar 200 millibar 
alone + soda lime •*• *pac«r

Peripheral Oxygenation (SpO), Cerebral Regional Oxygenation (rSO),

Baseline 200 millibar 200 millibar 200 millibar 
•lone * »oda lime * spacer

Bacellne 200 millibar 200 millibar 200 millibar 
alone 1- coda lime » spacer

Implications:

For the first time the portable hyperbaric chamber was shown to improve cerebral 
oxygenation and that the build up of carbon dioxide had clinically measurable 
beneficial effects.

5. The effect of supplementary carbon dioxide, oxygen, and a mix of carbon 

dioxide and oxygen on arterial blood gases and on peripheral, muscle and 

cutaneous oxygenation at 150m and 3459m.

Authorship:

CHE Imray, S Walsh, T Clarke, J Morgan, H Hoar, T Harvey, AR Bradwell, AD
Wright.

Publication:

Clinical Science 2003; 104:1-8.
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Publication type:

Peer review paper

Background:

Ascent to altitude results in a reduction PiO2 . As a result of this hypoxic stimulation, 

respiratory rate and tidal volume increases in an attempt to improve PaO2 . Although 

there is an increase in PaO2 there is a fall in PaCO2 . The fall in PaO2 and the fall in 

PaCO2 have opposing effects on the cerebral circulation. This study was the first 

study to assess cerebral oxygenation and TCD MCA velocities at altitude in response 

to supplementary oxygen, carbon dioxide and hyperventilation.

Aims and hypothesis:

The aim of this study was to assess the effects of supplementary carbon dioxide and 

oxygen on arterial blood gases on acute ascent to altitude. The longstanding 

hypotheses of Paul Bert and Angelo Mosso were to be assessed using modern 

technology.

Subjects:

12 fit individuals on acute ascent to altitude

Methodology and statistical analysis:

Prospective observational paired sample study 

Student t- Test

Altitude(s): 150m and 3459m.

Interim conclusions:

In this study, a logical development of our paper 'Cerebral oxygenation at high 

altitude and the response to carbon dioxide, hyperventilation and oxygen', we used 

radial arterial lines to allow measurement of arterial blood gases and transcranial 

Doppler to measure cerebral blood flow. Having previously shown that cerebral NIRs 

could be used in the field at altitude, we studied the factors that were known to affect 

cerebral blood flow and cerebral oxygen delivery.
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Figure 15
Changes in arterial saturations and blood gases with supplementary carbon jioxide,

oxygen and a mix of carbon dioxide/oxygen at 150m and 3459m:
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Implications:
A century old debate involving the great physiologists of the late nineteenth century 
was resolved. Carbon dioxide increased cerebral oxygenation by increasing the rate 
and depth of respiration and we demonstrated an increase in cerebral blood flow. 
Oxygen increased cerebral oxygenation as a result of the large increase in PaO2 being 
more important than the drop in cerebral blood flow. The mix of oxygen and carbon 
dioxide had the most powerful effect.
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6. Perfusion cerebrate en haute altitude (High Altitude Cerebral Perfusion). 

Authorship: CHE Imrav. C Chan, AW Wright.

Publication:

'Sang, Thrombose, Vaisseaux' (Blood, thrombosis, vessels) 2003; 15: 17-27.

Publication type:

Peer review paper in major French vascular journal.

Background:

An invited review article.

Altitude(s):

Not applicable

Interim conclusions:

This was a historical and scientific review of the literature on cerebral perfusion at 
high altitude, with an emphasis on the intellectual contributions made by French 
investigators.

7. Partitioning of arterial and venous volumes in the brain under hypoxic 

conditions.

Authorship

CB Wolff, CHE Imrav

Publication
Advances in Experimental Medicine and Biology. 2003; 540: 19-32.

Publication type: Peer review paper
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Background: Near infrared cerebral spectroscopy (MRS) measures the 

absorption of light in the NIR spectrum (650-llOOnm), and as such measures the 

concentration of oxygenated and deoxygenated haemoglobin in the interrogated tissue 

(usually brain). Cerebral NIRs allows continuous non-invasive measurements of 

cerebral oxygenation.

Aims and hypothesis:

The NIRs technique is based upon the analysis of the near infrared light that has 

traversed the interrogated tissue. The data is then analysed using an algorithm based 

upon the Beer-Lambert Law. As such certain mathematical assumptions are made. In 

this paper we aimed to reassess these assumptions.

Subjects:

8 fit individuals on ascent to altitude

Methodology and statistical analysis:

Prospective observational paired study 

Student t -Test

Altitude(s):

Sea level, 2400m, 5005m.

Interim conclusions:

To date cerebral oxygenation was thought to be dependent upon arterial oxygen 

content, cerebral blood flow and cerebral oxygen consumption. In this paper we put 

forward an hypothesis based upon mathematical modelling that a fourth factor was 

involved. This factor was determined by the relative partitioning of the arterial and 

venous volumes interrogated.

Near-infrared spectroscopy provides a measure of the proportion of blood that is 

oxygenated. It does not distinguish how much is in the arterial or venous part of the 

vascular bed. The proportion of total blood in the brain has been estimated to be 28%
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arterial and 72% venous. However partitioning of the arterial and venous volumes in 

the brain under hypoxic conditions has been modeled in this study.

Implications:

Existing cerebral oximeters do not take into account any changes within the arterial 

and venous compartments of the capillary bed. The proportion of blood in the arterial 

compartment has been estimated to be 28% (23). In this study we speculated that 

hypoxia can induce changes in the arterial to venous ratio. This may have important 

implications on the interpretation of cerebral NIRS data.

8. Medroxyprogesterone at high altitude and in the prevention of acute mountain 

sickness.

Authorship:

AD Wright, MF Beazley, AR Bradwell, IM Chesner, RN Clayton, PJG Forster, P 

Hillenbrand, CHE Imray.

Publication:

Wilderness and Environmental Medicine 2004; 15(1) :25-31

Publication type:

Peer review paper

Background:

Progesterone is the most powerful natural respiratory stimulant. It acts via an 

oestrogen-dependant receptor at hypothalamic sites and influences the respiratory 

centre via a neural pathway. We examined whether the respiratory stimulant effects of 

progesterone might reduce the incidence of acute mountain sickness or improve near 

infrared cerebral oxygenation.
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Aims and hypothesis:

The aim was to assess the effect of progesterone on peripheral and cerebral 

oxygenation. We hypothesised that progesterone's powerful respiratory stimulant 

effects would have important clinical effects.

Subjects:

20 fit individuals on acute ascent to altitude

Methodology and statistical analysis:

Prospective randomized double blind study 

Student t- Test

Altitude(s):

150m, 2660m, 3440m, 4120m, 5200m

Interim conclusions:

Although there was no apparent benefit in reducing the incidence of AMS, the study 

demonstrated the powerful stimulatory effects of progesterone on respiration. There 

were improved arterial saturations, decreased end tidal carbon dioxide and but no 

difference in NIRs. The combination of acetazolamide and medroxyprogesterone 

resulted in the most marked improvement in PaOi-

Implications:jp.*jL*UMmmr«* »-Mvr*-Kkj •

The paper demonstrated that progesterone had the expected effect on PaC>2, but is 

unlikely to be useful clinically.

9. Effect of exercise on cerebral perfusion in humans at high altitude

Authorship:

C.H.E Imray, S. D. Myers, K.T.S. Pattinson, A.R. Bradwell, C. W. Chan, S.Harris,

P.Collins, A.D.Wrightand the Birmingham Medical Research Expeditionary Society.
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Publication:

Journal of Applied Physiology 2005; 99(2): 699-706

Publication type:

Peer review paper

Background:

The cardio-pulmonary effects of exercise at altitude have been studied extensively but 

the effect of exercise on cerebral perfusion has received limited attention. No 

comparable studies of cerebral oxygenation at VC^maxj or any combined 

measurements of cerebral oxygenation and MCA blood velocity at VO2max, at high 

altitude have been reported.

Aims and hypothesis:

To assess cerebral perfusion at altitude during exercise and try to determine whether 

limitations in cerebral perfusion might be a limiting factor to exercise at altitude.

Subjects:

9 fit individuals on acute ascent to altitude.

Methodology and statistical analysis:

Prospective observational paired study 

Student t- Test, repeated measures ANOVA

Altitude(s):

150m, 3600m, 4250m, 5250m

Interim conclusions:

Assessments of cerebral blood flow and cerebral oxygenation during exercise and 

under field conditions have proven challenging. The standard, upright-exercise cycle 

results in excessive head movement and use of arms, particularly as one approaches 

maximal exercise. To overcome these difficulties we built a portable, recumbent- 

exercise ergometer (Alticycle™) for undertaking cerebral perfusion measurements in 

the field.
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We designed and built a recumbent exercise bike specifically for the experiment. We 
demonstrated reductions in cerebral oxygenation and oxygen delivery during sub 
maximal and maximal exercise at altitude. The implications of this work will be 
discussed in detail in the following section entitled 'Overall Conclusions'.

Implications:

For the first time cerebral perfusion at high and extreme altitude has been assessed 
during maximal exercise using non-invasive techniques. This paper clearly 
demonstrates for the first time that cerebral perfusion is limited at maximal exercise at 
altitude. This limitation of cerebral perfusion may be one of the limiting factors of 
exercise at altitude. One of the reviewers felt this study was likely to generate or 
foster numerous further studies.

Figure 16 
Alticvcle™
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b) Carotid surgery related publications.

10. A comparison of the Invos 3100 and the Critikon 2020 near-infrared 

spectrophotometers as monitors of cerebral oxygenation

Authorship:

CHE Imray and C Knickenberg.

Publication:

Anaesthesia 1997: 52(8); 805.
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Publication type:

Peer review letter

Background:

In order to operate on the carotid artery, as part of a strategy for stroke prevention, it 

is necessary to temporarily clamp the common, external and internal carotid arteries. 

This results in hypoperfusion of the ipselateral anterior cerebral circulation. 

Depending upon the adequacy of the collateral cerebral circulation there may be a 

resulting compromise to local cerebral perfusion. In a patient undergoing carotid 

surgery under general anaesthesia a number different techniques have been used to 

assess the situation. Internal carotid artery stump pressure, EEG and transcranial 

Doppler assessments have been used. During the cross clamp phase of carotid surgery 

it is possible to measure the arterial pressure in the internal carotid artery or 'stump 

pressure', and this has been used as a measure of adequacy of the cerebral collateral 

circulation. In the late 1990s a new non-invasive technique of near-infrared 

spectrophotometry (NIRs) as a monitor of cerebral oxygenation was introduced.

Interim conclusions:

In this letter we described our experiences in the use of cerebral near infrared cerebral 

spectroscopy both in the operating theatre and also at altitude. Our response was to 

other authors who felt the Critikon 2020 unreliable in theatre. We countered their 

criticism by recounting our experience, in particular emphasising the importance of 

careful experimental or clinical techniques. It was also my first publication on the 

subject of cerebral NIRs.

Implications:

NIRs cerebral spectroscopy is an important research tool, which is robust and 

functions satisfactorily in both the hospital and field setting if due care and attention is 

applied to technical details and methodology.

11. Near-infrared cerebral spectroscopic (NIRs) monitoring of patients 

undergoing carotid endarterectomy under loco-regional anaesthesia.
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Authorship:

D Williams, P Laws, CHE Imrav. S Lambert, P Horrocks.

Publication:

Annals of the Royal College of Surgeons of England 1999:81; 431-432.

Publication type:

Peer review paper

Background:

The new technique of non-invasive cerebral NIRS was used in this study to attempt to 

assess the adequacy of the collateral cerebral circulation during the cross clamp phase 

of carotid endarterectomy.

Aims and hypothesis

The aim of this study was to assess cerebral oxygenation during carotid surgery. The 

hypothesis was that NIRs might offer a simple non-invasive technique that might 

reduce the inherent risks of surgery.

Subjects:

45 patients undergoing carotid endarterectomy under loco-regional anaesthesia

Interim conclusions:

This paper was one of the first to describe the use of cerebral NIRs during loco- 

regional anaesthetic carotid surgery. The technique proved to be simple and reliable to 

use, but the range of changes observed during the cross clamp phase was large. 

Consequently, the determination of a drop in cerebral NIRs consistent with an 

absolute threshold where a shunt has to be used could not be satisfactorily determined.

Implications:

The range of changes of cerebral NIRs observed during the cross-clamp phase was 

too large to confidently predict preservation of adequacy of cerebral perfusion. In my 

opinion NIRs remains a research tool.
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12. Blood pressure manipulation during loco-regional anaesthetic carotid 

surgery.

Authorship:

CHE Imrav. M Mead, A Thacker and W Dimitri.

Publication:

British Journal of Anaesthesia, 2002; 88(2): 303-304.

Publication type:

Peer review letter

Background:

During a carotid surgery (endarterectomy) it is necessary to temporarily clamp the 

common, internal and external carotid arteries. If there is an inadequate collateral 

cerebral circulation a temporary indwelling carotid shunt needs to be inserted to 

prevent a neurological deficit. Stoneham et al describe two cases where 

pharmacologically augmenting the systemic blood pressure reversed the neurological 

deficits.

Interim conclusions:

In this letter we responded to the observation that a small rise in blood pressure could 

reverse a neurological deficit during the cross-clamp phase of local anaesthetic carotid 

surgery. We had observed a rise in cerebral oxygenation (NIRs) when the patients' 

blood pressure was augmented. There appeared to be an increase in cerebral oxygen 

delivery associated with a rise in blood pressure. Up until this time it was felt that 

cerebral blood flow was constant across a wide range of systemic blood pressures.

13. Crescendo TIAs: The use of pre-operative TCD directed I.V. Dextran 

therapy to control symptoms and emboli prior to elective carotid 

endarterectomy.

Authorship:

N Lennard, C Vijayasekar, C Tiivas, D Higman and CHE Imrav.
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Publication:

British Journal of Surgery 2003; 90: 166-170.

Publication type:

Peer review paper

Background:

There is little evidence as to how to best manage patients with recurrent or crescendo 

TIAs. Based upon the reported poor outcome of patients with crescendo TIAs with 

medical treatment alone, a more aggressive approach with urgent surgical intervention 

has been advocated. However the published results of urgent carotid surgery are 

variable and some reports describe high morbidity and mortality figures. A recent 

systematic review of the risks of carotid endarterectomy in relation to both the clinical 

indication for and timing of surgery has shown that urgent carotid surgery for 

evolving symptoms has a much higher risk than surgery for stable symptoms. Since 

both medical and emergency carotid surgery appear to have significant complication 

rates, this paper describes a new and an alternative approach.

Aims and hypothesis:

We aimed to reduce the risk of surgery to patients in the very high risk category of 

recurrent and crescendo TIAs. Our hypothesis being that these patients embolised 

from their internal carotid plaque and that contrary to wide belief the emboli were 

predominantly platelet emboli rather than cholesterol emboli.

Subjects:

19 patients with crescendo or recurrent TIAs

Methodology and statistical analysis:

Prospective observational study

Interim conclusions:

In this study, it was shown that it was possible to influence the timing of carotid 

surgery in patients with recurrent or crescendo TIAs. Nineteen patients were treated 

with a combination of aggressive TCD-directed medical therapy and elective surgery.
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Following a TIA, patients were assessed as outpatients in the vascular laboratory, and 

each was questioned about any focal neurological symptoms within the previous four 

weeks (hemi sensory, hemi motor, dysphasia or amaurosis fugax). All patients then 

underwent a routine carotid Duplex, and those with more than one focal event and an 

appropriate sided critical internal carotid stenosis underwent one-hour of TCD 

monitoring of the symptomatic middle cerebral artery. Patients with more than one 

focal event and microembolic signal(s) were admitted to hospital. Maximal oral 

medical therapy was started, and a TCD-directed intravenous infusion of Dextran 40 

was commenced. The infusion was incrementally increased until there were no 

cerebral microembolic signals. Since no patient had symptoms once the microemboli 

ceased, it would appear that sustained embolization is associated with symptoms.

We hypothesised that the delay between admission and the next elective list allows a 

period of plaque stabilisation to occur, reducing the operative risk compared to 

emergency surgery with an unstable plaque. The delay has the additional advantage of 

moving high-risk surgery out of the emergency arena and into elective hours with the 

independently demonstrated lower complication rates, and could be used to allow safe 

inter-hospital transfer.

Implications:

This paper, originally presented in oral format in November 2001, is of profound 

clinical importance, fundamentally altering our perceptions of how to deal with 

patients who continue to embolise after a carotid artery TIA or stroke. Converging 

lines of evidence from other groups confirms the approach, and I have a review article 

on the subject Lancet Neurology, September 2005 (32).

14. Timing of surgery in symptomatic carotid disease.

Authorship:

CHE Imrav, DJ Higman, C Tiivas.

Publication:

Lancet 2004; 363(9420): 1553-4.
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Publication type:

Peer review letter

Background:

The risk of stroke after a hemispheric transient ischaemic attack (TIA) is greatest 

within the first 72 hours, and prevalence as high as 20% within the first month has 

been reported. A case for all carotid surgery to be performed within two weeks of the 

index focal event was put forward.

Interim conclusions:

If the optimal timing of surgery is two weeks after the patient's last symptoms, then 

the implications for health care provision are enormous. In order to be able to offer 

the highest risk patients early surgery, an attempt to stratify the risk of waiting needs 

to be made. Transcranial Doppler can be used to assess both middle cerebral artery 

velocity and also platelet microemboli. Immediately after a carotid territory TIA or 

stroke there is a rise in microemboli in the middle cerebral artery, and those patients 

who continue to embolize are at a greater risk of a further neurological event. A high 

micro-embolic load after carotid endarterectomy is also associated with early carotid 

thrombosis. Control of the high embolic load using intravenous TCD directed 

antiplatelet agents reduces the risk of early postoperative stroke. It is possible to 

influence the timing of carotid surgery in patients with recurrent or crescendo TIAs. 

Control of both emboli and symptoms using TCD directed Dextran allowed these 

high-risk patients to undergo carotid surgery safely on the next elective list.

Implications:

Microemboli appear to be a surrogate marker for future embolic events (TIAs or 

strokes) and the pharmacological efficacy of any therapeutic intervention can now 

rapidly and non-invasively be assessed. TCD emboli detection may offer an approach 

as to how to manage patients both medically and surgically.

15. Validity of near-infrared cerebral spectroscopy. 

Authorship: K Pattinson, Clutton-Brock, CHE Imray
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Publication:

British Journal of Anaesthesia. 2004; 59(5): 507-8

Publication type:

Peer review letter

Background:

A response to a letter describing the use of cerebral NIRs in paediatric cardiac 
surgery.

Interim conclusions:

This letter discusses the limitations of near infrared spectroscopy. In particular raising 

concerns about making important clinical decisions based upon cerebral NIRs in 

children undergoing cardio-pulmonary bypass procedures without controlling for 

temperature.

Implications:

NIRs remains in my opinion an interesting research tool offering important insights 

into the observed trends in cerebral oxygenation. Failing to realise the limitations in 

the technique has potentially serious consequences.

16. Screening for carotid disease and 'stroke prevention units'

Authorship:

CHE Imray and K Pattinson.

Publication:

British Medical Journal. 2004; 329(7478): 1344.

Publication type:

Peer review letter
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Background:

The risk of stroke after a hemispheric transient ischaemic attack (TIA) is greatest 

within the first 72 hours, and prevalence as high as 20% within the first month has 

been reported. The Royal College of Physicians 'National Clinical Guidelines for 

Stroke' (2004) recommend that patients with TIAs or minor stroke should be seen in a 

specialist neurovascular clinic within 7 days, and those with more than one TIA 

(recurrent or crescendo TIAs) should be admitted and investigated immediately.

Interim conclusions:

Transcranial Doppler ultrasound can detect microemboli. This allows the efficacy of 

therapeutic interventions to be rapidly and non-invasively assessed. Controlling the 

rate of embolization reduces the risk of an early postoperative stroke. Controlling 

emboli and symptoms in patients with recurrent or crescendo transient ischaemic 

attacks using Doppler-directed drug therapy allows these high-risk patients to undergo 

elective carotid surgery safely. In our opinion, patients with focal neurological events 

need assessment within 24-48 hours. Those with critical carotid stenoses, symptoms 

and emboli should be admitted to a 'Stroke Prevention Unit' (similar to a coronary 

care unit). The unit would be jointly managed by vascular surgeons and stroke 

physicians, with high staff to patient ratio. Rapid control of microemboli could be 

achieved, and since microemboli appear to be surrogate markers for future embolic 

events, some strokes will be prevented.

Implications:

Some strokes are preventable, particularly if a more aggressive treatment approach is 

adopted, this approach is clearly described in this publication.
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17. Are some strokes preventable? A potential role for transcranial Doppler in 
TIAs of carotid origin.

Authorship:
CHE Imrav and C Tiivas.

Publication:
Lancet Neurology 2005; 4(9): 580-6.

Publication type:
Peer review article.

Methodology and statistical analysis:

Medline and Pubmed search from 1980 to June 2005.

Interim conclusions:

Immediately after a TIA or stroke there is a rise in TCD-detected cerebral 

microembolic signals (MES). Those patients who continue to embolize are at greater 

risk of a further neurological event (112). A recent systematic review of 13 studies of 

the risks of carotid endarterectomy in relation to both the clinical indication for and 

timing of surgery has shown that urgent carotid surgery carries a much higher risk 

(19.2%, 95% CI, 10.7 to 27.8) than elective surgery (OR, 3.9; 95% CI, 2.7 to 5.7; 

P<0.001)(110).

Recurrent or crescendo TIA patients represent a particularly high-risk group. It is 

possible to stop both emboli and further symptoms in these patients with TCD- 

directed intravenous antiplatelet agents. The dose being incrementally increased until 

the MES cease. Consequently it is possible to influence the timing of surgical 

intervention, allowing patients to undergo carotid endarterectomy safely on the next 

elective list (167), avoiding the risks associated with urgent or emergency surgery 

(110) or the risks associated with delay in patients whose MES persist despite oral 

antiplatelet therapy (120).

Implications:

In this review we argue the case for greater use of TCD in stroke prevention. We 

believe the closer integration of medical and surgical approaches can prevent some 

strokes.
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In North America the approach in high risk patients with recurrent symptoms is to 
advocate urgent surgery with the high associated risks (110). In the UK, patients tend 
to be treated medically for a longer period of time exposing the patient to risks 
associated with delay (120). We argue the case for an evidence based integrated 
multidisciplinary approach.

MES are surrogate markers for the risk of future embolic events. The pharmacological 
efficacy of therapeutic interventions can now be assessed rapidly, non-invasively and 
inexpensively. TCD emboli detection appears to offer an important advance enabling 
the optimal integration of both medical therapy and the timing of surgery.
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6) Overall conclusions

In this final section, I will concentrate on my two most recently published major 
papers. Both papers give important new insights into our existing knowledge and 
understanding and they draw upon the previous publications techniques and 
methodologies.

Cerebral perfusion at high altitude

Paul Bert (1833-1886), the French physiologist, has been described as the father of 
modern high altitude physiology. The publication of La Pression Barometrique in 
1878 put forward the views that the harmful effects of high altitude are caused by the 

low PaC>2 (70). One of his critical observations was that various animals including 
sparrows, guinea pigs and frogs became ill or died at the same partial pressure of 
oxygen independent of whether it had been produced as a result of a reduced total 
atmospheric pressure or a reduction in the oxygen fraction. He found that unconscious 
animals could be revived if the oxygen concentration was increased. He was also the 
first person to describe deterioration in cerebral function in subjects subjected to acute 
hypobaria. He noted an impairment of vision, hearing and a mental dullness, which 

rapidly reversed with oxygen.

Angelo Mosso (1846-1910) was Professor of Physiology in Turin. He had a wide 
range of interests but was particularly interested in the cerebral blood flow and its 
possible involvement in the development of acute mountain sickness. Mosso set up a 
remarkable experiment directly challenging Bert's hypothesis that the effects of 
altitude were primarily due to lack of oxygen (136). He persuaded his technician 
Giorgio Mondo to be exposed to 6500m in a chamber. He alleviated symptoms of 

mountain sickness with 0.9% carbon dioxide. He felt carbon dioxide had a protective 

role in preventing the deleterious effects of sudden ascent to altitude.

Non-invasive cerebral perfusion techniques at altitude

NIRS techniques have been shown to be robust and reliable at altitude, and as a result 

the technique has provided important insights into cerebral oxygen delivery and the 

mechanisms by which adequate oxygenation is sustained under most circumstances.
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There is a steady fall in NIRs cerebral regional oxygenation (rSO2) with increasing 

altitude in subjects on exposures to high altitude from 70.2(2.4) % at 150m to 

63.6(2.3) % at 4680m (it should be noted that the rSO2 represents mixed venous and 

arterial saturations). There was an associated fall in SaO2 from 98.1(0.9) % at 150m to 

75.1(5.9) % at 4680m. End tidal carbon dioxide fell from 5.9(0.6) kPa to 3.4(0.3) kPa. 

(137).

Dynamic NIRS studies assessing various physiological manipulations such as 

hyperventilation, oxygen therapy and COi supplementation have been studied. 3% 

CC>2 enriched air markedly improved cerebral oxygenation at both sea level and 

4680m and oxygen at 61/min improved cerebral oxygenation at 4680m. Voluntary 

hyperventilation reduced cerebral oxygenation at sea level and 2270m, had no effect 

at 3650m but improved cerebral oxygenation at 4680m. At sea level the 

hyperventilation reduced the PaCCb resulting in cerebrovasoconstriction and a 

reduction in cerebral oxygenation, whilst at 4680m, hyperventilation improved the 

PaO2 so markedly that this effect appeared to override the cerebovasoconstrictive 

effect (17).

The cardio-pulmonary effects of exercise at altitude have been studied extensively but 

the effect of exercise on cerebral perfusion has received limited attention. No 

comparable studies of cerebral oxygenation at maximal exercise (VO2max), or any 

combined measurements of cerebral oxygenation and MCA blood velocity at VO2max, 

at high altitude have been reported. The results from our Journal of Applied 

Physiology paper (11) showed reductions in cerebral oxygenation and oxygen 

delivery during sub maximal and maximal exercise at altitude.

The major determinants of cerebral blood flow are PaO2 , PaCO2 (138) and blood 

pressure, and each of these is altered by both exercise and altitude. Reductions in 

both PaOa and PaCO2 on acute exposure to altitude, and during exercise at altitude, 

will have opposing effects on cerebral blood flow. Furthermore the effects of these 

stimuli will be modified with acclimatization. An important part of the respiratory 

acclimatization to altitude is the change in the hypercapnic ventilatory response, 

resulting in increased ventilatory sensitivity to carbon dioxide (88). It has been shown
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that both cerebral blood flow and cerebral oxidative metabolism returns toward 

baseline by 3 weeks at 5260 m (139).

Our finding that acute exposure to the three altitudes had no effect on resting mean 

systemic arterial blood pressure is consistent with other reported studies (140). The 

rise in mean blood pressure in response to sub maximal exercise at each high altitude 

was similar to that found at 1 50 m, but was only significantly increased at the two 

highest altitudes. The fall in blood pressure at VO2max is consistent with other reports 

(140, 141). The changes in blood pressure we observed with exercise at altitude are 

well above the range at which autoregulation has been shown to occur. Auto 

regulation maintains a constant cerebral blood flow of 50 to 60 ml lOOg" 1 tissue min"1 

over arterial pressures ranging from 60 to 140 mmHg (142). Experience during 

carotid endarterectomy under loco-regional anesthesia suggests that cerebral blood 

flow during the cross-clamp phase can be increased with a fairly modest rise in blood 

pressure, avoiding the need for shunting. A rise in systolic blood pressure of 35 to 45 

mmHg can reverse neurological deficits (9), and is also associated with improved 

regional cerebral oxygenation (10). The rise in blood pressure may maintain cerebral 

perfusion during sub maximal exercise at altitude but the fall in blood pressure at 

VO2max could be a critical factor limiting exercise. 

Figure 17

Changes in MCAV with exercise at SL, 3,610m, 4,750m and 5,260m 

Taken from CHE Imray et al (Ref 1 1)
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Fig. 2, Changes in middle cerebral artery blood velocity during exercise at 
different altitudes (•, ISO m; ». 3,610 m: », 4,750 m; A, 5,260 m). Values are 
means and SE. Velocity at rest increased with increasing altitude (P <0.05). Al 
all altitudes, velocity increased during submaxima! exercise (P < 0.05- 
0.0001) but fell at maximal oxygen uptake (Vo2 ,„„«.; P < 0.01-0.0001).
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NIRs measures changes in cerebral tissue oxygenation which is dependant upon blood 

flow, arterial oxygenation, cerebral metabolism and arterial/venous partitioning (the 

relative proportion in either the arterial or venous vascular beds). The fall in arterial 

oxygen saturation at rest with increasing altitude was the most likely cause of the 

decrease in resting cerebral oxygenation and the increase in resting MCA blood 

velocity. Similar rises in MCA blood velocity have previously been reported, and 

appear to be most marked on acute ascent, gradually returning towards normal over 

the following days to weeks (139, 143, 144).

Figure 18

Change in rSCMvith exercise at SL. 3.610m. 4.750m and 5.260m

Taken from CHE Imray et al (Ref 11)
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Fig. 3. Changes in cerebral oxygenation at different altitudes (•, 150 m; *, 
3,610 m; », 4,750 m; A, 5,260 m). Values are means and SE. Resting 
oxygenation decreased with increasing altitude (P < 0.0001). At 150 m, 
oxygenation increased during submaximal exercise (P < 0.0001) and at 
Vozm.,* (P <0.05). At higher altitudes, oxygenation was reduced during 
submaximal exercise and at Vch ,,,„,< (P < 0.01-0.0001).

The small rise in cerebral oxygenation during sub maximal exercise at 150 m could 

have occurred as a result of an increase in oxygen delivery induced by a gradual fall 

of cerebral vascular resistance and a matching increase in MCA velocity; but an 

alternative explanation for the observed rise in cerebral oxygenation could be 

decreased cerebral oxygen consumption. Similar changes in MCA blood velocity and 

cerebral oxygenation during sub maximal exercise have been reported (145, 146,
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147). At VO2max at 150 m there was a rise in cerebrovascular resistance and an 

associated fall in MCA velocity. Cerebrovascular resistance was calculated using the 

formula: CVRest = (mean arterial blood pressure / MCA blood velocity) Despite this, 

near infrared cerebral oxygenation remained higher than the resting levels. This may 

be attributable to decreased oxygen uptake which has been described previously 

during exhaustive exercise at sea level (148).

In contrast, at the high altitudes studied, cerebral oxygenation (rSO2) fell 

progressively during sub maximal exercise, with a further fall at maximal exercise. 

There was an increase in cerebral deoxygenated hemoglobin (HDO2) with both 

altitude and exercise. Saito and colleagues (149) showed similar changes in cerebral 

oxygenation at sea level and a fall at 2,700 m and 3,700 m during sub maximal 

exercise, which was equivalent to our level of 50% of VOamax- However we found that 

although cerebral oxygen delivery was sustained to 70% VC^max at sea level, at the 

high altitudes studied, oxygen delivery peaked at 30% VO2max and thereafter fell. 

With partial acclimatization there appeared to be a trend towards improved cerebral 

oxygen delivery as seen at 5,260 m. The increase in MCA blood velocity during sub 

maximal exercise may have been due to several factors, the most important of which 

would appear to be increases in mean blood pressure, because there were only small 

changes in end-tidal COa. Our finding of a gradual fall of cerebral oxygenation during 

sub maximal exercise and VO2max at altitude may be attributed to the gradual fall in 

oxygen delivery. At sea level there was a rise in cerebral oxygenation at VO2max 

despite a fall in MCAV and an explanation could be that at VC»2max there is a decrease 

in cerebral oxygen consumption. We believe the slight differences in cerebral 

oxygenation during sub maximal exercise at the two highest altitudes were due to the 

relatively small change in altitude, and to some acclimatization between the two tests.

It has been shown that during maximal exercise on a rowing machine in elite athletes 

(150), arterial oxygen saturation and regional cerebral oxygenation decrease, but are 

maintained at resting levels with moderate hyperoxia (inspired 02 fraction 0.3). 

Exercise performance was also elevated without a change in muscle oxygenation, 

indicating that the cerebral hypoxia rather than muscle hypoxia appears to be a 

contributing factor for the limitation of exercise capacity. There was an observed 

reduction in arterial COa at maximal exercise. In a second sea level study by the same
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group, cerebral perfusion was shown to increase in excess of the increases in the 
global cerebral metabolic activity during the brain activation associated with exercise 
and that lactate supplements glucose as energy fuel for the brain when the plasma 
lactate level is elevated. Furthermore, as evidenced by MCAVmean determined by 
transcranial Doppler, cerebral perfusion was enhanced and cerebral oxygenation 
determined by near-infrared spectroscopy suggested flow increased to a larger extent 
than the corresponding metabolic oxygen demand (145).

Figure 19

Change in cerebrovascular resistance with exercise at SL. 3.610m. 4,750m and
5,260m
Taken from CHE Imray et al (Ref 11)
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Fig. 4. Changes in cerebrovascular resistance at different altitudes (m, 150 m; 
•*v 3,610 m; •, 4,750 m; A, 5,260 m). Values are means and SE. Resting values 
did not change with increasing altitude. Resting and Vos max values were not 
significantly different at 150 m but rose at 3.610 m (P < 0.05), 4,750 m (not 
significant), and 5,260 m (P < 0.0001).

CVRest appeared to change in two distinct phases with exercise. Up to 50% of VO2max 
there was a tendency for a small reduction in CVReSt, which was associated with a fall 
in arterial oxygen saturation and a rise in end-tidal CO2. These changes would tend to
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increase cerebral blood flow and this was reflected in the rise in cerebral oxygen 

delivery observed at all altitudes at 30% sub maximal exercise. There appeared to be a 

second phase between 70% and VO2max- In this phase there was a marked rise in 

CVRest at all altitudes and this is associated with falls in end-tidal CO2 and small rises 

in arterial oxygen saturation. Both of these changes would tend to decrease cerebral 

perfusion, and again this was reflected by the reduction of cerebral oxygen delivery 

observed at all altitudes at VO2max- Somewhat surprisingly we found no direct 

correlation between end-tidal CO2 and CVRest . However the CVReSt is a product of the 

complex dynamic inter-relationship between all the variables mentioned above as well 

as changes in hypoxic and hypercapnic ventilatory responses and cerebrovascular 

responsiveness to CC>2.

The factors limiting exercise at altitude may be different from those that limit exercise 

at sea level, and may include diffusion limitation of oxygen uptake in the alveolus, the 

work of ventilation, respiratory muscle fatigue, and the possible steal of blood from 

limb locomotor muscles to respiratory muscles (151, 152, 153). The perception of 

dyspnoea is also increased during exercise at altitude (154), which may lead to the 

premature ending of exercise. At altitude oxygen uptake in the lung is diffusion 

limited (155), and this is further exacerbated by exercise. Our results do not support a 

diffusion limit of carbon dioxide at VO2max at altitudes up to 5,260 m but further 

studies are required with measurements of PaCO2 .

Our findings of reduced cerebral oxygen delivery and increased cerebrovascular 

resistance during exercise above 50% of maximum exercise at altitude may relate to 

the pathogenesis of acute mountain sickness and high altitude cerebral oedema. 

Exercise is likely to exacerbate acute mountain sickness through increased hypoxia 

and our results confirm that the brain is subjected to increasing hypoxia during 

exercise. Our results may explain the deterioration seen in the accuracy of 

marksmanship caused by acute exposure to altitude and independent of exercise (156) 

as well as transient and focal neurological deficits occurring at altitude (157, 158). 

The large rises in blood pressure observed on exercising close to or at VO2max could 

explain some of the focal and global transient and permanent neurological events 

observed at high altitude. Clinical examination at a later time point might miss the 

period of profound hypertension. It is also of interest that the standard formula of 220-
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age (years) used to predict maximal heart rate provided a good estimate at 150 m but 

increasingly underestimated maximal heart rate at each of the high altitudes (11). This 

finding has implications for studies using this formula for predicting energy 

expenditure or work rate during exercise at altitude.

Figure 20

Change in cerebral oxygen delivery with exercise at SL, 3,610m, 4,750m and 5,260m

Taken from CHE Imray et al (Ref 11)
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Fig. 5. Changes in cerebral oxygen delivery at different, altitudes (m, 150 ra; •*, 
3.610 m; •, 4,750 rn; A, 5,260 m). Values are means and SE. Resting values 
did not change with increasing altitude. Resting and Vo2 m<« values were not 
significantly different at 150 m but fell at 3,610 m (P < 0.0J), 4,750 in (P < 
0.01), and 5,260 m (P < 0.01).

The reduction in cerebral oxygenation we demonstrated at sub maximal exercise is 

relevant for normal climbing at oxygen uptakes of 50 to 75% maximum oxygen 

uptake (159). The finding that mountaineers with a more vigorous ventilatory 

response to hypoxia have more residual neurobehavioral impairment maybe a result 

of reduced cerebral oxygen delivery (160). The hypercapneic vasoconstriction and 

subsequent reduced cerebral oxygenation might be due to a hypocapnic driven 

reduction in cerebral blood flow (160). Schoene and colleagues (161) showed that the 

fall in SaC>2 on exercise at altitude was actually greater in subjects with a low hypoxic
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could arise as an artifact from the increase in amplitude and frequency of the arterial 

pressure waveform used in Doppler ultrasound studies (171). Nevertheless cerebral 

blood flow measured by 133-xenon clearance increased by 31% during sub maximal 

exercise at sea level (172). Our finding of a 15% increase in MCA blood velocity was 

similar to the 14% reported by Hellstroem and colleagues (173), who combined 

duplex ultrasonography and transcranial Doppler ultrasonography. Our results are 

also comparable to those reported by Huang and colleagues (174) who on acute 

exposure to 4300 m, recorded increases in internal carotid flow velocity of 15 to 33% 

on exercising at 45 and 72% of maximum oxygen uptake. Hellstroem and colleagues 

(173) performed a study at sea level in which a reduction in MCA blood velocity was 

found at 80 to 90% of maximal exercise. This was associated with a reduction of 

PaCOa, again, similar to our findings at 150 m. When exercising at 96% of maximal 

oxygen uptake at high altitude Huang and colleagues (174) noted a small fall in 

internal carotid flow velocity, but flow remained higher than resting levels, in contrast 

to our study.

Our results are consistent with the hypothesis that cerebral blood flow provides an 

important signal to the central nervous system and may become a factor limiting 

exercise at altitude, rather than cardio-respiratory capacity and muscle fatigue (175). 

Our finding of considerable reductions in cerebral oxygen delivery and cerebral 

oxygenation during exercise at altitude suggest that these may provide the critical 

signals. The reduction of cerebral oxygenation during exercise, if it persists during 

altitude acclimatization, may explain why VO2max is reduced despite normalization of 

arterial oxygen content (176). Reduction in cerebral oxygenation during exercise may 

exacerbate the neurological features of AMS and contribute to the development of 

high-altitude cerebral edema and other neurological deficits. Our results lend credence 

to the time-honored advice to avoid strenuous exercise on arrival at high altitude.

b) Cerebral perfusion under ischaemic conditions and the role of trans 

cranial Doppler microemboli detection in crescendo transient ischaemic attacks 

I) Arterial plaque stabilisation

Plaque rupture with the subsequent formation of an intraluminal, platelet-rich 

thrombus is the central mechanism leading to critical reduction of coronary perfusion
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in the acute coronary syndrome (177). Current therapeutic strategies for acute 

coronary syndrome aim at the inhibition of activation of platelets and the coagulation 

cascade and the suppression of platelet aggregation and fibrin formation.

Figure 21

Composite schematic of symptomatic carotid artery stenosis

Taken from CHE Imray & CAS Tiivas (Ref 32)

Figure 3: Composite schematic of symptomatic carotid-artery stenosis

High intensity transient signal (A, arrow) detected on Iranscramal dopplcr insonation of the middle cerebral iirtery 

via a temporal window using a 2 MHz probe (8) Carotid bifurcation with arthoroM-lorotk' plaque (C) causing 

>70% stenosis. Emboli originating from surface ulcer or plaque rupture shower the cerebral circulation. Carotid 

plaque showing surface ukerarion (C, right; 0, arrow) and disruption of media with intraplaqui1 haemorrhage 

(D, circle). Microscopy of unstable plaque with wjbendothdial macraphage accumulation ((•; CD68 ^tain light 

microscopy, X100), and intraplaque haernofrhagc (F, black arrow) and ulcerated surface with overlying 

eiythrocyte<; (F, v^hitc ar^cw; haernatoxylin and eo5in light microscoijy, "/. 200). •

The use of acetylsalicylic acid and glycoprotein Ilb/IIIa receptor inhibitors is 

established therapy for the acute coronary syndrome, and efficacy is documented in

78



several large clinical studies (178, 179, 180). A strategy involving medical 

stabilisation with a glycoprotein Ilb/IIIa receptor inhibitor before coronary 

interventions was assessed in the CAPTURE study. Patients admitted with unstable 

angina and who continued to have refractory ischaemia, underwent cardiac 

catheterization. Patients who were deemed good candidates for coronary interventions 

were randomized into abciximab therapy for 18-24 hours before angioplasty and one 

hour afterwards or placebo treatment with coronary angioplasty. Abciximab decreased 

the incidence of death, myocardial infarction or the need for urgent revascularization 

by 29% at 30 days (181).

In 1963, Julian et al (182) described the importance of ulcerative plaques at the 

carotid bifurcation and concluded that embolization from these plaques could occur. It 

has subsequently been suggested that stabilisation of the plaque was more important 

than actual plaque regression (183, 184). In patients with a critical internal carotid 

artery stenosis and symptoms, it is likely that there is an acute rupture of an 

atherosclerotic internal carotid plaque with superimposed thrombosis. There then 

appears to be a period of instability and increased activity within the carotid plaque 

heralded by an increase in cerebral microemboli signals detectable downstream in the 

middle cerebral artery. In our experience of patients with crescendo or recurrent TIAs, 

abolition of microembolization prevents further focal events (185). Microemboli 

appear to be primarily solid platelet aggregates, since they have been controlled with 

various antiplatelet agents including intravenous aspirin (186, 187), Dextran 40 (188- 

193), tirofibran (194), and S-nitrosoglutathione (195). Clopidogrel 75mg 

preoperatively resulted 10-fold reduction in the relative risk of those patients having 

>20 emboli in the postoperative period (odds ratio, 10.23; 95% CI, 1.3 to 83.3; 

P=0.01) (196).

Although crescendo or recurrent TIAs appear to at particularly high risk for 

development of subsequent stroke, recent data from a large, multicentre, nonselected, 

observational study underscores the "not so benign" prognosis for all TIA patients 

(197). The high prevalence of stroke following the index TIA ranges from 20% in the 

first month, to 5% within two days and 10.5% within ninety days (198).
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ventilatory drive. The observed reduction of cerebral oxygen delivery during exercise 

may be more important than absolute altitude in determining the development of acute 

mountain sickness. At any give altitude arterial and cerebral oxygenations are a 

dynamic variable dependent upon absolute altitude, oxygen delivery and oxygen 

consumption. A resting individual at a higher altitude may have the same cerebral 

oxygenation as an exercising individual at a lower altitude. Both subjects are at the 

same 'virtual' altitude. Assessing cumulative hypoxic insult (time at a 'virtual 

altitude') over a 24-hour period might more accurately predict the hypoxic stress an 

individual has experienced.

The limitations of the NIRs methodology have been reviewed (162, 163). The 2- 

sensor technique eliminates the contribution from the scalp and skull, thereby giving a 

measurement of tissue oxygenation at a depth of 2.5 to 5.0 cm. Concerns over 

contamination of the intracerebral readings with scalp blood flow have been raised in 

the past. Providing the spacing between the scalp detectors is adequate, scalp flow 

makes no significant contribution. This was demonstrated using laser Doppler 

velocimetry and occlusion of scalp flow using a pneumatic tourniquet (164). Near- 

infrared spectroscopy provides a measure of the proportion of blood that is 

oxygenated. It does not distinguish how much is in the arterial or venous part of the 

vascular bed. The proportion of total blood in the brain has been estimated to be 28% 

arterial and 72% venous (165). In this study we assumed that neither hypoxia nor 

exercise affects the arterio-venous partitioning. However partitioning of the arterial 

and venous volumes in the brain under hypoxic conditions at rest has been modeled 

(166), and it is possible that further changes could occur with exercise.

The trans-cranial Doppler technique is operator dependent and requires careful 

focusing of the ultrasound probe on the MCA. We standardized this as far as possible 

by using one experienced operator (167). We cannot be certain whether arterial 

diameter remained constant during the exercise tests at altitude but other studies at sea 

level found no changes with either decreases or increases in PaCO2 (168) or during 

hypocapnia alone (169). Jorgensen and colleagues (170) showed that the increase in 

regional cerebral perfusion during exercise at sea level occurred in the MCA territory, 

with increases in mean MCA blood velocities of 19 to 32%. However it has been 

suggested that much of the increase in MCA blood velocity in response to exercise
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II) Timing of surgery

More recently, it has been shown that it is possible to influence the timing of carotid 
surgery in patients with recurrent or crescendo TIAs (185); nineteen patients were 
treated with a combination of aggressive TCD-directed medical therapy and elective 
surgery. Following a TIA, patients were assessed as outpatients in the vascular 
laboratory, and each was questioned about any focal neurological symptoms within 
the previous four weeks (hemi sensory, herni motor, dysphasia or amaurosis fugax). 
All patients then underwent a routine carotid Duplex, and those with more than one 
focal event and an appropriate sided critical internal carotid stenosis underwent one- 
hour of TCD monitoring of the symptomatic middle cerebral artery. Patients with 
more than one focal event and microembolic signal(s) were admitted to hospital. 
Maximal oral medical therapy was started, and a TCD-directed intravenous infusion 
of Dextran 40 was commenced. The infusion was incrementally increased until there 
were no microembolic signals. Since no patient had symptoms once the microemboli 
ceased, it would appear that sustained embolization is associated with symptoms. Just 
as in the post-operative phase, in the pre-operative phase a single embolus does not 
cause a TIA, but a high embolic load indicates the individual is at greater risk of 
further neurological events. Patients underwent carotid endarterectomy safely on the 
next elective operating list up to ten days later. Forty-eight patients with recurrent or 
crescendo TIAs and associated microembolic signals have now been treated with 
TCD-directed medical therapy followed by elective surgery with similar results. In 
five patients who continued to embolize despite maximal oral medical therapy and 
Dextran 40 at 60mls/hour, microembolic signals were rapidly controlled with a 
glycoprotein Ilb/IIIa receptor inhibitor infusion (unpublished data). We suspect that 
the delay between admission and the next elective list allows a period of plaque 
stabilisation to occur, reducing the risk compared to emergency surgery with an 
unstable plaque. The delay has the additional advantage of moving high-risk surgery 
out of the emergency arena and into office hours with the known lower associated 

complication rates (110).

Having controlled symptoms and emboli, there may be a group of patients in whom a 
subsequent surgical procedure may not be appropriate and the efficacy of subsequent 

medical therapy can be further assessed.
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HI) Implications

There are important implications in how all TIAs should be managed. In our opinion 

all patients presenting with TIA or minor stroke require rapid clinical assessment and 

Duplex examination to determine the state of the internal carotid arteries (ideally 

within 24-48 hours). The presence of a critical internal carotid stenosis and more than 

one TIA requires a TCD study to interrogate the appropriate MCA for microemboli. 

Those with a critical internal carotid stenosis, symptoms and emboli should be 

admitted to 'Stroke Prevention and Care Units', similar to coronary care units and 

should be jointly managed by stroke physicians, neurologists and vascular surgeons. 

With a high staff to patient ratio, frequent corrections of cardiovascular, metabolic 

and haematological factors could be achieved, with the aim of preventing strokes 

from occurring (199, 200). Elective surgery is likely to have better outcomes than the 

conventional treatments of either medical therapy alone or urgent surgery. Failure to 

control either microemboli or symptoms with a symptomatic critical internal carotid 

stenosis remains an indication for urgent surgery.
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Figure 22
Surgical technique and carotid plaque appearance
Taken from CHE Imray & CAS Tiivas (Ref 32)

: : figure 2: Surgical technique and carotid plaque appearance
A: right carotid {?nd3rtercctomy with shunt in situ. B: carotid pUque with platelet frond from n symptomatic patient. 0. and 0: tntraoperative photographs of a 

:;.. symptomatic carotid plaque.

In 1951, Fisher postulated 'the final thrombus rebuilds itself several times before 

finally holding' prior to carotid occlusion (201). Platelet microemboli appear to be 

generated by the thrombogenic surface of the internal carotid artery plaque and have a 

remote downstream effect, sometimes with devastating clinical outcomes. Emboli are 

surrogate markers for future ischaemic events, and their control with TCD-directed 

therapies may offer new insights into how to optimize the management of these high- 

risk patients, since the pharmacological efficacy of any therapeutic intervention can 

now be rapidly and non-invasively assessed. We believe that until further studies are
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performed, TCD directed anti-platelet therapy in these high-risk patients offer a 
logical, inexpensive and evidence-based multidisciplinary approach which also allows 
for the individualization of treatment.

In this overview the author has developed two broad themes, firstly aspects of non- 
invasive cerebral perfusion at high altitude (in particular NIRs and TCD) and 
secondly in the use of TCD to control cerebral microemboli in patients with 
symptomatic carotid artery disease. The two themes are interrelated, firstly by the 
non-invasive cerebral perfusion monitoring techniques that have been used, and 
secondly by the insights that the altitude studies give into the clinical situations and 
vice versa. The hypoxic healthy brain at altitude is in some ways a model for the 
ischaemic brain.

He has demonstrated original and significant contributions to the existing knowledge 

by:
I) Critically appraising previous work.
II) Demonstrating the ability to design and develop new methodologies for the 

investigations.
III) Conducting the research, often in extremely harsh environmental conditions.
IV) Analysing the data obtained.
V) Developing theoretical interpretations to explain the data obtained.
VI) The work has been extensively presented at local, national and international 

conferences (See Appendix 1)
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7) Appendix 1 

Cerebral Perfusion under hypoxic conditions and at high altitude

PRESENTATIONS TO LEARNED SOCIETIES

Non invasive intracranial pressure monitoring.
Presented to the Birmingham Hypoxia Symposium, November 1993.

Methyl progesterone acetate Vs Acetazolamide as a respiratory stimulant at altitude. 
Presented to the Birmingham Hypoxia Symposium, November 1993.

Non invasive intracranial pressure monitoring.
Presented to the Medical Research Society, London, 1994.

Non invasive intracranial pressure monitoring in acute mountain sickness. 
Presented to the World Hypoxia Symposium, Banff, Canada. February 1995.

Near-infra red cerebral spectroscopic monitoring of patients undergoing carotid 
endarterectomy under loco-regional anaesthesia.
Presented at the Norman Tanner Prize Session of the Royal Society of Medicine. 
September 1998.

Near-infra red cerebral spectroscopic monitoring of patients undergoing carotid
endarterectomy under loco-regional anaesthesia.
Presented at the Vascular Society of Great Britain and Ireland. Hull, November
1998.

Carbon dioxide or oxygen at altitude? The effect on arterial blood gases at sea level
and on acute exposure to altitude.
Presented to the 1999 International Hypoxia Symposium, Jasper, Canada. March
1999.

Carbon dioxide and cerebral blood flow at sea level and on acute exposure to altitude. 
Presented to the 1999 International Hypoxia Symposium, Jasper, Canada. March 
1999.

Carbon dioxide or oxygen at altitude? Cutaneous, muscle and cerebral oxygenation. 
Presented to the 1999 International Hypoxia Symposium, Jasper, Canada. March 
1999.

Carbon dioxide contributes to the beneficial effect of pressurisation in a portable
hyperbaric chamber.
Presented to the 1999 International Hypoxia Symposium, Jasper, Canada. March
1999.

Near-infra red cerebral spectroscopy to assess cerebral oxygenation at altitude. 
Presented to the 1999 International Hypoxia Symposium, Jasper, Canada. March 
1999.
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Acute mountain sickness may be induced by exercise.
Presented to the 1999 International Hypoxia Symposium, Jasper, Canada. March
1999.

Recommended changes in the Lake Louise Acute Mountain Sickness (AMS) scoring
system.
Presented to the 1999 International Hypoxia Symposium, Jasper, Canada. March
1999.

Cerebral oxygenation at high altitude and the response to carbon dioxide,
hyperventilation and oxygen.
Presented to the 1999 International Hypoxia Symposium, Jasper, Canada. March
1999.

Reduction in cerebrovascular reserve capacity in normal individuals at altitude. 
Presented to the 1999 International Hypoxia Symposium, Jasper, Canada. March 
1999.

Cerebral oxygenation at high altitude and the response to carbon dioxide,
hyperventilation and oxygen.
Presented to the South East Anaesthetic Society, La Plagne, France, March 1999.

A randomised controlled trial of progesterone in preventing acute mountain sickness. 
Presented to the 1999 International Hypoxia Symposium, Jasper, Canada. March 
1999.

Carbon dioxide or oxygen at altitude? The effect on arterial blood gases at sea level 
and on acute exposure to altitude. Presented at the Walsgrave Poster Competition 
January 2000

Carbon dioxide and cerebral blood flow at sea level and on acute exposure to altitude. 
Presented at the Walsgrave Poster Competition January 2000.

Carbon dioxide or oxygen at altitude? Cutaneous, muscle and cerebral oxygenation. 
Presented at the Walsgrave Poster Competition January 2000.

Carbon dioxide contributes to the beneficial effect of pressurisation in a portable
hyperbaric chamber.
Presented at the Walsgrave Poster Competition January 2000.

Near-infra red cerebral spectroscopy to assess cerebral oxygenation at altitude. 
Presented at the Walsgrave Poster Competition January 2000.

Acute mountain sickness may be induced by exercise. 
Presented at the Walsgrave Poster Competition January 2000.

Recommended changes in the Lake Louise Acute Mountain Sickness (AMS) scoring
system.
Presented at the Walsgrave Poster Competition January 2000.
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Cerebral oxygenation at high altitude and the response to carbon dioxide,
hyperventilation and oxygen.
Presented at the Walsgrave Poster Competition January 2000.

Reduction in cerebrovascular reserve capacity in normal individuals at altitude. 
Presented at the Walsgrave Poster Competition January 2000.

High Altitude Cerebral Perfusion
European Young Vascular Surgeons, Courcheval, France, March 2000.

Carbon dioxide or oxygen at altitude? Cutaneous, muscle and cerebral oxygenation 
West Midlands Physicians, May 2000

Near-infrared spectroscopy at high altitude: New insights into high altitude
physiology.
Presented to the IV World Congress on Mountain Medicine and High Altitude
Physiology, XV Annual Meeting of the Chilean Society of Physiological Sciences,
VIII Chilean Congress on Sciences of Physical Exercise and the X Congress of
the Northern Chile Medical Society, University of Tarapaca, Arica, Chile l st-6tb
October 2000.

The effect of Acetazolamide on peripheral pulse oximetry in partially acclimatised
individuals.
Presented to the IV World Congress on Mountain Medicine and High Altitude
Physiology, XV Annual Meeting of the Chilean Society of Physiological Sciences,
VIII Chilean Congress on Sciences of Physical Exercise and the X Congress of
the Northern Chile Medical Society, University of Tarapaca, Arica, Chile l st-6th
October 2000.

Carbon dioxide contributes to the beneficial effect of pressurisation in a portable 
hyperbaric chamber at high altitude.
Presented to the IV World Congress on Mountain Medicine and High Altitude 
Physiology, XV Annual Meeting of the Chilean Society of Physiological Sciences, 
VIII Chilean Congress on Sciences of Physical Exercise and the X Congress of 
the Northern Chile Medical Society, University of Tarapaca, Arica, Chile l st-6th 
October 2000.

Modifications of the Lake Louise Acute Mountain Sickness Scoring System. 
Presented to the IV World Congress on Mountain Medicine and High Altitude 
Physiology, XV Annual Meeting of the Chilean Society of Physiological Sciences, 
VIII Chilean Congress on Sciences of Physical Exercise and the X Congress of 
the Northern Chile Medical Society, University of Tarapaca, Arica, Chile l st-6th 
October 2000.

The use of the nepholometer at high altitude
Presented to the IV World Congress on Mountain Medicine and High Altitude 
Physiology, XV Annual Meeting of the Chilean Society of Physiological Sciences, 
VIII Chilean Congress on Sciences of Physical Exercise and the X Congress of
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the Northern Chile Medical Society, University of Tarapaca, Arica, Chile l st-6th 
October 2000.

Carbon dioxide at high altitude: A century of investigation and speculation 
Presented to the IV World Congress on Mountain Medicine and High Altitude 
Physiology, XV Annual Meeting of the Chilean Society of Physiological Sciences, 
VIII Chilean Congress on Sciences of Physical Exercise and the X Congress of 
the Northern Chile Medical Society, University of Tarapaca, Arica, Chile l st-6th 
October 2000.

Operating Telescopes at high altitude- the experience on Mauna Kea 
Presented to the IV World Congress on Mountain Medicine and High Altitude 
Physiology, XV Annual Meeting of the Chilean Society of Physiological Sciences, 
VIII Chilean Congress on Sciences of Physical Exercise and the X Congress of 
the Northern Chile Medical Society, University of Tarapaca, Arica, Chile l st-6th 
October 2000.

Carbon dioxide contributes to the beneficial effect of pressurisation in a portable
hyperbaric chamber at high altitude.
Presented to the Medical Research Society, 2000.

Near-infra red cerebral spectroscopy to assess cerebral oxygenation at altitude. 
Presented to the Medical Research Society, 2000.

Near infrared cerebral spectroscopy and the carbon dioxide cerebrovascular reserve
capacity at altitude
Presented to the World Hypoxia Symposium 2001, Jasper, and Canada.

Hypoxic ventilatory response and acute mountain sickness 
Presented to the World Hypoxia Symposium 2001, Jasper, Canada.

Trans cranial doppler and near infrared cerebral spectroscopy: Acetazolamide
cerebrovascular reserve capacity at 150m and 4600m.
Presented to the World Hypoxia Symposium 2001, Jasper, Canada.

The effect of 12% oxygen gas mix on peripheral and cerebral oxygenation and the
response to supplementary carbon dioxide
Presented to the World Hypoxia Symposium 2001, Jasper, Canada.

The effect of Acetazolamide on peripheral pulse oximetry and cerebral perfusion in
partially acclimatised individuals.
Presented to the World Hypoxia Symposium 2001, Jasper, Canada.

'Cerebral' hypoxic ventilatory response and acute mountain sickness 
Presented to the World Hypoxia Symposium 2001, Jasper, Canada.

Cerebral perfusion in sea level commuters at 5050m elevation 
Presented to the World Hypoxia Symposium 2001, Jasper, Canada.
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Cerebral, hepatic, renal, skeletal muscle and peripheral oxygenation at Om, 2400m
and 5050m
Presented to the World Hypoxia Symposium 2001, Jasper, Canada.

Cerebral perfusion at Om, 2400m and 5050m and the response to voluntary forced
hyperventilation
Presented to the World Hypoxia Symposium 2001, Jasper, Canada.

Field technique for the assessment of the 'reverse' cerebro-vascular reserve capacity 
Presented to the World Hypoxia Symposium 2001, Jasper, Canada.

Near infra-red cerebral spectroscopy and the assessment of cerebral blood volume at 
sea level and
correlation with susceptibility to the development of acute mountain sickness. 
Presented to the World Hypoxia Symposium 2001, Jasper, Canada.

Near infrared cerebral spectroscopy and the assessment of cerebral blood flow at
altitude.
Presented to the World Hypoxia Symposium 2001, Jasper, Canada.

Clinical observations on Acetazolamide prophylaxis in Nepalese porters. 
Presented to the World Hypoxia Symposium 2001, Jasper, Canada

Does transcranial Doppler have a role in the preoperative management of carotid 
stenosis? Paper presented at the 14th Congress of the European Chapter of the 
International Union of Angiology; Cologne,May 23-26 2001 
A simple but aggressive transcranial Doppler directed dextran-40 therapy regime 
reduces postoperative carotid thrombosis. Paper presented for the IUA 2001 Prize at 
the 14th Congress of the European Chapter of the International Union of 
Angiology; Cologne, May 23-26 2001.

TIAs: The use of pre-operative TCD directed I.V. dextran therapy to control 
symptoms and emboli prior to elective carotid endarterectomy. 
Founder's Prize, Vascular Surgical Society of Great Britain & Ireland, Brighton, 
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1. Raised intracranial pressure has been noted in 
severe forms of acute mountain sickness and higb- 
altitnde cerebral oedema, bat the role of intracraniaJ 
pressure in the pathogenesis of mild to moderate 
acute mountain sickness is unknown.
2. Serial measurements of intracranial pressure were 
made indirectly by assessing changes in tympanic 
membrane displacement in 24 healthy subjects on 
rapid ascent to 5200m.
3. Acute hypoxia at 3440m was associated with a 
rise in intracraniai pressure, but no difference was 
found in pressure changes at 4120 or 5200m in 
subjects with or without symptoms of acute mountain 
sickness.
4. Raised intrecranial pressure, though temporarily 
associated with acute hypoxia, is not £ feature of 
acute mountain sickness with mild or moderate 
symptoms.

INTRODUCTION
The clinical features of mild to moderate acute 

mountain sickness (AMS) include headache, nausea 
and vomiting which may progress to the more 
serious malignant form with ataxia, confusion and 
death. Raised intracraniaJ pressure and cerebral 
oedema secondary to hypoxia are centra] themes iii 
the suggested mechanisms of AMS [1]. Evidence for 
raised intracraniaJ pressure in AMS has been 
obtained in uncontrolled studies. Papilloedema was 
noted in 23 of 44 severe cases of AMS reported by 
Dickinson in [2], and increases of 60-210 mmH 2 O 
in cerebrospinaJ fluid (CSF) pressure were found at 
lumbar puncture in 34 cases [33- Attempts to 
measure intracranial pressure changes in the mild to 
moderately severe AMS are limited to short-term 
CSF pressure measurements in hypobaric chamber 
studies. In three subjects taken to a simulated 
altitude of 5000m until symptoms of AMS 
appeared, there was no change in the direct measure

of CSF pressure at lumbar puncture, though acute 
hypoxic gas inhalation resulted in a rise in pressure 
[4]. Studies in sheep exposed to normobaric 
hypoxia for 72 h showed no change in intra 
cranial pressure despite increases in brain water 
content [53-

The development of a non-invasive method of 
measuring changes in intracranial pressure [6,7] 
has enabled us to undertake a prospective study of 
AMS in a group of subjects trekking to high 
altitude to ascertain if raised intracranial pressure is 
an early feature of the AMS syndrome.

SUBJECTS AND METHODS
Twenty-four healthy subjects (22 males, two 

females) aged 22-65 years were studied before and 
during ascent to high altitude (Table 1). Subjects 
were randomly allocated to one of four treatments 
with six subjects in each of the following groups: 
placebo, aceta2x>lamide, medroxyprogesterone and 
acetazolamide with medroxyprogesterone. Drug 
treatment was started after baseline studies and 1 
week beiore departure to the Himalayas.

Symptoms of AMS were recorded using & seli- 
assessment questionnaire each morning (21 symp 
toms) and evening (20 symptoms), scoring each 
symptom a£ 0 (absent), 1 (slight), 2 (moderate). 2 
(quite a lot) and 4 (maximum), giving a maximum 
score of 84 morning and 80 evening. Blood gases 
were measured on arterialized capillary blood using 
a Corning blood gas analyser (Ciba Corning model 
238) at 3440, 4120 and 5200m at the same time as 
the intracranial pressure studies. Intracranial pres 
sure was measured indirectly by recording the dis 
placement of the tympanic membrane (Tm) hi one 
ear during stapedial reflex contraction elicited by a 
1000-Hz stimulus at sound pressures 100-115dB 
administered on 10 occasions for 500ms every 7s 
with the subject lying comfortably for at least 5min 
before starling the test (MMS-10 tympanic displace-

My wonts acute mountain sduea, high aftinide, mmcrvM presure.
Abbrewatwns: AMS, scute mountain sickness; CSF, ansbrespina! fluid: 7m, Tympank roembrant.
present address: Non-inwsi»e Intracraniil Pressure Assessment Unit, Wessex Regiona! Centra for Fsediatric Suiter?, Southampton General Hospital, Southampton, UX.
Correspondence Dr A. D. Wri|ht, Department of Medicine, Queen Bizabeth Hospital, fcirmmfham BIS m, UX.
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ment analyser) [6]. The method is based on the 
principle that a patent cochlear aqueduct transmits 
intracranial pressure to the perilymphatic fluid of 
the cochlea. The resting position of the footplate of 
the stapes within the oval window depends on the 
pressure of the perilymphatic fluid. Increasing pres 
sure displaces the stapes footplate laterally, allowing 
a greater degree of freedom for motion of the stapes 
medially when the stapedius muscle contracts. This 
movement is transmitted to the tympanic membrane 
to produce a more inward-going displacement. Con 
versely, a reduction in cochlear pressure draws the 
footpla'te medially and results in a more outward- 
going displacement of the tympanic membrane on 
stapedial contraction. Movement of the tympanic 
membrane can be measured by volume displace 
ment by a transducer probe sealed within the 
external "auditory tneatus. The technique is sensitive 
enough to detect changes in cochlear pressure with 
cardiac pulse and respiration, hence the need to 
average 10 consecutive readings. The technique has 
been validated by comparison with direct intra- 
cianiai and CSF pressure measurements [7] but is 
best used for detecting changes in intracranial pres 
sure ralher than for obtaining absolute pressures. 
However, calculation of an approximate change in 
intracrenial pressure can be made by assuming thai 
the change in Tm displacement occurring betweet 
readings in the sitting and lying positions corre 
sponds to a rise of ISOmroHjO CSF pressure.

For valid results, the technique depends on 
normal middle ear pressure and an intact, free- 
moving tympanic membrane. A hand-held tympano- 
meter was used to assess these features in each 
subject before any measurement of Trn displacement 
in baseline studies and at 1348m. At higher alti 
tudes tympanic membrane mobility was assessed by 
pneumatic otoscopy. The equipment was adapted 
for field use and before the expedition was tested 
satisfactorily at -23°C and at 0.5 atmospheres
pressure. .Tm replacement results were excluded in three 
subjects- in two subjects no measurable reflex was 
obtained and in one subject the data were incom 
plete because of descent [8]. Two subjects were not 
available for baseline studies at 150m and one

60-, 
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Fig. 1. Sequential chanfes in tympank membrane (Tin) dfepteot- 
ment from buefmt te high altftmte. A wort negative displacement 
indicate i ret in intracranial pressure.

subject was omitted inadvertently when measure 
ments were being made at 3440m. At 5220m 12 
subjects were chosen for study by the medical officer 
on the basis of definite AMS symptoms (n=6) or 
trivial or no AMS symptoms (n=6). Blood gas data 
were not obtained in one subject in the no symp 
toms group at this altitude, and his results have 
been excluded.

Statistical significance was assessed by paired t- 
testing and regression analysis. Approval for the 
studies was given by the Research Ethics Committee 
of the South Birmingham Health Authority, and 
subjects gave their informed consent.

RESULTS
The change in mean Tm displacement was not 

significantly different comparing baseline with 
results at 134Sm : with a mean change of —13.9 nl 
{SE 17.5). but there was an additional significant 
mean fall of — 54.9 nl (18,7) in displacement at 
3400m (P<0.01) and subsequent mean rise of 
+ 82.8 nl (34.7) at 4120m (P<0.05) (Fig. 1). No 
difference was found in the change in mean Tm 
displacement on ascending from 4120m to 5220 IE 
in subjects with moderate AMS (questionnaire score 
43.8, SD 17.8) or minimal AMS (score 10.2, SD 
10.7) (Fig. 2). The AMS scores were taken from the 
two questionnaires completed at 5220m. Similarly, 
there was no overall correlation of Tm displacement 
changes from 1348 to 5200m with AMS scores in 
the whole group.

The change in mean Tm displacement on ascend 
ing from 1348 to 3440m correlated with the PaO 2 
measured at 3440m (r=0.43, P<0.02) (Fig, 3), but 
not with pH, PaCO 2 or plasma bicarbonate 
measurements measured at 3440m, and was not 
different in the six subjects with mild headache 
compared with 14 subjects without symptoms. The 
change in mean Tm displacement on ascending 
from 1348 to 4120m or from 1348 to 5220m did 
not correlate with PaO2 measured at 4120m
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DISCUSSION
Our results show that raised intracraniaJ pressure 

is not a feature of the early stages of AMS, confirm 
ing results in hypobaric chamber studies [4]. We 
suggest that the headache, nausea and vomiting of 
mild to moderate AMS may be due to other 
intracranial changes, such as cerebral oedema. 
Reported raised intracraniaJ pressure in AMS is 
obviously associated with more serious illness, as 
suggested by the finding of papilloedema in some 
subjects with high-altitude cerebral oedema £2]- 
Such severe illness did not occur in our studies.

Acetazolamide is known to reduce CSF produc 
tion but it is doubtful whether it affects CSF 

-i _,v«,,, mvrn intravenously [9]. There

is no evidence that our results were affected by the 
drug trial except that symptoms of AMS may have 
been ameliorated by the active drugs compared with 
the placebo. There was no change in Tro displace 
ment after 1 days' treatment with acetazolamide or 
progesterone before ascent to high altitude.

The change in Tm displacement suggesting a rise 
in intracranial pressure following rapid ascent to 
3440 ro over 36 h was not associated with any 
centra) nervous system symptoms at that altitude 
and did not correlate with the severity of symptoms 
at higher altitudes. The relationship of the rise in 
pressure to the degree of hypoxia at 3440m but not 
at higher altitudes would suggest this was an acute 
effect of hypoxia. Our failure to demonstrate a 
further rise in inlracranial pressure with increasing 
hypoxia on ascent from 3400 to 4120 and 5200m 
may have been due to the timing of the measure 
ments, which were done 4-6 h after arrival at 
3440m but l£-24h after arrival at the higher alti 
tudes. It is unlikely that the time of day the 
measurements were- made was of any significance 
because any diurnal variation in intracranial pres 
sure is much smaller than that occurring with 
postural change and, within an individual, the differ 
ence in pressure in the evening compared with 
morning may be either increased or decreased with 
no mean change in a group of subjects (unpublished 
observations). An effect of hypoxia increasing intra 
cranial pressure acutely has been found in animal 
experiments [10, llj, though the effect is modified if 
there are simultaneous changes in PCO 2 [12] and is 
not seen in more chronic exposure. to hypoxia 
[4, 53- In sheep the peak rise in intracranial pressure 
occurs after approximately 6h exposure to hypoxia 
and thereafter returns to baseline in animals not 
suffering from AMS [10].

Though raised intracranial pressure has been 
documented in severe forms of AMS, our findings 
suggest that raised pressure is a late manifestation 
of the clinical syndrome and not an early feature of 
AMS with mile tc moderate symptoms. We postu 
late that there is £ continuum from mild to seven 
AMS but cerebral oedema and increased cerebral 
blood flow do not lead to raised intracranial pres 
sure until the CSF reabsorptive mechanism is 
unable to compensate for the increased intracranial 
contents. Further studies are required to define the 
time course in man of changes in intracranial 
pressure on rapid ascent to high altitude. The non- 
invasive Tm displacement method is clearly suitable 
for repeated measurements of changes in intra 
cranial pressure in the field.
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Near-infrared spectroscopy in the assessment of cerebral 
oxygenatioti at high altitude
C.H.E. IMRAY; NJ. BARNETT; S. WALSH; X CLARKE; J. MORGAN; D. HALE; H. HOAR; D. MOLE; I. 
CHESNER; A.D. WRIGHT

From the Medical School, University of Birmingham, Edgbaston, Birmingham BIS 2TT, UK.

Hypoxia plays a key role in the pathogenesis of acute mountain sickness (AMS), but individual 
susceptibility is variable and cerebral symptoms do not always correlate with Pa02 measurements. 
Cerebral hypoxia may be more relevant than PaO2 . We studied trends in cerebral regional oxygen 
saturation by the technique of near-infrared spectroscopy in 20 subjects ascending rapidly to 4680 m. 
Subjects were enrolled in a placebo-controlled, double-blind trial of medroxyprogesterone for the 
prevention of AMS. The fall in cerebral oxygen saturation was less than in the periphery. At 4680 
m, cerebral oxygenation correlated with peripheral saturation but not with PaCOj or with cerebral 
symptoms scores. At 4680 m, subjects on medroxyprogesterone had higher cerebral and peripheral 
saturation compared with those on a placebo. We conclude that cerebral oxygenation monitored with 
the Critikon 2020 system provided important information on the complex relationship of hypoxia to 
AMS and that other factors, such as changes in blood flow or capillary permeability, may be equally 
important.
Key words:
brain, oxygenation, measurement technique, near-infrared spectroscopy, high altitude, acute mountain
sickness

Introduction mismatch. The lower PaOz may, in those circumstances,
_ , ,,, . . . ., ,-, be the direct cause of reduced cerebral oxygenation. Al-
Death from cerebral hypoxia induced by ascent to high ternativd increased m permeability [6] in re_
altitude was descnbed as early as 1874, when three bal- to a iyen d rf cerebral h ia may be
loonists lost consciousness at 23000 feet and two of f ^ susceptible individuals. Changes in cerebral
them died [1]. Wheel-well passengers are the modem Wood flow [?] an(J intracraniai pressure [8] m unlikely
equivalent, and a similar mortality has been reported of ^ fee prime factors fa ^ pathogenesis of cerebral ede.
stowaways from flights up to 39000 feet [2]. Today, ma Measurements of cerebral oxygenation would there-
high-altitude cerebral edema is a rare but still potentially fore contribute to our understanding of the mechanisms
fatal syndrome reported in trekkers, mountaineers, work- jnvo]veo«
ers, and military personnel [3], especially when time has The introduction of reflected near-infrared light spec-
not been allowed for acclimatization. Symptoms of the VOSCopy aii0ws continuous, noninvasive monitoring of
more benign self-limiting syndrome of acute mountain cerebral oxygenation. The technique was first described
sickness (AMS) with headache, anorexia, nausea, and in adults in 1991 [9j and has ^ady developed wide-
vomiting also probably result from cerebral edema. Why spread c iinical applications [10,1 1]. The aim of this field
individual susceptibility to high-altitude cerebral edema stu£jy was to investigate the effect of acute exposure to
and to AMS is so variable is unknown. PaO2 tends to altitudes up to 4700 m on cerebral oxygenation and to
be lower in those individuals suffering from AMS [4], reiate mese changes to the development of AMS. 
perhaps as a consequence of a poor ventilatory response 
to hypoxia [5] or as a result of a ventilation-perfusion

Reprint requests to Department of Surgery, WaJsgrave Hospitals Trust, Twenty healthy, nonsmoking subjects (17 males, 3 fe-

CHfford Bridge Road, Coventry CV2 2DX, UK (Mr imray). males) aged 24-59 years were studied. Baseline mea-
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surements of cerebral oxygenation were made at 150 m 
in 17 subjects 1 month before ascent. Subjects were tak 
ing part in a placebo controlled trial of medroxyproges- 
terone, 60 mg daily, for the prevention of AMS. After 
random allocation, the active drug and placebo were 
started 1 week before ascent to high altitude. Studies 
were made at sea level (La Serena, Chile) and then on 
consecutive days at 2770 m, 3650 m, and 4680 m (Paso 
del Agua Negra). Travel to each altitude was made in a 
minibus. All studies were made after overnight stay at 
that altitude, and an additional study was made after a 
second night at 4680 m. Clinical AMS scores were ob 
tained from the Lake Louise questionnaires [12], which 
were completed morning and evening. A score of three 
points or more on a questionnaire indicated AMS. A 
total AMS score was calculated by addition of all the 
scores in the questionnaires above sea level. Subjects 
were also interviewed and examined each morning by 
two physicians experienced in altitude sickness. A cen 
tral nervous system score was calculated by addition of 
the score for headache and gastrointestinal symptoms in 
the morning questionnaire and the change in mental sta 
tus and ataxia noted in the clinical assessment.

In 10 of the 20 subjects, PaCO2 and pH were mea 
sured in arterialized capillary blood with a Medical An 
alyser model 348 (Chiron Diagnostics) at sea level and 
at 2770 m and 4680 m. Data were incomplete in the 
other 10 subjects. PaO2 was measured in arterialized 
capillary blood in all subjects at 2770 m. Peripheral ox 
ygen saturation (SpO2) and heart rate were measured at 
1-min intervals with a hand-held digital pulse oximeter 
(model 3770, Ohmeda, BOC Group) that was applied 
after warming the hand in woollen clothing. A BOC face 
mask was positioned on the face of the subject with a 
Clausen harness ensuring a good seal. A Capnograph 
(Hewlett Packard 78356 A) was attached to the mask 
inlet to measure Pi CO2 and Pe' CO2 at 1-min intervals.

CEREBRAL REGIONAL OXYGEN SATURATION 
(rS02)
Subjects rested supine for 10-15 min before each study. 
Continuous noninvasive near-infrared spectroscopy was 
performed with Critikon 2020 (Johnson and Johnson 
Medical Ltd, UK). The sensor position was standardized 
to a point over the right frontoparietal region with the 
sensor margins 3 cm from the midline and 3 cm above 
the orbital crest. The Critikon disposable adhesive pads 
were unsatisfactory, and a Blue-line tubifast bandage 
(Seton Healthcare Group pic, Turbiton House, Oldham, 
Lancashire, UK) was used to keep the sensor in place. 
Data sampled every second were logged on to a Toshiba 
Satellite 200 CDS laptop computer. The interlock hold

time was set at 120 seconds. Measurements were made 
of oxygenated hemoglobin (HbO2), deoxygenated he 
moglobin (HbDO2), and total hemoglobin. Cerebral re 
gional oxygenation (rSO2) was derived from (HbO2 -=- 
total Hb) X 100.

STATISTICS

Statistical significance of results obtained during ascent 
(sea level to first measurement at 4680 m) was assessed 
by repeated measures analysis of variance. Other com 
parisons were made by paired r-test and by simple linear 
regression (Stat View for Windows, Abacus Concepts, 
Inc, Berkeley, CA). A p-value of <0.05 was considered 
significant. Approval for the studies was given by the 
South Birmingham Local Research Ethics Committee 
and informed consent was given by all subjects.

Results

OXYGENATION

Mean rSO2 was similar at 150 m and sea level before 
ascent to high altitude and fell progressively during as 
cent (Table 1; Fig 1). The fall in SpO2 was greater (23%) 
compared with the fall in rSO2 (8%). At 4680 m, a sig 
nificant correlation occurred between rSO2 and SpO2 (r 
= 0.74, p < 0.001). The rise in rSO2 and SpO2 on the 
second day at 4680 m was not significant. PaO2 mea 
sured at 2770 m did not correlate with the corresponding 
cerebral HbO2 or rSO2 but correlated with SpO2 (r = 
0.52, p < 0.05).

CARBON DIOXIDE

End tidal CO2 and PaCO2 fell progressively during as 
cent (Table 1) and were correlated at 2770 m (r = 0.6, 
p < 0.01) but not at 4680 m (r = 0.34). rSO2 was not 
correlated with corresponding measures of PaCO2 at 
2770 m(r = -0.23) or at 4680 m (r = -0.44, p > 
0.05 < 0.1),

AMS AND MEDROXYPROGESTERONE
Mild or moderate symptoms of AMS occurred in all sub 
jects, and a score of three points or more on at least one 
of the AMS self-reported questionnaires was recorded 
by 16 (80%) subjects. One subject on placebo required 
treatment with acetazolamide and dexamethasone after 
measurements were made on the first morning at 4680 
m. Total AMS scores in subjects on medroxyprogester- 
one (16.0 ± 9.2 SD) were not different from those on 
placebo (20.7 ± 8.8 SD). Total AMS scores did not



T
ab

le
 1

. 
Ox

yg
en

 s
atu

ra
tio

n 
an

d 
bl

oo
d 

ga
s 

da
ta

 d
ur

in
g 

as
ce

nt
 to

 h
ig

h 
alt

itu
de

Al
tit

ud
e 

(m
): 

Da
ys

 o
f e

xp
ed

iti
on

Ne
ar

-in
fra

re
d 

sp
ec

tro
sc

op
y

H
bO

2 
n-

mo
l/L

 ti
ss

ue
H

bD
02

 u
,m

ol
/L

 ti
ss

ue
To

tal
 H

b
rS

02
%

Pu
lse

 o
xi

m
etr

y
Sp

O
2%

H
ea

rt 
ra

te/
m

in
Bl

oo
d 

ga
se

s
Pa

O
2k

Pa
Pa

C
02

PH
En

d 
tid

al
 C

O
2k

Pa
Bl

oo
d 

pr
es

su
re

Sy
sto

lic
 m

m
 H

g
D

ia
sto

lic
 m

m
 H

g

15
0 

(p
re

)

79
.3 

(9
.2

)
33

.4
 (3

.8
)

11
2.3

 (
11

.6
)

70
.2

 (
2.

4)

98
.1 

(0
.9

)
62

.7 
(9

.1
)

Se
a 

le
ve

l 
1

73
.8

32
.0

10
5.2 69
.5

97
.3

63
.1 4.
8

7.
41

8
5.

9

13
4.0 73
.6

(8
.9

)
(4

.2
)

(1
1.

8)
(2

.4
)

(1
.1

)
(8

.0
)

(0
.6

)
(0

.0
13

)
(0

.6
)

(5
-9

)
(8

.2
)

27
70

 
2

78
.9

37
.3

11
5.9 67
.3

92
.0

72
.9 7.
9

4.
0

7.
46

0
3.7

13
2.0 79
.8

(1
3.

0)
(5

.1
)

(1
7-

3)
(3

.4
)

(1
.5

)
(1

0.
5)

(0
.5

4)
(0

.3
)*

(0
.0

18
)t

(0
.3

)

(1
0.

2)
(8

.9
)*

36
50

 
3

70
.3

(1
1.

0)
36

.8 
(4

.8
)

10
6.8

 (
15

.5
)

65
.4

 (
2.

7)

88
.3 

(2
.7)

73
.3

 (
13

.4
)

— — —
3.5

 (
0.

3)

13
9.2

 (1
0.

3)
*

80
.1 

(1
0.

6)

46
80

 
4

72
.3

42
.7

11
7.6 63
.6

75
.1

75
.1 3.
6

7.
48

5
3.

4

14
5.0 77
.0

(1
1.

3)
*

(6
-3

)§
(1

6.
6)

§
(2

.3)
8

(5
.9

)§
(5

.8
)§

(0
.3

)t
(0

.0
29

)§
(0

.3
)§

(1
5.

9)
f

(9
.1

)

46
80

 
5

75
.5

 (
11

.6
)

41
.5

 (
6.

7)
11

6.8
 (

16
.6

)
64

.4
 (3

.3
)

76
.9

 (
7.

8)
78

.8
 (9

.7
)

3.
2 

(0
.3

)

13
3.8

 (
15

.3
)

82
.4

 (
9.

2)
t

Re
su

lts
 a

re
 g

iv
en

 a
s 

m
ea

n 
(S

D)
. «

 =
 2

0 
ex

ce
pt

 f
or

 b
lo

od
 g

as
es

, w
he

re
 n

 =
 1

0. 
Ch

an
ge

s 
in 

ne
ar

-in
fra

re
d 

sp
ec

tro
sc

op
y 

an
d 

en
dt

id
al 

CO
2 

we
re

 a
ss

es
se

d 
by

 re
pe

ate
d 

an
aly

sis
 o

f v
ar

ian
ce

 d
ay

s 
1 

to 
4. 

Pa
CO

2, 
pH

, a
nd

 s
ys

to
lic

 a
nd

 d
ias

to
lic

 b
lo

od
 p

re
ss

ur
e 

ch
an

ge
s 

we
re

 a
ss

es
se

d 
by

 p
air

ed
 (-

tes
t c

om
pa

rin
g 

ea
ch

 a
lti

tu
de

 re
su

lt 
ag

ain
st 

se
a 

lev
el.

 
* p

 <
 0

.05
.

ip
 <

 o.
oi.

$p
<

 0
.0

01
. 

§p
 <

 0
.00

01
.



Cerebral oxygenation at altitude 201

SOOO-i

4500-

4000- 

3500

f 3000

•̂8 2500-

1 2000

1500-

1000-

500-

0
I

>

' 5 «..

"*-*'• * Jl

^"' 1"%

. *

/ "» .

' *

/ 1

T- /^~~4-~~--ji —— -
————— f ———— i ————— i ———— \
} 1 2 3 <

Days

L--___--J

. . • •

——————

i

.

I

• ————————————

5

r 105

-100

•96 g

90 |

85 1
M

•80 §

• 75 g
§J*

•70 O

-65

5

Fig 1. The fall in peripheral oxygen hemoglobin saturation (SpO2 mean ± SD, open circles with dotted line) and cerebral 
regional oxygen saturation (rSO2 mean ± SD, squares and thick solid line). The route profile is shown (triangles and dotted 
line).

correlate with rSO2 or SpO2 measurements at 4680 m. 
Cerebral AMS scores tended to be higher as rSO2 fell 
(r = -0.41, p > 0.05 < 0.1; Fig 2). At high altitude, 
subjects on medroxyprogesterone had higher rSO2 
(64.8% ± 2.3 SD) compared with those on placebo 
(62.4% ± 2.0 SD, p < 0.05). Subjects on medroxypro 
gesterone had a consistently lower (0.27 kPa) endtidal 
CO2 throughout the expedition except on the second day 
at 4680 m, when there was no difference from subjects 
on placebo.

Discussion

This study showed that the noninvasive technique of re 
flected near-infrared spectroscopy can be used success 
fully in the field and at high altitude. The equipment was 
robust and portable, and the results were easy to monitor 
and record. Stable baseline measurements were obtained 
on each occasion, and highly reproducible rSO2 mea 
surements were recorded on the two separate occasions 
before ascent. Sensitive responses occurred following

14 T

64 
rSO2 (%)

Fig 2. The relationship of rSO2 at 4680 m and cerebral acute mountain sickness scores for the 10 subjects on medroxypro 
gesterone in solid squares and the 10 subjects on placebo in open circles (y = 43.1 - 0.59x, r = -0.41, p > 0.05 < 0.1).
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physiological manipulations (unpublished observations). 
To date, all measurements of cerebral perfusion in hu 
man subjects at altitude have been based upon radio- 
isotopes or transcranial Doppler techniques, and these 
have shown an increase in cerebral blood flow or veloc 
ity [13]. This study enabled cerebral oxygenation to be 
monitored at altitude for the first time. Regional cerebral 
oxygenation measured in this way was a mixed venous 
result [14], hence the lower values than SpO2 and the 
smaller fall with increased altitude. Increased altitude re 
sulted in an overall fall in cerebral HbO2, a rise in ce 
rebral HbDO2, and a small rise in cerebral total Hb. The 
fall in HbO2 corresponded with the observed fall in 
Sp02, with the inverse being shown in the HbDO2. The 
greater variation in HbO2 was possibly due to changes 
in hematocrit occurring with changes in hydration. rSO2 
is a derived figure (HbO2/total Hb X 100) and therefore 
takes into account changes in hematocrit. Changes in 
rSO2 can follow changes in arterial or venous saturation, 
altered proportions of blood within the arterial, capillary, 
or vpnous compartments, or a combination of these. The 
normal distribution of cerebral blood volume is 25% ar 
terial, 5% capillary, and 70% venous [15], and thus the 
fall in rSO2 at altitude was less than the fall in SpO2 .

Studies investigating the use of near-infrared spec- 
troscopy during carotid surgery have demonstrated a 
strong association between this noninvasive technique 
and invasive methods such as jugular bulb oximetry and 
stump pressures [16,17]. However, concerns have been 
raised over the specificity of the near-infrared technol 
ogy, in particular when assessing the proportion of the 
signal arising from extracranial tissues supplied by the 
external carotid artery and brain tissue supplied by the 
internal carotid artery. Clearly, this differential is crucial 
in carotid surgery. Temporary interruption of scalp blood 
flow with an inflatable tourniquet caused no change in 
cerebral hemodynamics measured by near-infrared spec- 
troscopy in adult volunteers, despite a significant fall in 
scalp blood flow measured by laser Doppler velocimetry 
[18]. Other studies have shown that extracranial tissue 
oxygenation has negligible influence on near-infrared 
measures of cerebral oxygenation [19]. The extracranial 
contribution is deleted to a large extent with a two-chan 
nel detector [20]. Our experience with local anesthetic 
carotid surgery with the Critikon 2020 supports this hy 
pothesis (unpublished observations). Nevertheless, some 
contamination of cerebral oxygenation may have oc 
curred from the extracranial component. In an individual 
subject, any such error may be constant, allowing valid 
assessment of changes in cerebral oxygenation [21].

SpO2 fell as expected with increased altitude. Few 
problems were experienced with poor signals once the 
subject's hand was wanned adequately and protected

from extraneous light. Peripheral pulse oximetry can be 
unreliable at low readings. The Ohmeda 3770 equipment 
has an accuracy (1 SD) of 1.5% at 90%-100%, 2.1% at 
80%-89%, and 2.4% at 60%-100% saturation. The low 
est reading obtained in the individuals studied at high 
altitude was 59%, so the greater range seen at high al 
titude must reflect a true spread of response to ascent. 
The small rise in mean rSO2 and SpO2 after 24 hr at 
high altitude was not significant, but we would have ex 
pected further rises as acclimatization occurred.

Measurement of rSO2 did not separate subjects suf 
fering from AMS from those with few or no symptoms. 
However there was a trend for subjects with high scores 
of cerebral symptoms to have lower rSO2 readings, and 
with greater numbers and more refined clinical scoring, 
a more positive relationship might have been found. This 
possibility is supported by the finding of greater rSO2 
measurements at high altitude in subjects on medroxy- 
progesterone.

In conclusion, cerebral oxygenation has been moni 
tored by near-infrared spectroscopy for the first time at 
high altitude. The fall in rSO2 was less marked than the 
fall in SpO2 because the measurement was mixed arter- 
io-venous and perhaps because of increases in cerebral 
blood flow. Further assessment of the relative impor 
tance of these factors is required.
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Cerebral oxygenation at high altitude
and the response to carbon dioxide,

hyperventilation and oxygen

C. H. E. IMRAY, S. BREAREY, T. CLARKE, D. HALE 1 , J. MORGAN, S. WALSH, 
A. D. WRIGHT and the Birmingham Medical Research Expeditionary Society
The Immunodiagnostic Research Laboratory, The Medical School, University of Birmingham, Edgbaston, 
Birmingham BIS 2TT, U.K.

A. 3 S J R A...... C T

Cerebral oxygenation is likely to be of critical importance in determining function at high 
altitude. The present study has used the technique of near-IR spectroscopy to monitor changes 

in cerebral regional oxygenation in response to inhaled carbon dioxide, hyperventilation and 
supplementary oxygen on ascent to 4680 m over 3 days. At sea level, inhaled CO2 resulted in a 
significant rise in cerebral regional oxygenation [from mean 69.6% (S.D. 2.4% to 7I.I±2.3%; 
means + S.D.; P < 0.001). At 4680 m, COj increased regional cerebral oxygenation (63.8 + 2.5% 
to 65.9 + 2.2%; P< 0.001) and also increased peripheral oxygen saturation (75.1+6.1% to 
83.6 + 4.0%; P< 0.001). Voluntary hyperventilation resulted in improved peripheral oxygen 
saturation at 2770 m, 3650 m and 4680 m, whereas cerebral regional oxygenation was reduced at 

sea level and at 2770 m, unchanged at 3650 m and increased at 4680 m. Supplementary oxygen 
(6 litres/min) at 4680m resulted in greater improvements in peripheral oxygen saturation 
(76.7 + 7.9% to 98.1 + 1.5%; P< 0.001) and cerebral regional oxygenation (64.6 + 3.3% to 

70.6 + 2.9%; P< 0.001) than were found with CO 2 or hyperventilation. We conclude that 
attempts to increase CO2 inhalation or ventilation at high altitude are likely to be beneficial for 
cerebral oxygenation in the short term.

INTRODUCTION arterial oxygen pressures and the development of acute
	mountain sickness (AMS) is controversial, with some

Oxygenation of the brain is critical in determining studies showing a direct correlation with /"ao2 (arterial
performance and illness at high altitude. Cerebral oxy- partial pressure of O 2 ) or oxygen saturation [1] and
genation is dependent upon a number of factors, in- others not [2]. Such discrepancies could be explained by
eluding arterial oxygenation, oxyhaemoglobin (HbO 2 ) the timing of the measurements of blood gases in relation
dissociation, haemoglobin (Hb) concentration and cer- to the development of AMS or to imprecision in the
ebral blood flow. Many of these factors are affected by quantification of AMS, but could also reflect differences
altitude, and also by physiological events such as sleep in cerebral oxygenation that are dependent upon factors
and exercise. The precise relationship between reduced other than PaOz . There could also be differences in the

Key words: carbon dioxide administration, cerebral oxygenation, high altitude, hyperventilation, near-IR spectroscopy.

Abbreviations: AMS, acute mountain sickness; Hb, haemoglobin; HbDO2, deoxyhaemoglobin; HbO2 , oxyhaemoglobin; NIRS,

near-IR spectroscopy; PaO2 and />aCO 2, arterial partial pressure of O 2 and CO 2 respectively; fETCOv end-tidal partial pressure

ofCO 2 .
Correspondence: Mr C. H. E. Imray, Department of Surgery, Walsgrave Hospitals Trust, Clifford Bridge Road, Coventry

CV2 2DX, U.K. (e-mail chrisimray@aol.com).
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function of cerebral capillaries or cerebral tissues in 
response to hypoxia. In some reports, AMS has been 
shown to be more closely related to Paco a [3], suggesting 
that a poor ventilatory response to hypoxia is an 
important factor. In support of this hypothesis are the 
findings in some studies that climbers with a good 
hypoxic ventilatory response tolerate extreme altitude 
better than those with a more modest response [4].

As early as 1885, Miescher-Rusch [4a] recognized that 
" over the oxygen supply of the body, carbon dioxide 
spreads its protecting wings - especially as it cares for the 
brain which, for unknown reasons, may lack air in warm 
blooded animals, whereas skin and muscle may tolerate 
the ischaemia of a tourniquet for more than half an 
hour". Based on the hypothesis that a deficiency in 
oxygen induces hypernoea and acapnia, and therefore 
subnormal respiration, Angelo Mosso in 1898 [4b] 
administered CO 2 mixtures to relieve hypoxic symptoms 
in subjects exposed to pressures as low as 250 torr 
(33 kPa; ~ 8800 m) in a hypobaric chamber. The im 
portance of hypocapnia was re-emphasized earlier this 
century [5,6], with the suggestion that inhaled CO 2 might 
be useful when climbing to great altitudes. Our own 
more recent studies have shown that part of the im 
provement in oxygenation when subjects are pressurized 
in a portable compression bag at altitude is due to CO 2 
accumulation (C. H. E. Imray, T. Clarke, P. J. G. Forster, 
T. C. Harvey, H. Hoar, S. Walsh and A. D. Wright, 
unpublished work). However, the beneficial effects of 
CO 2 alone in relieving symptoms of AMS [7] have not 
been confirmed by other studies [8].

The beneficial effect of CO 2 in the management of 
cerebral hypoxia may be due to a more complex 
mechanism than a simple increase in ventilation with a 
consequent increase in /"aO 2 . The addition of CO 2 has a 
powerful vasodilator effect on the cerebral resistance 
vessels, increasing blood flow and hence oxygen delivery. 
In sheep at a simulated altitude of ~ 6000 m, an increase 
in cerebral blood flow of 54 % was found in comparison 
with that at sea level; however, with additional 3 % CO 2, 
cerebral blood flow increased to 288% [9]. Similar rises 
in cerebral blood flow have been reported in clinical 
studies carried out at altitude [10,11].

The development of reflected near-IR spectroscopy 
(NIRS) has allowed the continuous, non-invasive moni 
toring of cerebral oxygenation. The technique was first 
described in adults in 1991 [12], and has already de 
veloped widespread research and clinical applications 
[13,14], The NIRS method is particularly suitable for 
multiple measurements of trends rather than single 
absolute measurements of cerebral oxygenation. We have 
reported the changes observed on ascent to high altitude 
and found that the equipment was robust and suitably 
sensitive for use in the field [15]. In the present study the 
acute effects of CO 2-enriched air on peripheral and 
cerebral regional oxygenation at high altitude are

reported, and the results obtained with CO2 are com 
pared with the effects of hyperventilation and adminis 
tration of oxygen.

METHODS 

Subjects
A total of 20 healthy, non-smoking subjects (17 males; 
three females) aged 24-59 years were studied. Baseline 
measurements of cerebral regional oxygenation were 
made at 150 m above sea level in 17 subjects 1 month 
before ascent. Subjects were randomly allocated to 
groups taking placebo or medroxyprogesterone 60 mg 
daily, which was started 1 week before departure for 
Chile. A series of daily studies was then carried out on the 
morning after arrival at sea level (La Serena), and on 
ascent to 2770 m, 3560 m and 4680 m (Paso del Agua 
Negra). Travel was by minibus. Subjects rested for 
10-15 min before each study. Baseline measurements of 
cerebral regional oxygenation and the effects of hyper- 
ventilation were obtained at each altitude. The effect of 
CO 2 was assessed at sea level and at 4680 m, and the 
oxygen study was performed after a second night sleeping 
at 4680 m.

Approval for the studies was given by the South 
Birmingham Local Research Ethics committee, and 
written informed consent was obtained from all subjects.

Peripheral oxygen saturation
Peripheral pulse oximetry and heart rate were measured 
at 1 min intervals using a hand-held digital oximeter 
(model 3770; Ohmeda; BOG Group). This was applied 
after warming the hand in woollen clothing and excluding 
extraneous light.

Cerebral regional oxygen saturation
Continuous non-invasive NIRS was performed using a 
Critikon 2020 instrument (Johnson and Johnson UK 
Ltd). The sensor position was standardized to a point 
over the right fronto-parietal region, with the sensor 
margin 30 mm from the midline and 30 mm above the 
orbital crest, taking care to avoid the saggital sinus. 
The Critikon disposable pads were unsatisfactory, and 
a Blue-line Tubifast bandage (Seton Healthcare Group, 
Turbiton, Oldham, Lancashire, U.K.) was used to keep 
the sensor in place. Recordings were made of HbO 2, 
deoxyhaemoglobin (HbDO 2), total Hb and cyto- 
chrome ay Cerebral regional oxygenation was derived 
from HbO 2/total Hb x 100. Data sampled every Is 
were logged on to a Toshiba Satellite 200 CDS laptop 
computer. The interlock hold time was set at 120 s.

End-tidal partial pressure of COZ (Arco2)
A BOG face-mask was positioned on the face of the 
subject, with a Clausen harness ensuring a good seal. A
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capnograph (Hewlett Packard 78356A) was attached to 
the mask inlet in order to measure the partial pressure of 
CO a in the inspired air and PETCO 2 at 1 min intervals.

Carbon dioxide
To obtain CO 2-enriched air, 97 vol. of ambient air was 
mixed with 3 vol. of CO3 in a 500 litre Douglas bag. The 
gas mixture was validated by checking the partial pressure 
of CO 2 in the inspired air on the capnograph. Initial 
attempts to' blind' subjects to the administration of CO 2 
were abandoned, because subjects were aware almost 
immediately of the increased ventilatory drive. Subjects 
inhaled the CO 2 mixture for 7 min.

Hyperventilation
Hyperventilation studies were performed when baseline 
recordings were stable, which at sea level and 4680 m was 
5-10 min after the CO2 study. Subjects were asked to 
breathe as hard and fast as possible for 1 min, being 
'counted down' through the 60s by an observer. 
Measurements were recorded at the end of hyper- 
ventilation.

Oxygen
After baseline measurements in ambient air, supplemen 
tary oxygen was given at 6 litres/min for 3 min.

Statistics
The statistical significance of results obtained was 
assessed by repeated-measures analysis of variance. Other 
comparisons were made by paired t test (StatView for 
Windows; Abacus Concepts, Berkley, CA, U.S.A.). 
P values of < 0.05 were considered significant.

RESULTS

COj studies

Sea level
PETCO 2 rose in all subjects while breathing CO 2-enriched 
air (5.1±0.4kPa to 5.9 + 0.5 kPa; means + S.D.; P < 
0.001) (Figure la). Baseline />ETCO2 was not significantly 
different in subjects on medroxyprogesterone 
(4.91+0.37 kPa) compared with those on placebo 
(5.37 + 0.25 kPa), and the rise in />ETCO2 at 7 min 
was also similar in the two groups (0.69 + 0.3kPa 
and 0.85 + Q.29kPa respectively). Peripheral oxygen 
saturation did not change significantly (98.1+0.83% to 
98.3 + 0.58 %) (Figure Id). Cerebral regional oxygenation 
rose from 69.6 ±2.4% to 71.1 ±2.3 % (P < 0.001) (Figure 
Ig) while breathing CO 2-enriched air, with no significant 
difference in the responses of subjects on medroxy 
progesterone (1.38 + 0.7%) compared with those taking 
placebo (1.69 ±0.9%).

High altitude
At 4680 m, PETCO 2 rose in all subjects while breathing 
CO 2-enriched air (3.1+0.3kPa to 3.4±0.5kPa; P< 
0.001) (Figure la). Baseline ?ETCO2 was not significantly 
different in subjects on medroxyprogesterone 
(2.98 + 0.23 kPa) compared with those taking placebo 
(3.18 + 0.21 kPa), and the rise in />ETCO2 at 7 min was also 
similar in the two groups (0.32 + 0.16 kPa and 
0.36 + 0.16 kPa respectively). Peripheral oxygen satu 
ration increased from 75.1+6.1 % to 83.6 + 4.0% (P < 
0.001) while breathing CO 2-ennched air (Figure Id), 
with similar increases in subjects on medroxy 
progesterone (mean 8.6%) and placebo (mean 8.5%). 
Changes in peripheral oxygen saturation in response to 
CO 2 were not related to baseline PETCO 2 measured at sea 
level or at 4680 m. While breathing CO 2-enriched air, 
cerebral regional oxygenation increased in all but two 
subjects (mean + S.D. 63.8 + 2.5% to 65.9 + 2.2%; P < 
0.001) (Figure Ig), with similar rises in those on medroxy 
progesterone (1.96 + 1.2%) and placebo (2.13±1.1%). 
Changes in cerebral regional oxygenation in response to 
COa were not related to baseline .PETCO2 measured at sea 
level or at 4680 m.

Hyperventilation studies
PETGOj was reduced by a similar proportion of baseline 
(48-56%) at the end of 1 min of hyperventilation (Figure 
Ib) at sea level, 2770 m, 3560 m and 4680 m. The decrease 
in PETCO 2 caused by hyperventilation was similar in 
subjects on medroxyprogesterone and in those taking 
placebo (e.g. at 4680 m: from 2.94 + 0.28 kPa to 
1.61 ±0.17 kPa and from 3.27 + 0.21 kPa to 1.81 ±0.20 
kPa respectively; means + S.D.). However, at 4680 m the 
PETCO2 at baseline and at the end of hyperventilation was 
lower in subjects taking medroxyprogesterone than in 
those taking placebo (P < 0.02). Peripheral oxygen satu 
ration rose significantly on hyperventilation at 2770 m 
(P < 0.001), 3650 m (P < 0.05) and 4680 m (P < 0.001), 
with similar responses in subjects on medroxy 
progesterone and in those taking placebo (Figure le). 
Cerebral regional oxygen saturation was reduced by 
hyperventilation at sea level (from 69.6 ±2.5% to 
68. l+2.9%;/><0.001)andat2770m(from 67.7 + 3.2% 
to66.8 + 4.2%;/> < 0.001), but was unchanged at 3650 m 
(Figure Ih). At 4680 m cerebral regional oxygen satu 
ration increased on hyperventilation, from 64.4 + 2.5% 
to 66.3 + 3.5% (P < 0.001). The increase in cerebral 
regional oxygen saturation at 4680 m was similar in 
subjects on medroxyprogesterone (65.3 + 2.2% to 
67.5 + 2.7%) and in those taking placebo (63.5 ±2.7% 
to 65.1 ±3.9%).

Oxygen study
PETCO2 did not change significantly during inhalation of 
oxygen-enriched air at 4680 m (Figure le), but both
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Figure I Changes in ftico2 , peripheral 02 saturation and cerebral regional 02 saturation in response to CO Z , hyperventilation 
and oxygen
Panels (a), (b) and (c) show changes in ATCO, in response to C02 , hyperventilation (HV) and oxygen respectively; panels (d), (e) and (I) show changes in peripheral 
oxygen saturation (Sp02) in response to C02 , hyperventilation and oxygen respectively; and panels (g), (h) and (j) show changes in cerebral regional saturation (rS02) 
in response to C0 2 , hyperventilation and oxygen respectively. Altitude: •, sea level; •, 2770 m; 0,3560 m; D, 4680 m. All responses to C02 were analysed 
by repeated-measures analysis of variance. All other comparisons were made by paired t test; n — 20 for all experiments.

peripheral oxygen saturation (76.7 + 7.9% to 
98.1 + 1.5%) (Figure if) and cerebral regional oxygen 
saturation (64.6 + 3.3% to 70.6 ±2.9%) (Figure Ij) rose 
significantly (P < 0.001).

DISCUSSION

This study enabled changes in cerebral regional oxy- 
genation to be monitored at altitude following physio 
logical manipulation for the first time. Increasing altitude 
resulted in an overall fall in cerebral HbO 2 , a rise in 
cerebral HbDO 2 and a slight rise in cerebral total Hb. 
Changes in total Hb may be due to differing positions of 
the probe or changes in haemocrit or blood volume, and 
calculation of cerebral regional oxygen saturation allows 
for these. The equipment was robust, portable and easy 
to use in the field. Stable baseline measurements and 
sensitive responses to physiological manoeuvres were 
obtained. Concerns have been raised with regard to the 
reliability of the technique and the equipment [16], 
particularly during carotid endarterectomy, where con

tamination of the intracranial with extracranial signals 
could occur, with potentially devastating results [17]. 
However, the two-channel detection system theoretically 
enables the signal passing through the scalp and skull to 
be eliminated, and our own experience with carotid 
artery surgery under local anaesthetic using the Johnson 
and Johnson Critikon 2020 equipment supports this 
hypothesis. There were no wide variations in temperature 
at the different altitudes, and the use of the Tubifast 
bandage standardized probe application. The technique 
has also been validated in studies comparing NIRS with 
PET (positron-emission tomography) scanning [18], 
with 133Xe washout techniques [19], with jugular venous 
saturation [20] and with internal carotid artery stump 
pressures [14], The effect of medroxyprogesterone, which 
was being assessed as a respiratory stimulant, was to 
lower PETCO2 at all altitudes. This, however, did not alter 
the responses to CO2, hyperventilation or oxygen. 
Further details on the medroxyprogesterone trial will be 
published elsewhere.

Breathing CO 2 -enriched air caused a rise in PETCO2 
both at sea level and at 4680 m, but, because the same

2000 The Biochemical Society and the Medical Research Society



Cerebral oxygenation 163

percentage enrichment was used, the rise in PETCO,, was 
less at high altitude. The associated rise in ventiktory 
drive was not measured. The increase in cerebral regional 
oxygenation at sea level was presumably due mainly to 
cerebral vasodilation, but at high altitude we were unable 
to distinguish between the effects on cerebral blood flow 
and effects on ventilation with increased peripheral 
oxygen saturation. However, these studies of cerebral 
regional oxygenation showed significant improvements 
in cerebral oxygenation, at least in the short term, while 
breathing CO 2, and are in keeping with the historical data 
and recommendations. The modest improvement in 
regional cerebral oxygenation was not nearly as great as 
that observed when oxygen was given.

Hyperventilation, both at sea level and at 2770 m, 
caused a marked fall in PETCO2, a small rise in peripheral 
oxygen saturation and a small fall in cerebral regional 
oxygenation. The latter finding was presumably a result 
of cerebro-vasoconstriction. Hyperventiiation at 4680 m 
increased both peripheral oxygen saturation and cerebral 
regional oxygenation. The almost normal peripheral 
oxygen saturation that was achieved on forced hyper- 
ventilation was only demonstrated in short-term studies, 
and it is unlikely that such respiratory drive could be 
sustained. The importance of these observations lies in 
the difference in responses to hyperventilation at dif 
ferent altitudes. The beneficial effect on cerebral regional 
oxygenation at 4680 m presumably was due to the 
increased arterial oxygen saturation (from 78 % to 95%) 
having a greater effect than the small decrease in cerebral 
blood flow secondary to the relatively small further 
decrease in PaCO 2 .

The effects of oxygen were studied at 4680 m only; as 
expected, it had marked effects, improving peripheral 
oxygen saturation with no significant rise in PETCO2 . 
Other studies have demonstrated a fall in cerebral blood 
flow with supplemental oxygen, but all observe an 
improvement in symptoms. Cerebral regional oxygen 
ation rose markedly on oxygen supplementation, 
reaching levels higher than those seen in the baseline sea 
level experiments, but not as high as those observed in the 
subjects at sea level on breathing 3 % CO 2 . Clearly there 
are considerable benefits of oxygen at altitude, although 
no attempt to assess AMS symptoms was made during 
these short-term studies.

In conclusion, cerebral oxygenation during physio 
logical manipulations has been measured by NIRS for the 
first time at high altitude, and a fall in cerebral oxy 
genation was demonstrated with increasing altitude. 
However, this fall was less marked than the fall in 
peripheral oxygen saturation; this is likely to be due, at 
least in part, to the increase in cerebral blood flow seen at 
altitude. The use of NIRS has enabled us to study 
cerebral oxygen in response to physiological and thera 
peutic manoeuvres. Future studies should determine the 
optimum CO 2 concentrations to obtain maximum cer

ebral oxygenation at various altitudes, in both short-term 
and longer-term studies, and relate these changes to 
symptom scores of AMS.
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Oxygenaticn of the brain at altitude

'Anoxis not only stops the machine, it wrecks ihe 
machinery' wrote J. S. Haldane of the effect of hypoxia 
on the brain. The brain is the most sensitive organ in the 
body to oxygen lack, in two ways. It stops working at a 
higher partial pressure of oxygen (fo^) than any other 
organ, and it is irretrievably damaged by 2 shon period of 
oxygen deprivation. It is not surprising, therefore, thai 
life scientists of many disciplines have been interested in 
the factors that govern the carygeE supply 10 the brain. 

Oxvgen delivery is determined by blood flew and by 
the amount of oxygen in the arterial Wood. The latter, in 
turn, depends upon the arterial oxygen saturation (5aOj) 
and the oxygen capacity or haemoglobin concentration. 
Ar, ascent to altitude provides * controlled, textbook 
study in mild oxygen lack, and all the factors affecting 
oxvgen delivery are changed. The lower barometric 
pressure lowers the inspired ?0,. AneriaJ Pos is reduced 
and 5aO= is lowered. After some time the well-known 
increase'in haemoglobin conceotrarion (due to both 
haemoconcentration and. increased red cell mass) core- 
pensstes for this. The lower arterial Pof results in 
vasodiiaution and increased cerebral blood flow (CBF), 
but th« lower partial pressure of carbon dioxide (Pcct), 
due to hypervemilation, has the opposite effect. In the 
first few days at aJritude, hypoxis wins and CBF is 
increased. Over the next few days CBF declines towards 

-level values at a time when the haematocrit issea
increasing.

Of course, what really matters is not only the oxyger, 
delivery but also the oxygensdon of the brain. Some 
sttempts have been made in the p*st to measure this by 
sapling blood draining from the brain by jugular bulb 
puncture, since the venous fOt it probably i fooc 
measuK of the tissue P°r However, thii is an invasive 
procedure and not popular with subjects (ot ethical 
committees). In the last few years near-lR spectroscopy 
hs< been wed to measure the oxygen saturation of the 
brain <rScs). This includes some aruriaJ blood, but is 
heavily weighted tovards the capillary and venous 
ntuniion and probably gives us s good measure of brain 
oxygens tion. Many technics] difficulties have been over 
come and, with care, the method DOW seems lo give 
reliable resulw, at kail for trends if not for absolute

values. . ,
Using this technique, Imray and colleagues from the 

Birmingham Medic,! Research Expedidonary Soc.ery 
have looked M the effect* of alurude, breathing 3 % CO,, 
brmhing oxygen and voluntary- hypervendauon >n z 

of 20 healthy volunteer* on an expediuon to 
m in the Andes [1]. They are to be congratulated in

getting these results with this sophisticated technique in 
the mountains.

Breathing COS predictably raised end-tidal Pcos at sea 
ievei and at altitude. The resulting bvpervenrilation raised 
SaCj ai altitude, but had no effect on 5aO, at sea level 
because ii was already on the flat part of the dissociation 
curve. The effect on rSos wai to increase it both at 
altitude and at sea level, cue to the combined effects of 
increased saturation (at altitude) and a COj-driven 
increase in blood flow. Breatbiag oxygen ai 6 litres • min"' 
at altitude had the expected effect of increasing Sao, and 
rSo. despite, no doubt, some reduction in CBF. The most 
interesting finding was in relation to voluntary hyper- 
vmiilation. End-ridaJ Pcot fell, of course, and Sao, rose 
(most :i ihe highest altitude), but r5os fell at set level, was 
unchanged at 3560 jr. and rose at 4680 m. What was foing 
on ? Presumably at sea level, with very little change in 
Pot , the reduction in Pco, caused a reduction in CBF and 
hence in rSo,. At the highest altitude the increase in Sac, 
outweighed the reduction in CBF, and there was t net 
increase in oxygen delivery. At the middle altitude the 
two effects just cancelled each other out. This rejui; 
might hive been predicted from the knowledge we hsvt 
of the effects of hypoxis and CO, on CBF; however, 
sinct the hypoxic effect is non-linear and any assump- 
•tions about these relationships have wide margins of 
error, any predictions are uncertain. These direct 
measurements art, therefore, of great interest.

This work leads oc to other questions. Imray et ai.'s
subjects [Ij were srodied OB arrival at altitude. Ho*-
would acclimatization affect the situation? They were
presumably fret of acute mountain sickness (AMS) at the
time of srucy. 'Woulc AMS hsve changed the results ? DC
rSo. values correlate with AMS symptom scores r If so, is
the correlation beuer than that with SsCt / No doubt the
Birmingham team or others wiU be setting out to answer
these and other related questions in the next few years,

Do these results lead to advice for the management of
illness at altitude ? When -we have the snrwers 10 some of
the above questions., we might be in a better position to
advise. The breathing o{ 3 % CO, has been advocated on
the grounds that h would increase CBF and, via hyper-
ventilation, increase oxygenation. The study by Imray «
aj. [1] supports this prediction, although the ri»e in rSof
with 3% COS was rather modest and less than with
oxygen or voluntary hyperventilstion. The practicality of
using CO8 in the field is questionable. Voluntary
hyperventilation has been advocated by mountain guides
ESS means of gaining temporary relief from the symptoms
of AMS. However, it cannot be kept up for long, and
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during sleep (when saturations are lowest) hyper- 
veniilation is not an option. However, the work by Imray 
et al. [1] gives scientific validity to this old advice, 
although only at altitudes above 3560 m. Oxygen, we all 
know, is fine if you 've got it! One practical point is that 
perhaps we ought not to be too worried about slight CO £ 
build up (1-2%) when using portable compression 
(Gamow) bags. However, we must realize that, for every 
1 % rise in CO, in the bag, appro*. 1 % of Ot is removed, 
unlike the situation with CO, mixtures made up by 
adding CO, to »ir, as in the study by Imray et id. flj.

Haldane's younger contemporary, Joseph Bsrcroft. 
said 'Mounuin sickness is caused by the oxygen that is 
not there!'. The study by Imray et al. [1] has shown that,

by using near-infrared spectroscopy, we can measure the 
missing oxygen ind study factors thai affect its absence!

J. S. MILLEDGE
137 Highfield Way, Ckorteywoott, Hem.

WDJ 2PL, U.K.
(ON BEHALF OF THE EDITORIAL BOARD)

REFERENCES

I Imray, C. H. E. , Brcarcy, S., Clarkc, T., Hale, D-, 
Morgan, J., Walsh, S., Wnght, A, D. and the Birmingham 
Medical Research Expeditionary Society (1999) Cerebral 
oxygens oon si high altitude ana the response «o carbon 
dioxide, hypcrvcnrilarion and oxygen. Clin. Sci. 98, 
155-164

© }0W Tkt liocixawaJ i«i«J an* Ifc M«arc, Sodetj



Clinical Science (2001) 100, 151-157 (Printed in Great Britain)

Carbon dioxide contributes to the beneficial 
effect of pressurization in a portable 
hyperbaric chamber at high altitude

Christopher H. E. IMRAY*. Timothy CLARKEJ-, Peter J. G. FORSTERJ, 
Timothy C. HARVEY§, Helen HOAR||, Sarah WALSHf, Alexander D. WRIGHT|| 
and the Birmingham Medical Research Expeditionary Society
'Department of Surgery, Wahgrave Hospital, Coventry, U.K., fDepartment of Anaesthetic, James Paget Hospital, Yarmouth, 
U.K., ^Department of Medicine, James Paget Hospital, Yarmouth, U.K., §Department of Medicine, Manor Hospital, Walsall, 
West Midlands, U.K., and ||The Medical School, University of Birmingham, Birmingham, U.K.

Regional cerebral oxygenation (rSoJ and peripheral oxygen saturation (SpoJ have been studied 
in subjects inside a portable hyperbaric chamber at altitude during pressurization. The effects of 
the accumulation of carbon dioxide within the chamber on rSo2 and Spo2 have also been 
investigated. Three studies of cerebral regional oxygenation were undertaken, using near-IR 
spectroscopy, in subjects who had ascended to 3475 m in the Alps, 4680 rn in the Andes or 500S m 
in the Himalayas. At 3475 mand 5005 m the effects of the removal of inspired carbon dioxide by a 
soda lime scavenger were also studied. On pressurization of the chamber to 19.95 kPa, inspired 
carbon dioxide rose within the chamber from 0.03 % (0.06 kPa) ambient to over I '/• (1.3 kPa). At 
5005 m, Spo2 rose from a baseline of 79.5•/• (S.D. 4.5'/i) to 95.9V. (2.0 1/,) (P < 0.0001), and cerebral 
rSOj rose from 64.6V. (3.4V.) to 69.4% (3.6 1/.) (P < 0.0001). The introduction of a soda lime CO2 
scavenger into the breathing circuit resulted in a drop in Spo2 from 95.9V. (2.03V.) to 93.6% 
(2.07V.) (P < 0,001) and a fall in rSo2 from 69.4V, (3.64V.) to 68.5V. (3.5V.) (P < 0.01). Chamber 
pressure was maintained throughout at 19.95 kPa. Similar changes were seen at the other 
altitudes. Cerebral rSo: increased rapidly following pressurizstion at all three altitudes. 
Scavenging of inspired carbon dioxide was associated with a significant fall in cerebral rSo2 and 
SpO , and we estimate that the contribution of carbon dioxide may account for up to one-third 

of the beneficial effect of the portable hyperbaric chamber.

INTRODUCTION to 6^ 0/° *n l^e ^?S ^' ^e seve"tv depends upon a
number of factors, including rate of ascent, altitude

Acute mountain sickness (AMS) is a common clinical achieved, recent previous acclimatization, and the sus- 
problem affecting otherwise fit individuals who ascend to ceptibility of the individual to the syndrome. Although 
high altitude. The prevalence of AMS has been reported usually relatively benign and self-limiting, the condition 
to vary from 43 to 63% in the Himalayas [1], and from 9 can deteriorate and progress to high-altitude cerebral

Key words: carbon dioxide, cerebral oxygenation, high altitude, near-infrared spectroscopy, portable hyperbaric chamber. 
Abbreviations: AMS, acute mountain sickness; N1RS, near-infrared spectroscopy; rSos , regional oxygen saturation; SpOs, 

eripheral oxygen saturation; Picos, partial pressure of inspired carbon dioxide; PETCO,, end-tidal partial pressure of carbon 
dioxide; P\O,, partial pressure of inspired oxygen.
C ondence: Mr C. H. E. imray, Coventry and Warwickshire County Vascular Unit, Department of Surgery, Walsgrave 
Hospitals NHS Trust, Clifford Bridge Road, Coventry CV2 2DX, U.K. (e-mail chrisimray@aol.com).
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oedema and pulmonary oedema, both of which are 
potentially fatal syndromes that have been reported in 
trekkers, mountaineers and military personnel.

A number of strategies have been developed to prevent 
AMS, including slow rate of ascent, rest days for 
acclimatization and drug prophylaxis with acetazolamide 
and dexamethasone. Mild symptoms of AMS may 
be treated with simple analgesics and rest while 
acclimatizing. Moderate AMS may require dexa 
methasone. The best treatment for severe AMS is rapid 
descent to a lower altitude, but the local terrain or 
weather conditions may make this difficult. Oxygen is 
effective, but cylinders are heavy and only a limited 
supply can be carried. More recently, portable hyperbaric 
chambers made of lightweight fabric have been developed 
[3], which may be taken on trekking expeditions to treat 
AMS. These allow rapid pressurization of a subject up to 
19.95 kPa (200 mBar) above ambient pressure by use of a 
foot or hand pump. For example, at an altitude of 5000 m 
a simulated descent to 2500 rn is achieved within minutes. 
Early symptom relief and improvement in peripheral 
oxygen saturation have been reported [4], but there are 
no data on the effects of compression on cerebral 
oxygenation.

The introduction of the technique of reflected near- 
infrared spectroscopy (NIRS) allows continuous, non- 
invasive monitoring of cerebral oxygenation. The 
technique was first described in adults in 1991 [5], and has 
widespread research and clinical applications [6]. Re 
flected cerebral NIRS uses light in the near-IR spectrum 
(650-1100 nm) and, like pulse oximeters and mixed - 
venous oximeters, uses the principles of light trans 
mission and absorption to measure concentrations of 
oxygenated, deoxygenated and totsl haemoglobin in 
cerebral tissue. The cerebral regional oxygen saturation 
(rSOj) is derived from the equation:

rSo, = (oxygenated haemoglobin/total 
haemoglobin) x 100

The non-invasive NIRS technique has recently been 
used to assess cerebral oxygenation in healthy volunteers 
under laboratory conditions of normocapnic and hyper- 
capnic hypoxia. It has been reported that cerebral 
oxygenation, as assessed by NIRS, precisely tracks 
changes in jugular bulb venous saturation within indi 
viduals [7]. The technique has also been validated in 
studies comparing NIRS with PET (positron-emission 
tomography) scanning [8], with 133Xe washout tech 
niques [9] and also with internal carotid artery stump 
pressures [6]. We have reported changes observed on 
ascent to altitude, and have found the equipment to be 
robust and suitably sensitive for use in the field 
[10,12,16].

Hitherto, the beneficial effect of pressurization has 
been considered to be due solely to an increase in the 
partial pressure of inspired oxygen (Pio.2). However,

pressurization in a small hyperbaric chamber results in an 
increase in carbon dioxide within the chamber, resulting 
in an increase in the partial pressure of inspired carbon 
dioxide (Pico2). Efforts have been made in the design of 
the bag to minimize the accumulation of carbon dioxide, 
either using a carbon dioxide scrubber or by a pressure 
relief valve to ensure a flow of fresh air. Using the bag as 
recommended with a foot pump, carbon dioxide within 
the lung increases, reaching a plateau of mean 0.74% 
(range 0.56-0.97%) after 3 min [11]. Carbon dioxide 
itself will improve peripheral oxygen saturation and 
increase cerebral blood flow, and we have demonstrated 
that cerebral regional oxygenation is also increased [12]. 
We postulated that the accumulation of carbon dioxide in 
the portable hyperbaric chamber may contribute to the 
beneficial effect of pressurization.

The aim of the present study was to measure cerebral 
oxygenation and peripheral pulse oximetry in subjects 
inside a hyperbaric chamber, and to assess the con 
tribution of accumulated carbon dioxide to cerebral and 
peripheral oxygenation.

METHODS

Subjects and methods
Experiments were performed shortly after arrival at three 
different altitudes, on three different expeditions. The 
first experiment was undertaken in 10 healthy, non 
smoking subjects (seven men) aged 24—59 years, who 
ascended from sea level to 4680 m in a minibus over 
3 days. At 3 days after arrival at 4680 m, the hyperbaric 
chamber study was performed. Subjects were placed in a 
Gamow bag (Chinook Medical Gear, CO, U.S.A.) and 
the cabling for the various probes (NIRS, digital pulse 
oximeter) was bound together with tape and led through 
the airtight zip of the chamber. After 2 min of baseline 
measurements, the bag tvas sealed and pressurized tc 
6.86 kp£ (69 mBar) using '^ foo: pump. Pressurizatior: 
took 2-3 min. Although there was an audible leak of air 
around the cables, the predetermined pressure was readily 
achieved and was maintained by operating the foot pump 
at 20-25 pumps/min. Peripheral oxygen saturation 
(SpOj,) and hean rate were measured using a hand-held 
digital pulse oximeter (model 3770; Ohmeda, BOC 
Group). The end-tidal partial pressure of CO Z (?ETCOj) 
was measured using a Hewlett Packard capnograph 78356 
in two subjects.

A second experiment was performed in nine healthy, 
non-smoking subjects (six men) aged 24—53 years who 
ascended to 3475 m in a cable car, having spent one night 
at 700 m. The pressurization study was undertaken 
3 days after ascent using a Certec compression chamber 
Mark 3 (69210; Sourcieu, Les Mines, France), which 
works on the same principle as the Gamow bag [13]. The 
chamber was pressurized to 19.95 kPa (200 mBar) using s
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foot pump, with a good seal obtained with only one 
cable (for NIRS) passing through the airtight zip. 
Pressurization took 3-4 min. SpOv heart rate, Pico., and 
PETCOj were measured using a battery-powered Propac 
Encore (Propac Systems Inc, Beaverton, OR, U.S.A.), 
which was kept within the chamber; readings were made 
through the viewing window. Measurements were 
made over 5 min before a paediatric soda lime circuit 
(Waters 'to and fro') was inserted by the subject within 
the bag into the breathing circuit for 5 min. After & 
further 5 min of basal recordings, a piece of tubing with 
the same dead space as the paediatric soda lime circuit was 
also inserted into the breathing circuit. A steady state was 
achieved after each manipulation, and pressure was 
maintained at 19.95 kPa throughout.

A third experiment using a similar protocol to the 
3475 m experiment was undertaken at 5005 m. Nine 
healthy, non-smoking subjects (eight men) aged 22- 
55 years ascended from 1345 m to 5005 m on foot over 
13 days. The study was undertaken 2 days after arrival 
at 5005 m using a Certec compression chamber Mark 1 1 
(69210; Sourcieu, Les Mines, France). SpO2 and heart rate 
were measured using a battery-powered Propac Encore 
within the chamber. A steady state was achieved after 
each manipulation, and pressure was maintained at 
19.95 kPa (200 mBar) throughout.

Six subjects were common to cwo studies, and three 
subjects were common to all three studies.

Measurement of Spo2
Sp0 2 and heart rate were measured at 1 min intervals 
using a hand-held digital oximeter (model 3770 ; Ohrneda, 
BOC Group) in the 4680 fn study and a Propac Encore 
(Fropac Systems Inc.) in the 3475 rn and 5005 m studies. 
Extraneous light was excluded.

Measurement of
A BOC face mask was positioned on the iace of the 
subject, with a Clausen harness ensuring z good seal. A 
capnograph (Hewlett Packard capnograph 78356 at 
4680 m and a Propac Encore at 3475 m and 5005 m) was 
attached to the mask inlet in order to measure Picot and 

PETCOj.

Measurement of cerebral
Continuous non-invasive NIRS was performed using a 
Critikon 2020 monitor Qoknson and Johnson Medical 
Ltd). The sensor position was standardized to a point 
over the right fronto-parietal region, with the sensor 
margins 3 cm from the midline (avoiding the sagittal 
sinus) and 3 cm above the orbital crest. The Critikon 
disposable pads were unsatisfactory, and a Blue-line 
Tubifast bandage (Seton Healthcare Group pic, Turbiton, 
Oldham Lancashire, U.K.) was used to keep the sensor 
in place. Data samples every 1 s were logged on to a

Toshiba Satellite 200 CDS laptop computer. The 
interlock hold time was set at 120s. Oxyhaemoglo- 
bin, deoxyhaemoglobin and total haemoglobin were 
measured.

Statistics
Results are given as means (S.D.). The statistical signifi 
cance of results obtained was assessed by repeated- 
measures AN OVA, except where indicated in the text 
(paired t test). All calculations were performed using 
Starview for Windows software (Abacus Concepts, 
Berkeley, CA, U.S.A.). P values of < 0.05 were con 
sidered significant.

Ethics
Approval for the studies was given by the South 
Birmingham Local Research Committee, and written 
informed consent was obtained from all subjects.

RESULTS 

Barometric pressure
Barometric pressure at 200m was 1008-1015 mBar 
(100.55-101.25 kPa); at 3475 m it was 641 mBar 
(63.9 kPa), at 4680 ni it was 582 mBar (58.05 kPa) and at 
5005 m it was 547 mBar (54.56 kPa).

During pressurization at 3475 m, Pico2 rose from 0.059 
(0.18) to 1.33 (0.18) kPa (P < 0.0001). On introducing 
soda lime after pressurization at 3475 m, Pico 2 fell from 
1.33 (0.1 8) to 0.05 (0.13) kPa (P < 0.0001 ), thus validating 
the efficacy of ihe Waters 'to and fro° canister (Table 1, 
Figure 1).

PETCC 2 at 3475 m rose on pressurization from a baseline 
of 3.8 (0.33) to 4.17 (0.52) kPa (P < 0.0001). On intro 
ducing soda lime after pressurizarion at 3475 m, PETCO£ 
fell from 4.1 7 (0,52) to 4.01 (0.41)kPa(P < 0,0001)(TabIe 
I, Figure 1).

Digital pulse oximetry
Baseline SpO2 at 3475m was 91.0% (2.8%), that at 
4860m was 75.1% (10.3%) and that at 5005m was 
79.5% (4.5%). SpOs rose rapidly following pres 
surization at all three altitudes, reaching a plateau 
within 3 min. At 3475 m 5pO 2 rose from 91.0% (2,8%) 
to 97.8 % (1 .4 %) (P < 0.0001); at 4680 m 5pO2 rose from 
75.1% (10.3%) to 81.7% (8.1%) (P<0.05); and at 
5005 m Spdj rose from 79.5% (4.5%) to 95.9% (2.0%) 
(P < 0.0001) (Table 2). The introduction of the soda lime
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Table I Changes in carbon dioxide partial pressures and in f po2 and cerebral rio2 at 3475m
Values are mean (S.D.). ns, not significant.

Condition:

Baseline 
At I9.tt kPa 
f

At l9.95kPa + soda lime 
/'compared with 19.95 kPa alone 
f compared with baseline

Ai 19.95 kfa + spacer 
f compared with + 19.95 kPa

flfflj (kPa)

0.059 (0.18) 
1.33 (0.18) 

< 0.0001

0.05 (0.13) 
< 0.0001 

ns

1.63 (0.17) 
<O.OI

fticoj (kPa)

3.8 (0.33) 
4.17 (0.52) 

< 0.0001

4.01 (0.41) 
< 0.0001

n;

4.16(0.53) 
ns

Jpo2 (•/,)

91.0 (2.8) 
97.8 (1.4) 

< 0.0001

N.I (1.4) 
< O.DOOI 

ns

98 2 (1.5) 
ns

rJoj (V,)

63.4 (4.5) 
«.9 (4.7) 

< 0.0001

«.7 (5.7) 
<0.05 

ns

46.1 (5.0) 
ns

Inspired Carbon Dioxide (PiCO),

Baseline 200 millibar 
alone

ZOC millibar 
+ soda lime

200 millibar 
•*• spacer

Endtidal Carbon Dioxide (PeCO),

Baseline 200 millibar 200 millibar 200 millibar 
alone * soda lime + spacer

Peripheral Oxygenation (SpO),

P< 0-001

Baseline 20C millibar 200 millibar 200 millibar 
glone * »°da lirne spacer

Cerebral Regional Oxygenation (rSO) ;

I *\ 
M>

Baseline MO millibar 200 millibar 200 millibar 
aione + sods lime •* spacer

Figure I Portable hyperbaric chamber study at 3475 m 

See the text for details. 200 rnHar = 19.95 kP«.

CO 2 scavenger resuJted in a fall in SpO2 [from 97.8 % 
(1.4%) to 96.1% (1.4%) (P < 0.0001) at 3475m and 
from 95.9% (2.0%) to 93.6% (2.1%) (P < 0.001) at 
5005 m].

Cerebral
Baseline cerebral rSoz at 3475 m was 63.4 % (4.5 %), that 
at 4680m was 62.5% (3.4%) and that at 5005m was 
64.6% (3.4%)- Cerebral rSo 2 following pressurization 
showed similar rises at ali three altitudes (Tables 1 and 2). 
At 3475 m with pressurization to 19.95 kPa, r5o z rose 
from 63.4% (4-5 %) to 66.9% (4.7%) (P < 0.0001). The 
introduction of the CO 2 scavenger resulted in a decrease

in r5o2 to 65.7% (5.7%) (P < 0.049). At 4680 m, rSo£ 
rose with pressurization to 6.88 kPa from 62.5 % (3.4 %) 
to 65.4 % (3.2 %) (P < 0.0001). At 5005 m rSo2 rose with 
pressurization to 19.95 kPafrom 64.6 % (3.4 %) to 69.4 % 
(3.6%) (P < 0.0001). The introduction of the CO., 
scavenger resulted in a decrease in rSo8 to 68.5% (3.5 %) 
(P< 0.001) (Table 3).

Cerebral Oxygenation is dependent in pan on the 
haematocrit. There was no significant rise in the total 
cerebral haemoglobin at altitude in the 4680 m study [16], 
although there was a trend towards a rise at altitude 
[sea level, 112.3 (11.6) /jmol/1 of tissue; 150m, 105.2 
(11.2) /rniol/1 of tissue; 4680m, 116.8 (16.6) /jmol/1 of
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Table 2 Changes in JpOj and cerebral rfo2 during pressurization
Values arc mean (S.D.). F values (paired t test) reftr to data at 5 min (3475 m and S005 m) or 4 min (4660 m) compared 
with baseline.

1 9.95 kPa at 3475m

Time (min)

Baseline
1
2
^
4
5

lvalue

Jpo, (•/,)

91.0 (2.8)
97.0 (2.2)
97.4 (1.7)
97.3 (1.7)
97.3 (1.7)
97.8 (1.4)

< 0.005

r*, (V.)

63.4 (4.5)
66.6 (4.1)
66.2 (4.4)
66.7 (4.3)
67.1 (4.1)
66.9 (4.7)

< 0.01

6.88 kPa at 4680 m

to ('/•)

75.1 (10.3)
79.2 (12.7)
80.4 (10.6)
81.7 (7.6)
81.7 (8.1)
-

< 0.05

*i ("/.)

62.5 (3.4)
64.4 (3.3)
64.4 (3.1)
65.2 (3.3)
65.4 (3.2)
-

< 0.01

19.95 kPa at

to ('/•)

79.5 (4.5)
93.6 (2.3)
95.5 (2.2)
95.7 (2.1)
96.0 (2.5)
95.9 (2.0)

< 0.0001

5005m

<s°i <•/•)
64.6 (3.4)
68.6 (3.4)
68.9 (3.4)
69.1 (3.3)
69.2 (3.5)
69.4 (3.6)

< 0.0001

Table 3 Changes in 5pOj and r5o2 at 5005 m 

Values ire mean (S.D.).

Condition:

Sf2 level
5005 m baseline
f compared with ses level
At 19.95 kP;
f compared with 5005 m baseline

At 19.95 kPa + sods lime
/compared with + 19.95 kf«
F compared with 5005 m baseline

to (•/•)
97.4 (1.0)
79.5 (4.5)

< 0.000!
95.9 (2.0)

< 0.0001

93.6 (2.1)
< 0.00 i
< 0.0001

r/o, {'/.)

68.6 (3.1)
64.6 (3.4)

< 0.0001
69.4 (3.6)

< 0.0001

68.5 (3.5)
< 0.001
< 0.0001

tissue]. At 5005 m there was a rise in total haemoglobin 
from 107.5 (26.3) to 132.1 (37.4) /rniol/1 of tissue (P < 
0.04; paired t test).

DISCUSSION

Gxygenation of the bram is hkeiv cc be critical in 
(determining performance and illness £t high altitude [12]. 
The first commercially successful, high-altitude bag was 
described by Gamow et al. in 1990 [11]. This portable 
hyperbaric chamber, weighing approx. 7 kg, has rapidly 
increased in popularity, based initially upon anecdotal 
reports and then upon clinical studies assessing efficacy 
[4,14], Treatment of sick subjects within the very 
confined space of the chamber can be difficult, and 
prolonged treatment makes considerable demands on the 
individuals required to maintain pressure with the foot 
pump. The chambers are now carried on many high- 
altitude trekking and mountaineering expeditions, and 
are being used to treat AMS, sometimes as an alternative 
to descent. The chambers are designed to operate at 
pressures between 15.96 and21.95 kPa, being pressurized 
by a foot or hand pump. In order to prevent the build-up 
of carbon dioxide within the chamber, air has to be 
pumped in at 40-50 litres/min. Even with this rapid turn

over of air, the carbon dioxide levels rise to approx. 0.7 % 
[11,15]. Soda lime has been used to prevent carbon 
dioxide build-up, with the aim of reducing the effort of 
pumping, but is not usually employed. Treatment of 
subjects with AMS at 4559 m in a portable compression 
chamber at 19.25 kPa for 1 h has been shown to improve 
SpO 2 during treatment and to decrease clinical AMS 
scores immediately after treatment, but with no benefit 
12 h later [15].

NIRS is a relatively new non-invasive technique for 
measuring cerebral regional oxygenation. It has been 
used to assess cerebral regional oxygenation in healthy 
volunteers under laboratory conditions of normocapnic 
and hypercapnic hypoxia. We have reported [12] the use 
of NIRS techniques in field studies, making repeated 
measurements after physiological manipulations. Cer 
ebral rSo2 fell on ascent from sea level to 4680 m [16]. To 
date, there are no data regarding cerebral oxygenation 
within i portable hyperbaric chamber at altitude.

The first of our present studies (at 4680 m) was i 
simple observational study to determine whether the 
technique of cerebral NIRS could be used to measure 
the presumed rise in cerebral oxygenation inside a hyper 
baric chamber. A pressure of only 6.88 kPa was achieved, 
partly due to leakage around the cabling but also because 
of a misunderstanding of the optimal operating pressures. 
However, a rise in />ETCO2 was observed in two subjects. 
The magnitude of the rise in Pico2 was similar to that 
observed by others [11] and, in view of the leaks around 
the cabling in this experiment, the increase in the level of 
CO 2 is likely to have been an underestimate compared 
with the use of the chamber in a standard fashion.

In the second study (3475 m), a pressure of 19.95 kPa 
resulted in a rise in SpO2 and a rise in cerebraJ rScx, (Figure 
1). The rises in both parameters occurred within 2-3 min 
of achieving the desired pressure. The contribution of 
the rise in carbon dioxide within the closed space of the 
hyperbaric chamber on both peripheral and cerebral 
oxygenation was clearly significant, as shown by the 
changes that occurred when the soda lime carbon dioxide
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scavenger was introduced. With the soda lime in the 
circuit, there was a small but significant fall in both SpO2 
and cerebral rSo2 (Table 1). Removal of the soda lime 
from the circuit returned these values to the previous 
levels; The fall in 5pOz on the introduction of a carbon 
dioxide scavenger has been recorded previously [17], but 
not commented on, by others. The introduction of a 
spacer into the circuit within the Gamow bag resulted in 
a return of both cerebral and peripheral oxygenation to 
pre-CO 2 -scavenger levels, suggesting that the dead space 
of the soda lime canister was not as clinically significant 
as the soda lime itself. It should be noted that the build 
up of approx. 1 % CO,, within the chamber during 
normal use will result in a fall of approx. 1 % of O 2 in the 
bag removed [18].

The third experiment (5005 m) was undertaken at an 
altitude more representative of the altitudes at which 
portable compression chambers are usually used. 
Unfortunately, malfunctioning of the capnograph meant 
no data were obtained regarding Pico 2 and PETCCr 
However, the rapid improvement in cerebral oxygenation 
that was observed at 4680 m and 3475 m was reaffirmed. 
as was the effect of the soda lime CO 2 scavenger in 
decreasing both 5pO z and cerebral r5o 2 (Table 3).

The higher baseline cerebral rSo2 seen at 5005 m than 
at 4680 m initially appears anomalous. The NIRS tech 
nique is particularly suitable for multiple measurements 
of trends rather than single absolute measurements of 
cerebral oxygenation. The higher baseline rSo,, seen ai 
5005 m is probably partly a reflection of the much lower 
rate of ascent on this particular expedition. Subjects were 
much better acclimatized, having taken 13 days to ascend 
to 5005 m. whereas ascent to 4680 m was over 3 days and 
that to 3475 m was in z single day. Baseline SpO,, 21 
4680m following ^ rapid ascent (3 days) was 75A % 
(10.3%), whereas at 5005 m, following a much slower 
ascent (13 days), it was 79.5% (4.5%). The subject: 
would probably have had a higher haematocnt at 5005 IT.. 
The observed rise in total cerebral haemoglobin from 
107.5 (26.3) ^mol/1 of tissue at sea level to 132.1 (37.4) 
^mol/1 (P < 0.04) supports this hypothesis.

The concept that carbon dioxide might be beneficial at 
altitude is not a new one [19]. More recently, sup 
plemental carbon dioxide has been suggested in the 
treatment of acute mountain sickness [20], but this has 
not been confirmed by others [21]. Carbon dioxide 
has two powerful effects at all altitudes. First, by stimu 
lating the respiratory centre, the rate and depth of respira 
tion are increased. This can profoundly affect SpO2 [12] 
and can also increase the arterial partial pressure of O.2 
[22]. Secondly, carbon dioxide is a powerful cerebral 
vasodilator, causing a rapid increase in cerebral blood 
flow and increasing trans-cranial Doppler middle cer 
ebral artery velocities at altitude [23]. The combination of 
increases in Pio, and Pico2 appears to have a synergistic 
effect. For these reasons, it seems likely that the ac

cumulation of carbon dioxide in a portable hyperbaric 
chamber is beneficial, and that carbon dioxide extraction 
may be counter-productive. The use of supplemental 3 % 
carbon dioxide at ambient pressures at altitude has been 
studied [22]. However, the optimum concentrations of 
carbon dioxide at differing altitudes need to be de 
termined, and we suggest that measurement of cerebral 
regional oxygenation is a useful end-point to monitor, as 
it is likely to predict response to treatment.

In conclusion, these studies have demonstrated for the 
first time that compression in a portable hyperbaric 
chamber at altitude improves cerebral oxygenation, and 
that the improvement is due in pan to the increase in 
Pio 2 ; in addition, the increase in Pico 2 has a measurable 
physiological effect.
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Effects of breathing air containing 3% carbon
dioxide, 35% oxygen or a mixture of

3% carbon dioxide/35% oxygen on
cerebral and peripheral oxygenation

at 150 m and 3459 m

C. H. E. IMRAY*, S. WALSHf, T. CLARKEf, C. TIIVAS*, H. HOARf, T. C. HARVEYi, 
C. W. M. CHAN", P. J. G. FORSTER§, A. R. BRADWELLf, A. D. WRIGHTJ and the 
Birmingham Medical Research Expeditionary Societyf
"University Hospitals Coventry and Warwickshire NHS Trust, Department of Vascular Surgery, Clifford Bridge Road, Walsgrave, 
Coventry CV2 2DX, U.K., |lmmunodiagnostic Research Laboratory, The Medical School, University of Birmingham, Vincent Drive, 
Edgbaston, Birmingham BIS 2TT, U.K., {Department of Medicine, Manor Hospital, Walsall, U.K., and §Department of Medicine, 
James Paget Hospital, Great Yarmouth, Norfolk, U.K.

The effects of gas mixtures comprising supplementary 3% carbon dioxide, 35% oxygen or a 

combination of 3% COZ plus 35% O2 in ambient air have been compared on arterial blood gases, 
peripheral and cerebral oxygenation and middle cerebral artery velocity (MCAV) at ISO m and 

on acute exposure to 3459 m in 12 healthy subjects. Breathing 3% CO 2 or 35% O2 increased 
arterial blood oxygen at both altitudes, and the CO2/O2 combination resulted in the most 

marked rise. MCAV increased on ascent to 3459m, increasing further with 3% CO Z and 
decreasing with 35% O 2 at both altitudes. The CO2/O2 combination resulted in an increase in 
MCAV at ISO m, but not at 3549 m. Cerebral regional oxygenation fell on ascent to 3459 m. 
Breathing 3% CO2 or 35% O2 increased cerebral oxygenation at both altitudes, and the CO2/O2 

combination resulted in the greatest rise at both altitudes. The combination also resulted in 

significant rises in cutaneous and muscle oxygenation at 3459 m. The key role of carbon dioxide 

in oxygenation at altitude is confirmed, and the importance of this gas for tissue oxygenation is 

demonstrated.

INTRODUCTION a number of physiological responses. The respiratory
centre is sensitive to changes in the arterial partial

Increasing numbers of people travel to high altitude for pressure of carbon dioxide (PaCO2 ) and, to a lesser extent, 
recreation and to work. Acute ascent to altitude results in to changes in the arterial partial pressure of oxygen

Key words: acute mountain sickness, blood gases, carbon dioxide, cerebral blood flow, high altitude, middle cerebral artery velocity,

near-IR spectroscopy, oxygen.
Abbreviations: AMS, acute mountain sickness; MCAV, middle cerebral artery velocity; NIRS, near-IR spectroscopy; />aCO2 ,

arterial partial pressure of CO 2 ; PaO2, arterial partial pressure of O 2 ; />ETCO 2, end-tidal partial pressure of CO 2 ; P>CO 2 , partial

pressure of inspired CO 2 ; rSo2, regional oxygen saturation.
Correspondence: Mr Chris Imray (e-mail chrisimray@aol.com).
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(PaO 2). As the atmospheric pressure drops, the fall in 
/"aO2 stimulates the respiratory centre, triggering the 
hypoxic ventilatory drive and resulting in an increase in 
the rate and depth of respiration [1], There is a resulting 
improvement in Paoa , but the increased ventilatory rate 
lowers />aco2 , resulting in subsequent inhibition of the 
respiratory centre. />aco2 is the critical determinant of 
the activity of the respiratory centre. Part of the 
acclimatization process is a change in the CO2 or 
hypercapnic ventilatory response, and with increasing 
time at altitude the ventilatory response to a set CO2 
stimulus becomes heightened [2],

Hypoxia also alters cerebral haemodynamics in normal 
subjects. At altitude, arterial hypoxaemia dilates cerebral 
blood vessels and increases cerebral blood flow. How 
ever, hyperventilation reduces /'aCO2 , and this has a 
powerful vasoconstrictor effect on cerebral blood flow. 
An understanding of the dynamic balance of these factors 
might give an insight into the mechanisms involved in the 
acclimatization process and the development of acute 
mountain sickness (AMS).

The introduction of the technique of reflected near-IR 
spectroscopy (NIRS) allows the continuous non-invasive 
monitoring of cerebral oxygenation. The technique was 
first described in adults in 1991 [3], and has widespread 
clinical applications. Reflected NIRS uses light in the 
near-IR spectrum (650-1100 nm), and, like pulse oxi- 
meters and mixed venous oximeters, uses the principles 
of light transmission and absorption to measure concen 
trations of oxygenated and deoxygenated haemoglobin in 
cerebral tissue. As such, the technique provides infor 
mation not currently available by the use of any other 
modality. Although NIRS techniques remain mainly a 
research tool, valuable additional information about 
cerebral oxygenation is obtained. The technique of NIRS 
has been shown to precisely track changes in measured 
jugular venous bulb saturation in healthy volunteers 
under conditions of isocapnic hypoxia [4]. The technique 
has also been validated by comparing NIRS with PET 
(positron-emission tomography) scanning [5], with 133Xe 
washout techniques [6] and with measurement of internal 
carotid artery stump pressures [7]. NIRS has been found 
to be a reliable and reproducible method for the evalu 
ation of cerebrovascular reactivity, and hypercapnia has 
been shown to cause vasodilatation that is limited to the 
resistive vessels of the brain [8].

NIRS has been used at altitude to investigate cerebral 
oxygenation during acute exposure of subjects to alti 
tudes of 4680 m [9]. Dynamic studies assessing the effects 
of various physiological manipulations, such as hyper- 
ventilation, oxygen therapy and CO 2 supplementation, 
have also been performed. Air enriched with 3 % CO 2 
markedly improved cerebral oxygenation [10], The NIRS 
technique has been described to date in the assessment of 
cerebral tissue, and the Critikon 2020 spectrometer uses 
a two-sensor technique to enable the contribution of the

scalp/skull to be eliminated, and thus data on tissue 
oxygenation at a depth of 2.5-5 cm is collected. There is 
no theoretical reason why other tissues cannot be 
investigated in a similar fashion, and a recent paper 
suggests that NIRS may be more accurate than ankle 
brachial pressure indices in assessing claudication in 
diabetic subjects [11]. Thus NIRS allows the continuous 
non-invasive monitoring of cerebral oxygenation, and is 
particularly suitable for multiple measurements of trends 
rather single absolute measurements.

The aim of the present study was to investigate the 
effects of supplementation with 3 % CO2 , 35 % O 2 and 
a CO 2/O2 combination on cerebral oxygenation on acute 
exposure to an altitude of 3459 m. Changes in blood 
gases, pulse oximetry and cerebral artery velocity were 
measured in order to assess their contributions to changes 
in cerebral oxygenation.

METHODS

Subjects and methods
Twelve healthy, non-smoking volunteers (10 men), aged 
24-53 years, were studied at 150 m and, 1 month later, on 
the morning after ascent to 3459 m by cable car. Vygon 
arterial lines (20 G; CE0459) were inserted into the radial 
artery using a standard Seldinger technique under aseptic 
conditions, and the lines were flushed with heparinized 
saline. Gas mixtures were prepared in Douglas bags and 
led through a closed system to a BOC face-mask. This 
was positioned over the face using a Clausen harness 
to ensure a good seal. A one-way valve prevented 
rebreathing.

Approval for the studies was granted by the Research 
and Ethics Committee of the South Birmingham Health 
Authority, and subjects gave informed consent.

Assessment of AMS
Lake Louise AMS questionnaires [12] were completed on 
the evening of arrival at 3459 m and on the following 
morning.

Gas mixtures
Gas mixtures were prepared in advance in 500-litre 
Douglas bags. At both altitudes, 3 % CO 2 was made 
using 3 vol. of CO2 to 97 vol. of air. The 35 % O2 and the 
3% CO 2/35% O 2 gases were also made up based upon 
volume measurements. However, in view of the potential 
inaccuracy of the gas cylinder rotameters at altitude, CO 2 
gas mixtures were initially checked using a Hewlett 
Packard capnograph 78356 A. A second confirmation of 
the composition of the gas mixtures was obtained by 
checking the partial pressures of inspired CO 2 (Pico^ 
and inspired O 2 using a Propac Encore Monitor (Propac
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Systems Inc., Beaverton, OR, U.S.A.). Gas mixtures were 
based upon absolute pressures.

Pulse oximetry, capnography and cutaneous 
oximetry
Pico2, the end-tidal partial pressure of CO 2 (PETCOj, 
pulse oximetry (peripheral O 2 saturation), heart rate and 
blood pressure were monitored at 1 min intervals using a 
Propac Encore Monitor.

Trans-cranial Doppler
Continuous trans-cranial Doppler assessment of middle 
cerebral artery velocity (MCAV) was measured by an 
experienced vascular technologist (C.T.) using a 1 MHz 
pulsed-wave, range-gated Doppler ultrasound SciMed 
Logidop 3 instrument (SciMed, Bristol, U.K.). The left 
middle cerebral artery was identified by recognition of 
the characteristic waveform and typical flow velocity 
profile, and was insonated at 45-60 mm through the 
temporal bone window. The time-averaged mean MCAV 
(cm • s~ : ) was recorded every 1 min.

Cerebral NIRS
Continuous non-mvasive cerebral NIRS was performed 
using a Critikon cerebral spectroscope 2020 (Johnson 
and Johnson Medical Ltd, Newport, U.K.). The dual 
detector sensor position was standardized to a point over 
the right fronto-parietal region, with sensor margins 
3 cm from the midline and 3 cm above the supra-orbital 
crest, taking care to avoid the sagittal sinus. Critikon 
disposable adhesive pads were found to be unsatisfactory, 
and a Blue-line Tubifast bandage (Seton Healthcare 
Group pic, Oldham, Lanes., U.K.) was used to keep the 
sensor in place, and maintain a standard probe pressure. 
Data sampled every 1 s was logged on to a Toshiba 
Satellite 200 CDS laptop computer. The interlock hold 
time was set at 120 s. Cerebral regional oxygen saturation 
(rSo2) is derived from the equation:

oxygenated haemoglobin 
total haemoglobin

x 100.

Peripheral NIRS
Continuous non-invasive muscle NIRS was carried out 
using a second Critikon 2020 cerebral spectroscope, with 
the sensor placed in a standard position over the right 
soleus muscle using a Blue-line Tubifast bandage. Data 
sampled every 1 s were logged on to a Toshiba Satellite 
200 CDS laptop computer. The interlock hold time was 
set at 120 s.

Blood gases
Arterial blood gases were analysed on an AVL OPTI 1 
Blood Gas/pH Analyser (AVL List G.m.b.h., Graz, 
Austria).

Study protocol
Subjects rested in the supine position for 10-15 min prior 
to any measurements. After an initial 2 min baseline 
period breathing ambient air (Baseline 1), subjects 
breathed 3 % CO 2 for a 5 min period. There was then a 
7 min washout period, breathing ambient air (Baseline 2). 
This was followed by 5 min of 35 % oxygen, and finally 
subjects breathed a 3% CO 2/35% O 2 enriched gas 
mixture for 5 min. Non-invasive measurements of pulse, 
pulse oximetry, PETCO2, Pico2 and blood pressure were 
made every 1 min. Blood gases were analysed during the 
penultimate 1 min before changing to a new gas mixture. 
Although subjects were blinded to the gas mixtures, no 
attempt was made to change the order of gases, and many 
individuals noticed the gas mixtures containing CO 2 .

Statistics
Statistical significance was assessed by the use of the 
paired Student's t test, repeated-measures ANOVA, 
regression analysis and the Wilcoxon signed-rank test 
(StatView for Windows; Abacus Concepts, Inc., Berkley, 
CA, U.S.A.). P values of < 0.05 were considered 
significant.

RESULTS

Atmospheric pressure on the study day at 150m 
was 1014.6 mBar (101.2 kPa), and that at 3459m was 
660 mBar (65.8 kPa). Subjects had minimal AMS symp 
toms the night after ascent to 3459 m, with no scores 
greater than 2.

Heart rate, blood pressure and PETCO Z
Heart rate rose on ascent to 3459 m, but there was no 
change in blood pressure (Table 1). At 3459 m, heart rate 
was reduced on breathing 35 % O 2 and with the CO 2/O2 
combination. Systolic and diastolic blood pressures were 
reduced with 35% O2, and diastolic blood pressure 
decreased with CO 2/O 2 . />ETCO2 decreased on ascent to 
3459 m, and increased with 3 % CO 2 and with the 
CO.j/O.j combination (Table 1).

Pulse oximetry and arterial blood gases
Peripheral O 2 saturation (pulse oximetry) decreased on 
ascent to 3459 m (P < 0.001) (Table 2), and increased at 
both 150 m and 3459 m on breathing 3 % CO 2, 35 % O 2 
or the CO 2/O2 combination. On ascent to 3459 m, 
arterial pH (P < 0.005), />ao2 (P < 0.0001) and Paco2 
(P < 0.001) were reduced. .PaO2 was increased at both 
150m and 3459m on 3% CO 2 or on 35% O 2, and 
was increased still further by the CO 2/O 2 combination 
(Table 2, Figure 1).

2003 The Biochemical Society and the Medical Research Society



206 C. H. E. Imray and others

Table I Changes in heart rate, blood pressure and PETCOZ at the end of each 5 min period of supplementary gas breathing

Heart rate, blood pressure and ftiMj were measured after breathing ambient air,3% C0 ;, 35% 0, and a mixture of the two gases, at both ISO m and 3459 m. Values 
are presented as means (S.D.). Significance of differences (Student's (test): "F < 0.05, "F < 0.01, '"P < 0.005 compared with Baseline I; t/> < 0.001 compared 
with 35% 0: .

Parameter

Heart rate (beats/min)
150m
3459 m

Blood pressure (mmHg)
150m

Systolic
Diastolic

3459m
Systolic
Diastolic

Pmoj (kPa)
150m
3450m

Baseline 1

60.25 (10.3)
67.6 (7.4)

133.7 (15.4)
73.8 (7.0)

136.4(13.1)
72.3(11.0)

5.3 (0.28)
4.3 (0.20)

3%COj

61.6(9.4)
67.1 (5.2)

134.9(12.6)
71.4 (7.4)

136.0(15.1)
70.1 (11.6)

5.9 (0.41)"
4.6 (0.28)*

Baseline 2

61.7(8.9)
68.1 (6.7)

132.3(11.1)
70.7 (8.2)

135.2(15.3)
67.9 (12.8)"

5.2(0.31)
4.4 (0.25)

35 V,0,

59.5 (9.3)
61.4(5.9)"

133.4 (13.0)
72.4 (10.4)

131.0(14.3)"'
66.4 (12.3)"

5.1 (0.49)
4.34 (0.24)

3 )/oCO !/35%0!

60.4 (7.4)
63.1 (5.1)'

135.6 (IS.!)
75.0 (7.6)

134.9 (15.7)
64.0 (14.6)"

5.6 (0.59)*f
4.5 (0.24)* f

Table 1 Changes in pulse oximetry and arterial blood gases at the end of each 5 min period of supplementary gas breathing
Pulse oximetry (peripheral 02 saturation) and arterial blood gases were measured after breathing ambient air, 3% COj, 35% 02 or a mixture of the two gases, at 

both 150 m and 3459 m. Values are presented as means (S.D.). Significance of differences (Student's (test): *P < 0.01, "P < 0.0001 compared with Baseline I; 

0.01, •ft/'< 0-001)5 compared with 35% 02 .

Parameter

Pulse oximetry (kPa) 

150m 
3459m

PH 
150m 
3459m

fto2 (kPa) 
150m 
3459m

/to; (kPa) 
150m 
3459m

Baseline 1

97.5(1.5) 
91.3 (3.0)

7.40 (0.03) 
7.49 (0.02)

13.4 (0.9) 
6.5 (0.5)

5.06 (0.05) 

3.78 (0.36)

3% CO,

98.5 (1.0)* 
93.3 (3.0)*

7.39 (0.01) 
7.47 (0.02)"

15.4 (I.I)" 

7.2 (0.6)"

5.55 (0.35)" 

4.12 (0.36)

Baseline 2

98.0(1.3) 
90.8 (3.4)

7.42 (0.02) 
7.49 (0.02)

14.0 (0.6) 
6.6 (0.6)

5.23 (0.48) 
3.81 (0.46)

35% 0;

99.3 (0.7)* 
99.6 (0.8)*

7.40 (0.024) 
7.47 (0.04)

22.8 (4.0)* 
14.3 (4.3)*

5.18(0.54) 
3.96 (0.49)

3%CO;/35%Oj

99.5 (0.2)*f 
100.0 (0.0)* f

7.39 (0.03) 
7.45 (0.03)*

24.5 (3.4)* f 
I9.0(3.4)"tt

5.37 (0.63)** 

4.25 (0.41)

MCAV and cerebral r$o2
Trans-cranial Doppler MCAV increased on ascent to 
3459 m (P < 0.01) (Table 3), and further increases were 
found on breathing 3 % CO 2 . MCAV decreased at both 
altitudes on 35% O2, and intermediate results were 
found for the CO 2/O2 combination. Cerebral rSo 2 fell 
on ascent to 3459 m (Table 3). Breathing either 3 % CO 2 
or 35% O 2 increased cerebral rSo 2 at both 150 m and 
3459 m. The combination of CO 2/O3 resulted in the 
most marked rise at both altitudes (Table 3, Figure 2).

Muscle rSo2
Baseline muscle rSo 2 fell from 73.0% (S.D. 2.3%) to 
68.4% (3.7%) (P < 0.001) on ascent to 3459 m. There

was no significant rise in muscle rSo 3 at 150 m [73.3% 
(2.2%)] or at 3459m [68.9% (3.6%)] on breathing 
3 % CO 2. At 3459 m, muscle r5o 2 rose to 70.3 % (3.6%) 
(P < 0.001) on breathing 35% O 2 . Muscle rSo 2 rose to 
74.0% (2.5%) (P < 0.02) at 150 m and to 71.2% (3.9%) 
(P < 0.001) with the CO 2/O 2 combination.

DISCUSSION

The beneficial effect of carbon dioxide was suggested as 
long ago as 1855, when Miescher-Rusch wrote:" over the 
oxygen supply of the body, carbon dioxide spreads its 
protecting wings - especially as it cares for the brain

2003 The Biochemical Society and the Medical Research Society



Effects of breathing 0; and CO; at altitude 207

Pulse oximetry
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Figure I Pulse oximetry and arterial blood gases in 20 subjects at 150 m (•) and at 3459 m (D)
Values are means + S.D. BLI, first baseline; BL2,second baseline. The results at the end of 5 min of breathing 3 %C02 in ambient air, at the end of 5 min of breathing 

35% Oj in ambient air and at the end of 5 min of breathing 3% C02 + 35% 0, (mix) in ambient air are shown. Compared with BLI, 3% CO; resulted in an increase 

in pulse oximetry at both altitudes (/"< 0.0001), a fall in pH at 3459 m(f< 0.05), an increase in Pao2 atboth altitudes (F < 0.01) and a rise in /"aco2 at ISO m 

(/>< O.OI). Compared with BLI, 35% 02 resulted in an increase in pulse oximetry (P < O.OOOI)and Pw1 (P< O.OOOI) at both altitudes. Compared with BLI, the 

3% C02 /35% 02 mixture resulted in an increase in pulse oximetry at both altitudes (F< O.OOOI). a decease in pH at 3459 m (P < O.OOOI), increases in /"ao2 at 

I50m (P< O.OI) and at 3459 m (P < O.OOI), and an increase in face.; at 150 m (/>< 0.01).

Table 3 Changes in MCAV and rSo2 at the end of each 5 min period of supplementary gas breathing
MCAV and rlo2 were measured after breathing ambient air, 3% C0; , 35% 0 2 and a mixture of the two gases, at both 150 m and 3459 m. Values are presented as 

mean (S.D.). Significance of differences (Student's Mest): */•< O.OI compared with Baseline I; -fP< 0.001 compared with 35% 0 2 .

Parameter

MCAV (cm/s) 
150m 
3549m

150m 
3459m

Baseline 1

58.8 (14.2) 
63.1 (18.6)

69.9 (2.6) 
65.6 (2.8)

3%C0 2

68.1 (13.7)* 
68.6 (19.2)*

70.6 (2.5)* 
66.7 (3.2)*

Baseline 2

55.6 (14.6) 
61.4(18.3)

69.7 (2.6) 
65.7 (3.2)

35% 0;

54.0(16.5)* 
58.1 (21.0)*

70.3 (2.6)* 
68.8 (2.9)*

3%C02 /35%0 2

61.8(l3.4)*t 
62.0 (20.8)

7I.O(2.6)*f 

70.2 (3.8)*f

which, for unknown reasons, may not lack air in warm 
blooded animals whereas skin and muscle may tolerate 
the ischaemia of a tourniquet for more than half an hour " 
[13]. In 1898, Angelo Mosso administered CO 2 gas 
mixtures to relieve hypoxic symptoms in a subject 
exposed to pressures as low as 250 torr (33.3 kPa; 
equivalent to an altitude of ~ 8800 m) in a hypobaric 
chamber [14]. In 1988, Harvey et al. [15] demonstrated in

an uncontrolled trial that air enriched with 3 % CO 2 
improved cerebral blood flow, as assessed by the use of 
I33Xe. This was associated with an improvement in the 
symptoms of AMS. However, Bartsch et al. [16], in a 
controlled trial, found no increase in cerebral blood flow 
(assessed by trans-cranial Doppler) or reduction in AMS 
symptoms when symptomatic subjects inhaled air con 
taining 3 % CO 2 . Similarly, Yang et al. [17] showed that,
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Figure 2 Sequential measurements of rSo2 (a) and MCAV (b) 
during inhalation of 3% C02 , 35% 02 or 3% C0 2/35% 02 in 
ambient air at ISO m (•) and 3459m (D)
Compared with baseline, breathing 3% CO, resulted in an increase in rJb, 
(P< 0.01 (and an increase in HCVA(/'< 0.01) at both altitudes. Compared with 
baseline, 35% 02 resulted in an increase in rib; (P< O.OI) and a decrease in 
MCVA (P< O.OI) at both altitudes. Compared with baseline, the 3% COj/35% 
0, mixture resulted in an increase in rJb2 at both altitudes (P< O.OI) and an 
increase in MCVA at 150m (P< O.OI).

although 3 % CO 2-enriched air improved cerebral blood 
flow in animals (as assessed using radiolabelled micro- 
spheres) and that CO 2 is an important determinant of 
cerebral blood flow at all altitudes, symptoms of AMS 
were not reduced by supplemental CO 2 .

There are several mechanisms by which carbon dioxide 
might improve tissue oxygenation. Hypercapnia results 
in increased cardiac output and an alteration in intra- 
pulmonary shunting, with a net increase in PaO2 [18]. As 
a result of increases in cardiac output and regional blood 
flow, including mesenteric flow, there is improved 
oxygen delivery to the tissues [19]. Hypercapnia also 
shifts the oxyhaemoglobin dissociation curve to the right, 
further improving oxygen delivery to the tissues. In 
patients with coronary artery disease, there is evidence 
that, acting directly, hypercapnia dilates peripheral 
arterioles, reducing the systemic vascular resistance 
index, increasing the cardiac index and augmenting 
myocardial blood flow [20]. Although the peripheral 
chemoreceptors are sensitive to changes in PaCO2, the 
main sensor for changes in />aCO 2 is the central medullary 
chemoreceptor, which is located just beneath the surface

of the fourth ventricle. The blood-brain barrier is readily 
permeable to dissolved CO 2, but is less permeable to H + 
and even less so to HCO3 ~. A rise in Paco,, is rapidly 
reflected by a rise in the partial pressure of CO 2 in the 
cerebrospinal fluid, and this causes a rapid increase in 
the cerebrospinal fluid H + concentration. This is sensed 
by the chemoreceptors, resulting in increased stimulation 
of the respiratory centre and increased ventilation [1]. 
Activation of the central nervous system evokes 
sympatho-adrenal responses, resulting in increased myo 
cardial contractility, tachycardia and hypertension.

The most important determinants of cerebral blood 
flow in normotensive individuals are />aO 2 and Pa.CO 2, 
which interact with opposing effects. Ascent to altitude 
results in a hypoxic vasodilatation and an increase in cer 
ebral blood flow, whereas the resulting decrease in 
PaCO 2 causes vasoconstriction and a reduction in cerebral 
blood flow. In 1966, Sevringhaus et al. [21], using a 
nitrous oxide-based technique, showed that cerebral 
blood flow increased by 24% in the first 6-12 h at alti 
tude, but this fell to 13% above sea-level values at 
3-5 days. There appears to be general agreement that 
there is an initial rise in cerebral blood flow on acute 
exposure to high altitude, and that this returns gradually 
towards the baseline level with acclimatization. Whether 
cerebral blood flow is any higher in subjects suffering 
from AMS may depend on the degree of hypoxia, possibly 
explaining why an increase was found in one study [22] 
but not in another [23],

Our present studies were therefore designed to quan 
tify the effects of supplementary carbon dioxide at 
altitude, not only on blood gases and blood velocity, but 
also on tissue oxygenation. The choice of a concentration 
of 3 % CO 2 was made because it is safe and tolerated at 
similar altitudes [10], although other studies within 
portable hyperbaric chambers suggest that concen 
trations as low as 1 % have significant effects [25]. 
Although the percentage of Pico^ was kept constant at 
both sea level and altitude, the changes in observed 
PETCO2 were considerably smaller at altitude, and conse 
quently this may have reduced the effect.

In our present study, breathing air containing 3 % CO 2 
increased trans-cranial Doppler cerebral blood flow and 
cerebral oxygenation as measured by NIRS, at both 
150 m and 3459 m. We also confirmed that breathing 
35% O 2 reduced the trans-cranial Doppler cerebral 
blood velocity at both altitudes, but more so at 3459 m 
than at 150 m. However, for the first time, 35% O 2 was 
shown to increase cerebral rSo 2 at both altitudes, with a 
greater rise at 3459 m. The mixture of 3 % CO 2/35 % O 2 
resulted in a small increase in MCAV compared with 
ambient air at 150 m, but no change in at 3459 m. The gas 
mixture resulted in the largest increase in cerebral ri?O 2 at 
both 150 m and 3459 m, but this was greater at 3459 m, 
which appeared to be due to a combination of increased 
partial pressure of inspired O 2 through an effect on gas
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exchange improving arterial oxygenation and ?icoa 
causing cerebral vasodilatation. The greatest effect of 
additional CO2 is most probably increased gas exchange 
due to increased ventilation, but this was not measured in 
the present study.

Whether CO 2 supplementation alone has a useful role 
at altitude remains uncertain [15,16], but our results show 
that the combination of CO a and O 2 has a synergistic 
effect, and could be useful in the management of AMS. 
Indeed, this may already be the case in the use of 
lightweight portable fabric hyperbaric chambers that 
have been shown to be beneficial in the treatment of 
AMS [24]. More recent work demonstrated that once a 
steady state had been achieved with pressurization of the 
chamber to 200 mBar (19.95 kPa), Pico2 rose from 0.059 
(S.D. 0.18) to 1.33 (0.18) kPa [25]. When a soda lime CO 2 
scrubber was introduced into the breathing circuit within 
the chamber, there was a reduction in both digital pulse 
oximetry and cerebral oxygenation (measured by NIRS). 
The build-up of CO2 within the chamber to a pressure 
of 1.33 (0.18) kPa appeared to account for up to one- 
third of the beneficial effect of the portable hyperbaric 
chamber on cerebral oxygenation [25]. Before conducting 
clinical trials of supplementary CO 2 and O 2 , the optimum 
proportions of the two gases need to be found. We 
believe that tissue oxygenation should be the end point 
measured, in view of the opposing effects of O 2 and CO2 
on vascular beds and the different responses in different 
vascular beds.

In conclusion, we have studied for the first time the 
effects of supplementary oxygen and carbon dioxide on 
cerebral oxygenation at altitude, as measured by NIRS. 
Bert [26] and Mosso [14] were both correct to conclude 
that oxygen and carbon dioxide respectively have pro 
found effects on oxygen delivery to the brain. Mosso, 
however, believed that it was the lack of CO 2 or' acapnia' 
that was the cause of AMS, and based on today's evidence 
this is not correct. Theoretically, the greatest benefit may 
be obtained from a combination of the two gases, and this 
should be assessed in clinical trials in the management of 
AMS. In the meantime, the best treatment of AMS 
remains descent, and if this is not possible, oxygen 
therapy, dexamethasone and acetazolamide, which are of 
proven benefit.
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• ^ n novembre 1783, Pilatre de Rozier et le marquis d'Arlandre
m i entreprirent le premier .voyage dans le ballon des freres Montgol-
t 1 fier. Us sent monies a 900 m environ et le vol dura pres de vingt

_m HIT minutes au-dessus de Paris. Get evenement historique montra 
qu'une rapide excursion en altitude etait possible et inaugura-l'ere du vol en 
equipage. Ce fut le debut d'une periode « d'exploration physiologique », et 
Fexcitation qui s'empara de la societe fut sans dome semblable a celle de 
Fexploration spatiale des annees cinquante et soixante. Uorgueil national fut 
fiatte par ces aventures et cheque aerostier cherchait a voler de plus en plus 
haut. A cette epoque, les risques etaient meconnus.
En mars 1874. les eminents aerostiers du moment, Joseph Croce-Spinelli et 
Theodore Sivel furent soumis dans le caisson de compression hypobare 
Sorbonne, de Paul Bert, a une pression 304 mmHg (7 000 m) pendant plus 
d'une demi-heure. On note alors que la basse de pression exer?ait une action 
tres importante sur la vision, 1'audition et le calcul arithmetique simple 
(figure 1).
Plus tard. Paul Ben ecrivit aux aerostiers qu'il aurait calcule que la reserve 
d'oxygene qu'ils s'appretaient a emponer dans leur vol en haute altitude 
n'etait pas adaptee. Malheureusement. la iettre leur parvint trop tard. .Le 
]f avri! 1875. Croce-Spinelli et Gaston Tissandier s'envolerent a bord du 
« Zenith ». Vers 7 000 rr,. tous trois perdirent connaissance et deux crentre eux 
decederent. Le survivant, Gaston Tissandier. aevait ecrire plus tard : « J'en 
arrive au moment fatidique, quanc nous fumes saisis par les terribles effets de 
la decompression atmospherique_ Aussitot, je voulus prendre le tuyau 
d'oxygene, mais je ne pouvais pas lever le bras- Je voulus crier «Nous 
sommes a 8 000 m » mais ma langue etait paralysee. Soudain mes yeux se 
refermerent et je tombai inanime » [1], Ces deux premiers accidents mortels 
en haute altitude susciterent une grande emotion nationale.

Ascension en haute altitude

Les transports aeriens modemes permettent a des personnes plus ou moins 
experimentees, souvent animees de projets fantaisistes, de se rendre rapide- 
ment dans des regions lointaines et non exemptes de dangers. Un grand 
nombre d'entre elles font des programmes serres et se joignent aux groupes 
d'ascension rapide au lieu de grimper selon leurs possibilites individuelles.

STV, n c l,vol. 15, |cnvier2003



v/Cnrt-

Figure 1. Caisson de compression hypobere de Paul Bert.

Le nombre de maladies liees & ]'altitude croit sans cesse 
avec le nombre toujours plus grand de personnes qui vont 
se promener ou travailler en altitude Une foule croissante 
de randonneurs et de grimpeurs montent tant sur des 
sommets europeens comme le Mont Blanc (4 808 m) ou 
d'autres plus recules comme le Kilimandjaro (5 895 m) en 
Tanzanie. On s'attend a ce que des soldats soient envoyes 
combattre en haute altitude, comme c'est le cas de la 
.frontiere tres disputee entre 1'Inde et le Pakistan (4 000- 
5 000 m). Des mines ont ete exploitees en haute altitude 
pendant des siecies en Amerique du Sud, record battu par 
la mine de soufre d'Aucanquilcha au Chili [2]. Des 
telescopes aussi sont installed tres haut en raison des 
conditions de visualisation astronomique plus favorabies 
orace a une atmosphere moins epaisse, et une pollution 
atmospherique et iumineuse plus faibie. Le mont Mauna 
Kea (4 200 m) a Hawaii tient le record du nombre avec 
13 telescopes et le Chajantor (5 050 m) au nord du Chili 
devrait recevoir le gigantesque Atacam Large Millimeter 
Array (Alma) (figures 2 et 3).
L'ascension provoque de nombreuses reactions physiolo- 
giques. Le centre respiratoire est sensible aux variations 
de la PaC02 , et a un moindre degre a la PaO2 . 
Quand la pression atmospherique baisse, la PaO2 chute, le 
centre de contrSle de 1'hypoxie declenche une hyperventi- 
lation qui releve la Pa02 mais fait chuter la PaCO2 . La 
PaCO est le facteur stimulant majeur du centre respira 
toire. Sa chute entraine une respiration periodique. L'accli- 
matation reside en panie dans le changement de reponse

Figure 2. Site propose pour ('installation du telescope geant
ALMA (Chanjantor, Chili, 5 000 m'd'aititude).

dii centre respiratoire, dont le seuil de reponse a la PaCO2 
s'eleve au bout d'un certain temps de station en altitude.
L'hypoxie comme Fhypocarbie modifient 1'hemodynami- 
que cerebrale chez le sujet normal.-L'hypoxie dilate les 
vaisseaux et augmente fortement le debit cerebral. Mais 
i'hyperventilation reduit la PaCO2 qui a son tour entraine 
une forte vasoconstriction. La comprehension de la dyna- 
mique de I'equilibre de ces deux facteurs devrait eclairer 
mieux les mecanismes mis en ceuvre, le processus d'accli- 
matation et de mal aigu des montagnes.

Mo I oigu des montagnes

En 1913, Thomas Ravenhill de 1'Universite de Birmin 
gham, decrivit pour la premiere fois une maladie en 
rappon avec 1'altitude. 11 etait medecin des mines chilien- 
nes quand il conna la premjere description precise de ce 
qu'il appela le « mal des montages ». II en fit la premiere 
classification et fut aussi le premier a distinguer 1'oEdeme 
cerebral et rcedeme pulmonaire de haute altitude [3j. Son

Figure 3. Camion gros porteur, mine de cuivre du Chili (4 200 m 
d'altitude).
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article fut perdu pendant une cinquaniaine ci'annees ei 
redecouvert par WH Hall-en 1964 : au cours d'une recher 
che bibliographique approfondie.
Le mal aigu des montagnes est frequent au cours des 
ascensions rapid.es.-Use traduit par des cepnalees/un etat 
lahargique et nauseeux, qui peuvent en rester la ou bien 
evoluer vers rcedeme ce're'braJ 1'cedeme pulmonaire de 
haute altitude. Dans ce dernier cas, les sujets meurent 
souvent et rapidement d'une affection que 1'on salt parfai- 
tement bien prevenir. La prevalence du ma) aigu des 
montagnes est evaluee entre 43 ti 62 % en Himalaya, ei 
entre 9 et 69 % dans les Alpes [4 j. LE severite depend de 
nombreux facteurs parmi lesquels )e taux de montee, 
1'altitude atteinte, 1'acclimatation anterieure et la suscepti- 
bilite individuelle.
On peut e'viter le mal aigu des montagnes par une 
ascension lente qui permet a 1'organisme de s'adapter au 
manque d'O,. Au-dessus de 3000m, la moyenne de 
vitesse d'ascensio.n ne devrait pas depasser 300m par 
jour. Des iournees de repos doivent £tre observers pour 
respecter ce taux de montee, qui plus rapide peut devenir 
dangereux. U altitude a laquelle on don est imponame a 
considerer et ne doit pas gtre superieure de 300 m a celle 
de la nuit precedente, m&me si on est monte plus hant dans 
la ioumee : grimper haut et dormir bas. 
En plus de IE vitesse de montee lente et du repos pour 
racdimatation, nombre de strategies ont etc mises en 
place pour prevenir le mal aigu des montagnes, parmi 
lesquelles les substances medicamenteuses comme 1'ace- 
talqzamide [5] et la dexamethasone. L'acetalozamide 250 
ou'500 retard est commencee 24 a 48 h avant 1'ascension. 
On a dit recemment que 750 mg par j en trois prises 
seraient plus efficaces [6j. II doit etre continue pendant 
une semaine au moins si 1'ascension dure moins de temps. 
Les efTets seconoaires son: la polyurie ei Je5 paresthesief. 
Un mal aigu des montagnes modere, pourrait requerir de 
la dexamethasone 8 mg immediatement puis 4 mg pa- 
jour, per os ou intraveineux.
Un supplement d'O, ameliore le mal aigu des montagnes, 
et c'est le traitement a conseiller [7], 
Des caissons hyperbares portables comme le sac Gamow 
(Chinook Medical Gear, PO Box 176, Edwards CO 81362, 
Etats-Unis) ou le sac Certec (Sourcieux-les-Mines, 
69210L'ArbresJe, France) peuvent gtre utilises pour le 
traitement individuel du mal aigu des montagnes. 
Le sujet est enferme dans le sac, ferme par une glissiere 
etanche, puis de Fair est pompe vers 1'interieur jusqu'a 
200mbar au-dessus de la pression ambiante, ce qui 
revient a une descente de 200m et ferait regresser 
rapidemcm les svmpt6mes. Le traitement doit etre main- 
tenu pendant plus de 2 h. II est destine a.permettre une

Figure 4. Caisson hyperbare portable (sac Gamow, £tets-Unis).

descente reelle dans de mejlleures conditions [8]. Avec ou 
sans sac, le traitement de Fcedeme cdrdbral de haute 
altitude repose sur 1'oxygene, la descente et aussi la
dexamethasone (figure 4).

Apports de song en hcute altitude 

Oxygene

Paul Ben est le pere inconteste de la physiologic d'aititude 
moderne. II fut le premier a experimenter le caisson hyper- 
et hypobare chez 1'homme et ]'animal. II demontra que 
Fappon d'O2 faisait regresser les effets de l°hypobarie. 
Son traite «La pression barometrique » constitua un 
appon complet et autorise a 1'histoire et aux effets de 
I'hypobarie [11. -II fut un grand promoteur de 1'oxygene 
dans le iraitement du mal aigu des rnontagnes. 
Quoique Paul Ben fut ie premier a la decrite en 1878, ce 
fut Aiexandre Kellas qui evaluera. pour la premiere fois 
sur k terrain, les effets oe Yoxygent sur 3'hypoxie en 
1920, sur le Kamet. Cependant, il sentit que la route de 
1'Everest pourrait etre prise sans supplement d'oxygene en 
raison des faibles difficultes techniques. II ecrivit « un 
homme, pourvu qu'il soil en bonne condition physique et 
mentale, peut monter a 1'Everest sans preparation particu- 
liere ni oxygene supplementaire, tant qu'il n'est pas 
confronte a de trop grandes difficultes ». Malgre cela, on 
utilisa 1'oxygene dans la British Everest Expedition de 
1922 et dans 1'expedition malheureuse qui entraine la 
mort de George Mallory et Sandy Irvine pendant qu'ils 
redescendaient de 8 500 m. En mai 1952, Raymond Lam- 
ben et Tenzing Norgay retoumerent tout pres du sommet 
de 1'Everest. Us utiliserent de 1'oxygene a 2 L/min. Le 
Britannique Griffith Pugh en deduisit qu'il faudrait 
4 L/min pour monter au-dessus de 8 000 m. Edmund
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Hilary et Tenzing conquirem !'Everest en 1953 avec 4 a 
6 L d'oxygene/min.
En 1950. Maurice Herzog et Louis Lachenal furent les 
premiers a monter a 8 09] m, sur 1'Annapurna, sans 
oxygene, ce qui donna raison £ Kelias qui disait cela 
possible. Mais leur retour catastrophique devait aussi 
souligner combien la marge entre succes et defaite peut 
6tre etroite a ces altitudes. Reinhold Messner et Peter 
Habeler, en 1978, sont monies a 8848m (Everest) sous 
oxygene. En 1999, plus de 1 000 individus ont grimpe 
I'Everest. Le taux de monalite. chez les sujets qui y ont 
grimpe avec oxygene, etait de 3,2 % pour les hommes et 
7,4 % pour'les femmes. II e"tait de 6 % chez ceux qui y 
sont monies' sans oxygene.
L'apport d'oxygene a pour avantage, la rapidite de sa mise 
en ceuvre et de son action. II ne demande ni abord IV ni 
ingestion oraJe, ce qui est d'une grande utilite" sur le 
terrain. II presente helas 1'inconvenient de devoir etre 
transporte dans des bouteilies lourdes et encombrantes, au 
point qu'il n'est plus transporte dans la majorite des 
ascensions et reste reserve a Is. medecine.

Dioxyde de carbone

On mil longtemps & se rendre compte de 1'interet biologi- 
que du dioxyde de carbone qui n ; est pas moins vital que 
1'oxygene. En 1885, Miescher-Rusch ecrivit « le dioxyde 
de carbone deploie ses ailes protecirices sur les apports en 
oxygene, particulierement quand il s'occupe du cerveau 
qui, pour des raisons inconnues, ne resiste pas a 1'absence 
(fair chez les animaux a sang chaud, alors que le muscle et 
la peau supponent I'iscbemie pendant plus d'une demi- 
heure de garrot».
Angeio TvJosso, professeur de physiologic i Turin, 
en 1879. marque un vif interet pour la physiologie 
d'altitude. II pressentit que nombre at symptomes de 
3'hypoxie/hypobarie aigue etaierU dus a un manque d'oxy 
gene. Cene intuition ne suscita aucun interet & cette 
epoque, de sorte que le role de 1'oxygene, dans la 
circulation cerebrate et dans le mal aigu des montagnes, 
fut oublie pendant une tres longue periode. I] faut aussi, en 
1898, un acteur de la construction de la station de 
recherche en haute altitude de Cabana Margherita, sur le 
Monte Rosa (4 559 m). La haul, il nota une respiration 
periodique de Cheyne Stokes tarn chez son frere Ugolmo 
que chez son chien Nerino ! Le refuge est le plus haut 
d'Europe et devrait rester un site important pour la 
recherche pendant pres d'un siecle. 
Selon 1'hypothese que le deficit en oxygene emrainerait 
hyperpnee et acapnie, maigre une respiration subnormale, 
le CO fut propose comme un traitemem altematif a

« 1'acapnie » d'altitude. En 1898, Angeio Mosso entreprit 
sa remarquable experience en caisson hypobare-en ajou- 
tant un supplement de 0,9 % de CO2 au melange ga^eux, 
afin de soulager 3es symptSmes d'un sujet expose a une 
altitude de 6 500 m. Le meme sujet fut ensuite expose a 
Torr 250 (8 800 m) avec un supplement de 2,2 % de CO2 
sans aucun effet pathologique.
Douglas, Holdane et autres redonnerent de rimportance a 
1'hypocapnie et Childs suggera plus tard que' le CO2 
pourrait etre bdnefique lors des ascensions en haute 
altitude [9]. Harvery e} al. et le Birmingham Medical 
Research Expeditionary Society «redecouvrirent» la 
conception originale de Mosso selon laquelle 1'apport de 
COa supplementaire pouvait 6tre benefique pour le traite- 
ment du mal aigu des montagnes [10]. Un supplement de 
3 % en CO2 ameliorait 1'oxymetrie digitale (SpO2) et la 
gazometrie anerielle (PaO2) chez les sujets atteints de mal 
aigu des montagnes a 5 680 m, de meme que s'amendaient 
les ce'phalees en rappon avec une augmentation du debit 
cerebral au xenon 133. Par centre, Bartsch trouvait que si 
3 % de CO2 ameiiorait legerement la PaO2 , il n'ameliorait 
pas les symptSmes du mal des montages aigu, ni ne 
modifiait le debit cerebral ou doppler transcranien [7]. 
L'utilite du CO2 seul en altitude reste a prouver. 
En revanche le role benefique du melange CCVO2 semble 
plus que probable dans le traitement du ma) aigu des 
montagnes. Comme nous 1'avons dit, les caissons hyper- 
bares, legers et ponables, ont montre leur effet positif dans 
le mal aigu des montagnes [8]. Jusqu'a present, on 
supposait que les effets positifs de la pressurisation etaient 
dus a 1'augmemation de la pression arterielle en oxygene 
de rair inspire (PiO2). Pounant un tout recent travail a 
demontre que pendant le palier de pressurisation de 
200mbar.. la PiCO2 s'est elevee de 0,059 (0,18) a 1,33 
(0,1 S) kpa. Quand un epurateur au soda citron fat introduit 
dans k circuit respiratoire du caisson, il apparut une 
reduction de T'cxymetrie digjtale et de Toxygenation aux 
infrarouges. Le C02 apparut responsable du tiers de 1'effet 
benefique du caisson hyperbare sur 1'oxygenation c6re- 
brale [11]. L'utilisation de 1'epurateur de CO2 au soda 
citron fut, dans le passe, preconisee pour reduire les efforts 
de pompage. Get article recent montre que cette pratique 
n'est pas a conseiller.

Debit cerebral en altitude

La mesure du debit cerebral en altitude-'a Foxyde d'azote 
existe depuis 1948 et demeure la technique de reference 
[12]. Le debit sanguin cerebral reste stable dans un grand 
nombre de situations [13] grace au couplage debit/ 
metabolisme cerebral, C'et effet s'exprime regionalement
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par le debit qui s'eleve avec le metabolisme tissulaire. 
comme on le voit par exemple lors de la stimulation du 
cortex visuel. Ce couplage se manifeste aussi pendant le 
sommeil par une baisse globale du debit cerebral. La 
tomographie a emission de positons a montre une cons- 
tance des debits dans differentes regions du cerveau [14]. 
Les regions cerebelleuses, frontales et occipitales ont un 
debit sanguin superieur a celui de la substance blanche. La 
consommation d'oxygene, comme le debit sanguin, est 
superieure dans la substance grise.
Chez le sujet normotendu, la Pa02 et la PaCO 2 sent les 
principaux regulateurs du debit cerebral. Chez le rat 
ventile en normocapnie, une chute de la PaO 2 de 
130 mmHg a 60 rhmHg modifie peu le debit cerebral, 
alors qu'une chute plus prononcee a 25 mmHg le multiplie 
par cinq [15]. La baisse de PaCO2 reduit le debit cerebral 
par un puissant effet vasoconstricteur. Sur le modele 
animal a PaCO2 constante, une chute de PaCO2 de 40 a 
10 mmHg reduit le debit cerebral de 40%. Des etudes 
dynamiques au cours du sommeil et de 1'exercice en 
caissons hypobares devront nous apponer des lumieres 
consequentes. Ainsi, les voyages en haute altitude seront 
plus surs pour le nombre grandissant de ceux qui s'expo- 
sent au risque serieux de mal aigu des momagnes : 
d'cedeme cerebral et d'cedeme pulmonaire de haute alti 
tude.
En attendant, les maladies induites par 1'altitude devraient 
etre evitees par un profil ascensionnel lent. Si un sujet est 
atieint de mal aigu des montagnes, il faut d'abord descen- 
dre. Si cela n'est pas possible, oxygenotherapie, acetazola- 
mide : dexamethasone et caisson hyperbare seront mis a 
profit.
Comme nous Tavern deja evoque, ies effets de ]'altitude 
sur ies sujets normaux est plus complexe que cela. Non 
seuiemem 1'hypcxie dilate les vaisseaux cerebraux, mais 
elle augmente la frequence et r ampliation respiratoire ce 
qui £ pour effet une reduction de la PaC02 qui I son tour 
reduit le debit cerebral selon le niveau d'altitude. 
La conviction que 1'altitude augmente le debit cerebral est 
largement repandue. En 1966, Sevringhaus demontra avec 
la technique a 1'oxyde d'azote de Seymour Kety que le 
debit cerebral augmentait de 24 % dans ies 6 a 12 premie 
res heures en altitude et rechutait de 13 % en 3 a 5 j [16]. 
Ces observations ont €li confirmees au doppler trans- 
cranien avec une elevation de 20 % en 18 a 44 h, puis un 
retour aux valeurs du niveau de la mer en 4 a 12 j. II n'y 
aurait pas de difference de debit cerebral au doppler 
trans-cranien entre le niveau de la mei et 4 300 m au cours 
d'une epreuve prolongee. Des preuves ulterieures d'aug- 
mentation du debit cerebral en altitude ont ete montrees 
dans une etude rapportant une reduction du temps moyen

Fiaure 5. Coupe de la bolte crsnienne au doppler transcranien.

de circulation retinierine de la fiuoresceine. L'accord est 
general sur le fait que le debit cerebral augmente au debut 
du sejour en altitude pour revenir progressivement a des 
valeurs normales sous I 1 effet de 1'acclimatation (figure 5). 
Yang ei al. [17] ont public un travail qiii montre, au moyen 
de microbilles marquees, que Fair enrichi de 3 % de CO, 
augmente le debit cerebral chez ]' animal sans pour autam 
reduire les symptomes du mal aigu des montagnes. 
Bien que le mal aigu des montagnes s'accompagne d'une 
augmentation du debit cerebral, 1'cedeme cerebral de haute 
altitude et le mai aigu des rnontagnes en genera] resujieni 
piut6t de Textravasation capillaire. Des disaccords persis 
tent quant aux modifications du debit cerebral dans le mal 
aigu ces montagnes. Jensen ei al. ont montre une augmen 
tation du debit cerebral au xenon 133 chez tous ies sujeu. 
inde'pendamment de la survenue de mal aigu des monta 
gnes [18]. Pourtant certains pensent que le ma3 aigu des 
montagnes est lie a l'ele"vation du debit cerebral [19]. 
Uaugmentation du debit cerebral a etc" imputee a la baisse 
de la PaO2 chez les sujets aneints de mal aigu des 
montagnes. Plus recemment, la meme equipe a demontre 
en caisson de decompression 1'absence de lien entre Je 
debit cerebral et le mal aigu des montagnes [20]. 
On a montre que lors du mal aigu des montagnes, la 
reponse vasoconstrictive a 1'hyperventilation dtait aug- 
mentee. La velocite de 1'anere cerebrale moyenne au 
doppler transcr§nien a ete rapponee d'autant plus elevee 
que la PaO2 etait plus basse [21]. La haute altitude 
perturbe aussi J'autoregulation cerebrale. L'effet de Tele-
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li edphulee d'oltitude fut initialement attribuee a 1'eleva- 
tion du ddbit cdre'bral mais Reeves ei al. ont demontre 
ou'il n'y avait pas de correlation entre ces deux phenome- 
ncs lors de simulations d'altitude de 4 800 m [23]. Les 
sympiomes 'de mal aigu des montagnes s'apparement a 
ceux de 1'hypertension intracranienne par la nausee, la 
photophobie et 1'ataxie. La responsabilite de 1'hypenen- 
sion intracranienne lors du mal aigu des montagnes 
semble fortement evidente. La pression intracranienne 
etait plus elevee au cours du mal aigu des montagnes 
qu'apres sa guerison [24]. Les sujets decedes de mal aigu 
des montagnes ont un oedeme cere'bral a 1'autopsie. La 
tomodensitometrie montre des zones diffuses de basse 
densite correspondent a 1'cedeme en cas d'cedeme cerebral 
de haute altitude [25]. Cependant revaluation de \i 
pression intracranienne par la mesure du deplacement du 
tympan, £ montre plus de correlation avec Valtitude 
qu'"avec Ie mal aigu des montagnes [26]. 
La rupture de la barriere hemato-encephalique semblerait 
determinante au meme litre que lors de 1'cedeme cerebral. 
La barriere hemato-encephalique est sensible aux neuro- 
transmetteurs, a 1'oxyde d'azote, a 1'histamine, £ l£ 
substance R eux radicaux libres, a le 5-hydroxytryptamine, 
aux cvtokines et aux facteurs de croisssnce endotheliale. 
Uhvpcxie locale declenche une cascade de reponses 
ceJj'ulaires sous forme d r e]evatJon de iactate, de rupture de 
l£ membrane basilaire capilkire et d : exirav£S£tion pla-:- 
matioue. Le facteur de croissance vasculaire endotheliale 
(VEGF) semblerai; le plus important agent de rupture de 
la membrane basale et de formation de 1'cedeme. On a 
monire la regulation du VEGF par hypoxie chez le rat [27] 
et aussi chez I'homme apres 1'effort. La regression de la 
cephalee d'altitude sous dexarnethasone apporte la preuve 
indirecte de 1'cedeme cerebral et de la perme'abilite' capil- 
laire dans la cephalee d'altitude, dans la mesure ou la 
dexamethasone supprime la peroxydation lipidique, blo- 
que la production de VEGF et reduit ia permeabilite 
endotheliale.
Jusqu'a aujourd'hui il n'a pas ete rapporte la preuve d'une 
augmentation globale du debit cerebral en altitude. 
D'autant que ie PETscan montrant de fortes variations 
regional du debit cerebral au niveau de ia mer, il devrait
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Figure 6. Coupe schemetique de la boTte cranienne en spectro- 
graphie par reflexion au proche infrarouge.

en etre de meme en altitude. Le PETscan sur des sujets en 
caisson hypobare devrait apporter des arguments supple 
mental res.
Jusqu'a present, toute Y attention a ete portee sur le debit 
cerebral, sans doute en raison des possibilites de mesure 
(NO, DTC. xenon 333). Lf ascension augmente le debit 
cerebral et provoque une hypoxie. On a recemment emis 
1'hypothese que 1'elevation du ddbit devait maintenir un 
iaux constant cFoxygene delivre au cerveau [28]. Ce taux 
est a 1'evidence determinant en toutes altitudes sur Tetat 
cerebral.
L'introduction recente de la spectrographie par reflexion 
au proche infrarouge permet un monitorage continu et non 
invasif de roxygen&tion cerebra)e. La technique fut pour 
)•£ premiere fois decrite chez Tadulte en 1991 [29] et 
largemem diffusee oepuis. La spectrographie au proche 
infrarouge utilise la bande 650-1 000 nm du spectre infra- 
rouge seion J££ principes de transmission et d'absorpticr. 
qui permettent oe me surer 1'hemoglobine cerebraie, oxy- 
genee et non oxygenee. Elle utilise les memes principes 
que 3 ! oxymetrie pulsee et mixte. La spectrographie au 
proche infrarouge est desormais utilisee sur le cerveau et 
nombreux sont ceux qui utilisent la technique a deux 
sondes car elle permet d'eliminer Ie crane et d'explorer 
1'oxygenation tissulaire cerebraie sur 2,5 a 5 cm de 
profpndeur. Ainsi, cette technique foumit-elle des infor 
mations que Ton ne peut obtenir autrement en routine 
(figure 6).
Bien qu'instrument de recherche, la '"spectrographie au 
proche infrarouge s pu mesurer precisement les variations 
de saturations dans la veine jugulaire chez des sujets sains 
soumis 2 une hypoxie isocapnique [30]. Elle a aussi ete 
validee en comparaison avec le PETscan, le xenon 133 et
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les mesures de pression intracarotidienne [31]. Elk s'est 
montree fiable et reproductible dans 1'evaluation de la 
reactivite cerebro-vasculaire, et a demontre que 1'hyper- 
capnie ne dilate que les vaisseaux resistifs du cerveau
[32].
Les techniques de spectrographie au proche mfrarouge se 
sont montrees recemment robustes et fiables en altitude. 
L'oxygenation cerebrale regionale (S02R) baisse regulie- 
rement de 70,2 (2,4) % a 150 m, a 63,6 (2,3) % a 4 680 m. 
Parralellement il existe aussi une chute de 98,1 (0,9) % a 
75 1 (5 9) % de 1'oxymetrie peripherique pulsee. La pres 
sion de'cO, passe de 5,9 (0,6) kPa a 3,4 (0,3) kPa [33]. 
La spectrographie proche a infrarouge a ete utilisee en 
altitude pour etudier les effets de rhyperventilation, 1'oxy- 
senotherapie et 1'apport de CO,. L'enrichissement de Fair 
en CO2 (3 %)> a fonement augmente 1'oxygenation ce"re- 
brale, tant au niveau de la mer qu'a 4 680 m, alors que 
]'oxygene a 6 L/min 1'a augmente seukment a 4 680m. 
L'hyp^rventilation volontaire reduisit 1'oxyg-enation cere 
brale au niveau de la mer et a 2 270 m, fut sans effet a 
3 650 m mais I'ameliora a 4 680 m. Au niveau de la mer, 
elk reduisit la PaCO2 qui provoqua une vasoconstriction 
cerebrale entramant a son tour une baisse du debit cerebral 
et done de 1'oxygenation cerebrale. A 4 650 m, elk a 
augmente la PaCO2 de facon si marquee que 1'effet 
vasoconstricteur cerebral a du etre surpasse [34].

Fonction cerebrale en hcute altitude

L'oxygenation tissulaire est un facteur critique de ]'adap 
tation a toutes altitudes. Elk depend du debit, de Toxyge- 
nation anerielk, de la courbe de dissociation de 1'oxyhe- 
moglobine et 1'hemoglobinurie.
Paul Ben fut k premier a decrire ]'alteration des fonctions 
cerebrales chez les sujets en hypobarie aigue. II note oes 
troubles de la vision, ae 1 T audition et ae \i concentration 
qui regresseront sous oxygene [Ij. 
{.'altitude de 4 000-5 000 m apparait etre le seuil critique 
de deterioration des fonctions cerebraks. Le rythme de 
]'ascension, 1'entrainement prealabk et les susceptibilhes 
individuelks ont aussi leur importance. Au debut ce sont 
les taches complexes, telles 1'etude de nouveautes qui sont 
penurbees. Ceci fut decrit en premier et en detail par Mac 
Forland dans ks Andes dans ks annees 30. Les fonctions 
mentaks des plus simples au plus complexes etaient 
nettement alterees [35].
L'aJteration de la fonction cerebrale par 1'hypoxie est 
largement admise au niveau de la mer, une baisse de la 
PaO a 75 % de la normak altere ks performances 
mentales a 65 % la memoire recente, a 50 % le jugement 
et provoque une pene de connaissance a 30-40 % [36.1.

Au cours de T expedition Silver Hut au Nepal en 1964, 
Gill et al. a rapporte une baisse de I'efficacit6 mentale a

. 5 800 m chez les sujets triant des canes a jouer.Ueffet 
positif de 1'acclimatation sur la psychomotricitg a ete 
montr6 chez ks soldats de 1'armee indienne stationn€s en 
haute altitude. La psychomotricite et la m6moire des

• chiffres qui etaient penurbees chez ks travailleurs de 
Mauna Kea se sont ameliorees avec le temps d'acclimata- 
tion [38].
Ann d'ameliorer la fonction neurophysiologique a une 
altitude sirnulee de 5 000 m, on a apporte un supplement 
d'oxygene de 6 % avec pour resultat une elevation de la 
SaO2 (93,3 % versus 81,6 %), un temps de reaction plus 
bref, une meilkure regulation oculomotrice et un senti 
ment de bien-etre [39].
Le projet de telescope Alma a 5 000 m au Chili prevoit 
une nouvelk fagon de proteger le personnel. Au lieu d'une . 
pleine acclimatation a 1'altitude, on delivrera un supple 
ment d'oxygene avec 1'air conditionne dans les iones 
critiques. Des reservoirs d'oxygene semblSbles a ceux de 
Scuba seront utilises a 1'exterieur pour ks travaux 'de 
maintenance. A chaque 1 % d'oxygene supplementaire 
correspond une baisse apparente d'altitude de 300 m. On 
peut ainsi abaisser vinuelkment le telescope de 5 000 a 
3 200 m grace a 6 % d'oxygene supplementaire. Cette 
altitude vinuelk apparait comme raisonnabk pour des 
astronomes qui devront quotidiennement rejoindre leur 
base a San Pedro da Atacama (2 400 m). La securite du 
personnel dependra de refficacite' des dispensateurs d'oxy 
gene et de la fiabilite des moyens d'evacuation sanitaire. 
Les experts se panagent pour dire qu'iJ s'agit d'un 
veritable progres, ou d'une aventure dangereuse. 
La notion cie desorores nerveux residuels irreversibies 
apres exposition aux altitudes extremes fut controversee. 
Une baisse stEtistiquement Eignificative de la memoire des 
chiffres (fonction cognitive) et de la frappe digitaie 
(fonction motrice) a ete reievee chez des sujets dans les 
suites immediates d'une expedition dans 1'Everest. Ces 
anomalies ont regresse pendant les 12 mois suivants mais 
sans retourner a 1'etat precedent 1'expedition [40]. Des 
troubles cognitifs persistants ont ete decrits chez les 
grimpeurs qui sont monies a plus de 8 500 m sans supple 
ment d'oxygene. L'IRM a montr€ une atrophie conicak 
definitive'chez ce type de grimpeurs, prouvant avec force 
1'effet deletere de I'altitude en absence de supplementa 
tion en oxygene [41].
La lilterature experimentale suggere que Thypoxie seule 
est rarement la cause de la mort neuronak. Des chats 
soumis a une PaO, de 17 mmHg pendant 25 min ne 
presenteraient aucun signe a ]'exception d'une baisse 
tensionneik. L'hypotension a entrame des infarcisse-
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ments, notamment dans les regions deshydratees. L/hyper- 
capnie semble proteger par le cerveau des degats hypoxi- 
ques, comme le montre 1'importance de la PaC02 relevee 
par Gray et Homer chez les survivants a 1'hypoxie. Dans 
Tische'mie focale, la ventilation hypercarbonique a montre 
un effet de reduction de la taille des zones infarcies [42]. A 
contrario, 1'hypocapnie avec alcalose respiratoire pourrait 
fragiliser le cerveau a 1'hypoxie [43]. 
Le CO-) induit des effets circulatoires directs et indirects. 
Uhypocapnie augmente le debit cardiaque et perturbe ies 
shunts pulmoiiaires avec une nette elevation de la Pa02 
[44]. Uaugmentation du debit cardiaque et regional, 
mesenterique compris, ameliore 1'oxygenation tissulaire. 
Chez le coronarien, il est evident que 1'hypercapnie dilate 
les arterioles peripheriques abaissant les resistances peri 
pheriques, augmentant 1'index cardiaque et le debit myo- 
cardique.
L'hypcapnie est pathogene aussi au niveau de la mer. Les 
revues cliniques et experimentales s'accumulent pour 
montrer 1'effet protecteur du CO, sur ies lesions tissuiaires 
a concentration elevee et deletere £ faible concentration. 
Une hypothese recente postule que la chute de la PaO- 
consecutive B 1'hyperventilation pourrait paniciper au 
syndrome de detresse respiratoire de 1'adulte [45]. L'hy- 
perventilation prophylactique des traumatises du crane 
n'est pas etrangere a 1'aggravation des signes neurologi- 
ques [45}. Experimentalement, 1'ictus ischemique chez 
1'animal est plus grave en cas d'hypocapnie. 
On ne dispose pas de donnees concemant 1'effet du CO2 
<=ur roxygenation tissuJaire peripherique en altitude. Au 
niveau de la mer, ies erTets indirects de la vasoconstriction 
sur ies tissus peripheriques sont corriges par la baisse des 
resistances circuiatoires secondaires £ 1'effet vasodilats- 
teur direct du CO2 - Uhypocapnie deplace la courbe de 
dissociation de 1'hemoglobine vers ia gauche ce qui reduit 
le largage d'02 vers les tissus, en meme temps que ia 
vasoconstriction hypocapnique en reduisant Je d£bit [46]. 
Le CO2 produit des effets differents selon les secteurs 
vasculaires. II est connu comme un puissant vasodilatateur 
cerebral au niveau de la mer, mais cet effet est encore tres 
discute en altitude {7, 10].
Les chemorecepteurs pen'pheriques sont sensibles aux 
variations de la PaCO2 , mais le recepteur principal est 
centro-medullaire juste au-dessous du 4e ventricule. La 
barriere hemato-encephalique tres permeable au CO2 
dissout moins aux H* et encore moins au HCO3 ". Une 
elevation de la PaCO, est rapidement suivie d'une eleva 
tion de la PCO, du LCR, ce qui entraine une augmentation 
rapide de H*. Cela tient aux chemorecepteurs qui stimu- 
lent le centre respiratoire, entrainant une augmentation de 
la ventilation. La stimulation du SNC provoque une

Figure 7. Voi en bellon cie Glaisher et Coxwel! en 1871.

reponse adreno-sympathique responsable de tachycardie. 
<j : hypertension et d'hypercontractibilite mvocardique. 
L'acclimatation agii pour partie en reglant la reponse dej 
chemorecepteurs a un niveau plus bas de CO2 . L'acetazo- 
iamide inhibe Tanhydrase carbonique et pourrait ainsi en 
augmentant le CO2 intra-celJulaire, preserver le debit 
cerebral pendant la p€riode d'hyperventilation de Taccli- 
matation.

Evenements neurologiques focaux en altitude

La litterature medicale rappone de nombreux accidents
neurologiques, ictus ou AIT en altitude: Un grand nombre
semble avoir regresse avec la redescehte ou 1'oxygene,
comme 1'a rappone Tissaudia de son vol en « Zenith » en
1875 [1].
Glaisher, 1871 (figure 7).
« ~puis je regardais le baromeire qui eiail a 9 3/i pouces,
descendant de plus en plus vile, correspondani a une
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altitude de plus de 29 000 pieds. Pen apresje posais mon 
bras sur la table, plein de wute sa vigueur mais je le 
irouvais ires faible quandj'ai voulu m'en sen'ir, i! a dCi 
perdre momemanement sa force..enirapercui M. Co.well 
qui vdulul parler mais sans succes- aucune gene succeda 
a ma pene de sensibilite-. llfallait queje marche encore 7 
a 8 miles- » 
Shipton, 1933
Pendant 1'expedition britannique sur 1'Everest en 1933, 
Eric Shipton reporta un Evident episode d'sphasie a
7 000 m. II ecrivit plus tard
«... je voulais dire « donnez-moi une lasse de the » 
j'aurais dit quetque chose de complement different 
comme « wagon, chat, met- »... j'etais parfaiiement lu- 
cide... mais ma langue refusait de faire les mouvements 
qu'ilfallait... *. 
Jean-Paul Richalet, 1997
Plus recemmem, Richalet decrivit en detail le deficit 
neurologique de trois sujets enfermes dans Y experimental 
et tres sophistique caisson hypobare Operation Everest III 
(Comex'97). Un sujet de 23 ans devint dysphasique et 
incapable d'ecrire a 1'altitude simulee de 8000m. A
8 848 m d'altitude simulee, un deuxieme sujet de 25-ans 
fut aphasique et incapable de bouger la jambe gauche. Et 
un troisieme de 25 ans aussi, presentait des symptomes 
plus generaux svec sensation bizarre et incapacite de 
reconnattre ses amis. Tous trois oht vite recupere sans 
oxygene. L'examen neurologique et 1'IRM qui suivirent, 
furent normaux. JP Richalet propose plusieurs interpreta 
tions depuis la vasoconstriction hypocapnique, le spasme 
de \& migraine accompagnee, la thrombose, Tembolie 
jusqu'a 1'emboiie paradoxale park foramen oval [47]. 
L'eminent physiologiste d'altitude John West suggera que 
« Is sensation de paralvsie partielle etait due aux extremes 
faibiesse et fatigue engendrees par j'hypoxie >>. Cepen- 
dant, si Ton tient compte du grand nombre de cas 
rapportfc, on doit retenir pour vrais les deficits neurologi- 
ques transitoires. Les embolies ne correspondent pas a 
1'age des sujets et les hemorragies ne pouvaient se 
resoudre si rapidement. Le sludge microvasculaire secon- 
daire a 1'hematocrite elevee et amplifie par la deshydrata- 
tion a etc avance comme hypothese d'explication, mais il 
n'est pas compatible avec une regression rapide sans 
oxygene ou en descente.
Un mecanisme possible de deficit facial tronsitoire en 
altitude regressant sous oxygene serait la ccmbinaison 
hypoxie-hypoperfusion (si Ton definit comme hypoperfu- 
sion dans ces situations, un deficit cerebral incapable de 
maintenir un debit d'oxygene suff.sam pour oxygener le.s 
ti^su*) L'oxygenotion anerielle (PoO: ) et le controle du 
debit cerebral (PaCO,) sont egalemeni cruciaux. La re-

Figure 8. Utilisation de la spectrographie par reflexion su proche 
infrarouge en chirurgie cerotidienne.

serve circulatoire cerebrale (evalu6e par DTC et spectro 
graphie au proche infrarouge) et la capacite vasodilatatrice 
du cerveau etant reduites a 3 459 m, on oeut penser que la 
vasodilatation a atteint son maximum a cette altitude. On 
peut en deduire raisonnablement que le potentiel de 
vasodilatation cerebrale est epuise en haute altitude et ne 
permet plus d'accroissement supplementaire du d€bit 
cerebral, de sorte que tout besoin supplementaire ne peut 
etre satisfait et se solde par un AIT d'hypoperfusion, tei 
d^crit par Richalet [47].
Notre experience de clampage carotidien sous anesthesie 
locale nous pone a cette conclusion. Le clampage chez les 
patients qui avaient besoin d'un shunt, altere d'abord les 
plus hautes fonctions tels que le sens de 1'humour noir. 
rengagernent de la conversation et le souvenir des codes 
postaux, et seuiement apres les fonctions plus grossieres 
teis "la parole, ie mouvement et finalement la conscience. 
Le retablissement oe it circulation par sbuni ou declarr;- 
page : re'tcblit rapidement ies plus hautes fonctions cere- 
brales chez ces sujets, ia pene des fonctions survient 
souvent en cascade (figure 8).
On a etabli une correlation negative statistiquement signi 
ficative entre une reponse ventilatoire hypoxique elevee 
precedent 1'Operation Everest II Expedition et une fonc- 
tion neuro-componementale affaiblie qui en a suivi. Une 
explication a etc suggeree : les sujets dont la reponse 
ventiiatoire hypoxique etait la plus elevee etaient ceux qui 
allaient reduire le plus leur PaO2 , responsable d'une plus 
intense vasoconstriction c€r€brale et done d'une hypoxie 
cerebrale plus severe [48].
L'ictus amnesique transitoire d'altitude a ete recemment 
decrit. Les deux cas decrits ont compone des troubles 
omnesiques — les deux sujets ne savaient plus ou iis 
etaient ni pourquoi. et ne se souvenaient plus de la date du
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jour- mais aucun deficit neurologique local. Tout rentra 
dans 1'ordre pendant la descente, sans laisser de sequelles 
149].

Conclusion

Chez It normotendu, le ddbit cerebral augmente quan'd 
1'oxygene arteriel baisse et quand le C02 arterie] s'eleve. 
Le passage en aHitude fait baisser a la fois le CO, et 
1'oxygene. II existe alors un equilibre entre ]es effets 
vasodilatateurs de I'hypoxie et les effets vasoconstricteurs 
de 1'hypocapnie. Mais cet equilibre est complexe et 
dynamique. II varie de plus selon chaque individu. 
Paul Ben tomme Angelo Mosso semblent bien ne pas 
s'etre trompes en croyant que CO, et oxygene jouent 
chacun un role determinant dans 1 'adaptation des indivi- 
dus en altitude. Uoxygene augmente les capacites de 
transport sanguin et de diffusion aux tissus. Le C02 
augmente la frequence et ['ampliation rsspiratoire, de- 
place la courbe de dissociation de Voxyhe'moglobjne vers 
la gauche, ameliore les shunts pulmonaires et provoque 
une importante vasodilatation cerebrale. 
La comprehension des mecanismes de la circulation 
cerebrale est actuellement au point mort et-par trop 
simpliste. Les avancees prochaines viendront grace aux 
techniques non invasives tels que les spectrographies au 
proche infrarouge, PETscan et IRM •
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Chapter 4

PARTITIONING OF ARTERIAL AND VENOUS 
VOLUMES IN THE BRAIN UNDER HYPOXIC

CONDITIONS

Christopher B Wolff and Christopher H E Imray *

1, INTRODUCTION

Cerebral oxygen delivery is sustained in the face of, at least moderate, hypoxia. 1 The 
leasurements required to show this have, in the past, been especially invasive, with a 

requirement for jugular venous bulb sampling and carotid arterial administration of a 
marker to allow measurement of flow by dye dilution2 . With the advent of middle 
cerebral arterial blood velocity measurement (Doppler) and arterial oxygen saturation 
measurement (pulse oximetry) the procedure is greatly simplified, at least on a relative 
basis: Sa02 multiplied by middle cerebral artery velocity will, arguably, give individual 
changes in oxygen delivery for, at least, the distribution supplied by the middle cerebral, 
artery. This will, for normal subjects, usually change in proportion to global changes.

Cerebral near infrared spectroscopy (NIRS) provides a measure of the proportion of 
blood which is oxygenated in a given, mainly, cortical region. It does not, however, 
distinguish how much is in the arterial or the venous part of that vascular bed. The 
proportions of blood in the arterial and venous compartments in the brain have been 
estimated at 28% of the total for the arterial and 72% for the venous value.3 This gives o 
relationship between the arterial and venous blood volumes (p = Ve/Vv) of 28/72 or 0.39 
(so p = 0.39). There will be a range of values above and below this for individual local 
tissues.

The present article examines how well oxygen delivery is sustained with increasing 
altitude (and/or reduced oxygen saturation) from earlier measurements of middle cerebral 
artery velocity (MCAV). and explores now weii a model of arterial/versous distribution 
fits with Sa02 and N1RS data (rS02) from the same experimental series. ""*

' Christopher B Wolff Applied Physiology, Sherrington School, Bioek-S, St Thomas's Hospital, Lombeth Palace 
Road, LONDON, SEI 7EH, UK. Email; ghriiwolffiadoclor5.ore.uk (44) 0207 9289292 x2151 
Christopher H E Imray The Immunodiegnostic Resenrch Laboratory, The Medical School, University of 
Birmingham, Edgbaston, Birmingham, VI5 2TT.

Oxygen Transport to Tissue XXV, edited by
Thorniley, Harrison, and James, Kluwer Academic/Plenum Publishers, 2003. 19
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3. METHODS AND MODEL

3.1. Measurements

Methods of measurement for rSO2 , Sa02. and MCAV are outlined in the studies 
quoted.4"* Sa02 was measured using a Propac Encore Monitor (Beaverton, USA), rSOj, a 
Critikon 2020 monitor (Johnson and Johnson, "Newport, UK.) and middle cerebral artery 
velocity (MCAV), a Logidop 3 TCD monitor {SciMed, Bristol, UK). Oxygen delivery is 
calculated here es a percentage of the putative sea level value-,

100 x (MCAV test x SaO2test) / (MCAVsea x SaO2sea).

3.2. Model

In this section we derive an expression (the model) for fractional oxygen 
concentration in the blood volume described by infrared transmission (rSO^) in terms of 
SaOz , the relative volumes of arterial and venous blood (p = Va/Vv) and the proportional 
extraction (E) of oxygen from its perfusate. rS05 represents the volume of oxygenated 
blood divided by the total blood volume (i.e. HbO2 / (Hb + HbO2). Hence, rSO2 = 
(SaO2.Va + SvO2.Vv) / (Va + Vv). From this we can obtain rSO2 in terms of p: rSO2 = 
(SaO2.p H- SvO2) / (p + 1). E = VO2 / DO2 = (SaO2 - SvO2) I SaO2 so we can substitute 
SaO2( 1 - E) for SvOz . This gives the equation:

rSO2 = (Sa02.p + SaO2(l- E)) / (p + 1) Equation 1 (the model) 
(An alternative is: rSO2 = SaO2(l - E{i - 0), where f = Va / (Va + Vv))

3.3. Fitting the Model with Measured Data

An example of a set of values for rSO^ obtained from this model for a sea leve! SaOj 
of 97%, appears in the results section (Table 1). Values are calculated for each measured 
SaO2 (at sea level on air, at altitudes 2400m, 3549m and 5050m and at sea level with 
subjects breathing 12.5% oxygen), Each set is presented graphically (Figures 2 and 3 in 
Results) as a plot of rSO2 against p, with isobars for E. The value of each measured rSO2 
is drawn as E horizontal line across the theoretical plot,

RESULTS

4.1. Oxygen delivery

Oxygen delivery is shown in Figure 1. it is constant over the range from sea level to 
3549m (A) and is lower at 5050m end at se& level in subjects breathing 12.5% oxygen. 
The lower DC; is related also to SfiCj in Figure 1 E

4.2. The Model and Measured SaO ; and rSO 2 Values

Table 1 shows rSO2 values for SaO2 97% (sea level) (calculated from the model).
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igure 2 shews the values from Table 1 in graphical form. Isobars for E appear as a grid 
j, a plot of rS02 against p. The measured rS02 value is also plotted as a horizontal bar 
jid crosses E = 0.4 and 0.5 E isobars around p values of 0.4 to 0.8.
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Table 1. Values of rSO: calculated from equation 1 for a range of p and E valucj nt sen level (Sn02 97%). 
Mean measured rSOi is given in the last column. Values in bold are nearest to measured values.

——————
p
i
L

1.5
1 
i

0.8
0,7
0.6'
0.5
0.4
0.3

E = 0.2
0.905
0.892
0.873
0.862
0.856
0.849
0.841
0.83 i
0.821

E = 0.25
0,889
0.873
0.849
0.835
0.827
0.818
0,808
0,79'-

0.782

E=0.32
0.867
0.846
0.815
0,798
0.787
0.776
0.763
0.748
0.731

E=0.4
0.841
0.815
0.776
0.754
0,742
0.728
0,711
0.692
0.672

E=0.5
0.808
0.776
0.728
0.701
0.685
0.667
0,647
0.624
0.597

rSO2 (sea)
0.696
0.696
0.696
0.696
0.696
0.696
0.696
0.696
0.696

In Figure 3 theoretical rSO; is again plotted against p with the same set of t isobars ss in 
Figure 2. For A (2400m) and B (3549m) the horizontal line indicating measured rS02 
crosses the same E isobars at the same relation to p as in Figure I (for sea level on air). In 
C (sea level breathing 12.5% 02) and D (5050m) (he line for the measured rSOj has 
moved to cross further up the grid of E isobars where E is lower.
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4. DISCUSSION

The measured results (SaO2! and MCA"V) here show a constant DO2 at lower 
altitudes (up to 3549m). However, DO2 is reduced under more hypoxic conditions found 
at 5050m and on 12.5% oxygen at sea level. Hence, there is a 'break point1 between 
3549m and 5050nr(or between 79% and 91% arterial oxygen saturation).
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The same 'break point' is seen when measured rSO2 values are fitted to the model, in 
it there is a change from a fixed relation between the oxygen extraction (E) and the 
io of Va to Vv {symbol p).

The two major changes in cerebral vascular function (the E/p relationship and 
rebral DO2) occurring at the same break point lends support to the simple model.

It is now possible to obtain Sv02 for tissue being examined with near infrared 
iectroscopy.7 This means that with future investigations it will be possible to calculate p 
om SaO2 and SvO2, and also to calculate E, according to equation 1 (the model), It will 
> interesting to see whether the derived values for p (Va/Vv) then agree with values 
om the literature (around 0.4) over the more normal physiological range below the 
reak point.31*"9 It will also be possible, if the model is then validated, to see whether the 
on-physiological phenomena beyond the break point mainly involve reduced oxygen 
xtraction (E) or whether, and to what extent, the cerebral arterial to venous volume ratio 
Va/Vv) changes.

It might be thought that changes in cerebral blood volumes alter a reserve of oxygen, 
nit can only be transient. A sustained alteration in D02 (a rate) requires a change iri 
)lood flow or oxygen content of the blood.

Use of p here (Va/Vv) is one way to depict the arterial volume relationships but one 
:an also use Va/(Va + Vv), termed f above (see 3.2. Model). Hence, the model has also 
M' given as an equation in f for those who prefer this format.

It is thought that, despite the simplicity of the model, formal demonstration of the 
relationships can be useful in the interpretation of cerebral NIRS data and in comparison 
of normal and abnormal function.
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Medroxyprogesterone at High Altitude. The Effects on 
Blood Gases, Cerebral Regional Oxygenation, and Acute 
Mountain Sickness
Alex D. Wright, MB; Margaret F. Beazley, MB; Arthur R. Bradwell, MB; lan M. Chesner, MB; 
Richard N. Clayton, MD; Peter J. G. Forster, MB; Peter Hillenbrand, MB; Christopher H. E. Imray, MB; 
for the Birmingham Medical Research Expeditionary Society

From the Department of Medicine, The Medical School, University of Birmingham, Edgbaston, Birmingham B15 2TT, UK,

Objective.—To study the effect of medroxyprogesterone on blood gases and cerebral regional ox- 
ygenation at high altitude, alone and in conjunction with acetazolamide, and to assess the effect on 
acute mountain sickness (AMS).

Design.—Two placebo-controlled trials during rapid ascent to high altitude.
Participants.—In the first trial, 20 participants, and in the second trial, 24 participants.
Setting.—During rapid ascent to 4680 m and on rapid ascent to 5200 m.
Intervention.—In the first trial, participants were randomized to receive medroxyprogesterone 30 

mg or a placebo twice a day. In the second trial, participants were randomly assigned to one of 4 
groups: a placebo twice daily, medroxyprogesterone 30 mg twice daily, acetazolamide 250 mg plus 
a placebo twice daily, or acetazolamide 250 mg plus medroxyprogesterone 30 mg twice daily.

Main Outcome Measures.—Blood gas changes and symptom scores of AMS in both trials and 
cerebral regional oxygen saturations in the first trial only.

Results.—Medroxyprogesterone improved peripheral oxygen saturations in both trials and improved 
Pao2 in combination with acetazolamide. Cerebral regional oxygen saturation was not altered by 
medroxyprogesterone. The reduction in symptom scores and in the extent of AMS was not significant 
in this limited study.

Conclusions.—Medroxyprogesterone acts as a respiratory stimulant, but the clinical benefit regard 
ing the development of AMS was unproven at high altitude. Combined medroxyprogesterone and 
acetazolamide gave the best Pao2 .

Key words: acute mountain sickness, progesterone, high altitude, oxygenation, acetazolamide

Introduction of drugs such as acetazolamide, which is of proven value
in the prevention of AMS2 and has also been used in

Individuals vary in their rate of acclimatization and in {he acute ^^^ of AMS .3 However, acetazolamide 
their susceptibility to acute mountain sickness (AMS); does not Mly protect against AMSi and side effects such 
hence, it is difficult to set a safe rate of ascent for a ag paresthesias sometimes limit its application. Other 
group so that no one is affected by AMS. 1 Ascent pro- dmgs that have been used in the treatment of established 
files are also determined by transport arrangements and AMS> guch as nifedipine for high-altitude pulmonary 
time constraints. As a result, prophylactic measures to edema4 and dexamethasone for high-altitude cerebral 
prevent AMS are often required. This has led to the use edema> 5 have also been tried in the prevention of AMS.

Nifedipine is ineffective,6' 7 and although dexamethasone
Presented at the llth International Hypoxia Symposium, Jasper, Al- j s protective, 8 the potential side effects when using the 

berta, 1999. recommended dose of 12 mg daily are of concern when
Corresponding author: Arthur R. Bradwell, MB, IDRL, The Binding . . , ,, .

Site Ltd PO Box 4073, Birmingham B29 6AT, UK (e-mail: ll 1S USed for Potion.
a.r.bradwell@bham.ac.uk). Acetazolamide increases ventilation at altitude, there- 

Reprints not available from the author. by increasing arterial and tissue oxygen concentrations. 2
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This may be particularly important in persons who have 
poor hypoxic ventilatory responses. 9 It is possible that 
other respiratory stimulants would be effective, but so 
far, only almitrine has been reported as improving arte 
rial oxygen saturation but also worsening periodic 
breathing in short-term studies at high altitude, 10 Pro 
gesterone is known to increase hypoxic ventilatory re 
sponses with an improvement in oxygen saturation and 
a reduction in hematocrit for persons residing at 3100 
m'' and to benefit patients with hypo ventilation syn 
dromes and sleep apnea. 12 In animals, progesterone re 
duces brain edema, 13 possibly by tightening the blood- 
brain barrier through the inhibition of Na-t-/K+-adeno- 
sine triphosphatase (ATPase). Progesterone has few side 
effects when taken in short courses. These features sug 
gest it has potential in the prevention of AMS and would 
be useful in combination with acetazolamide.

The purpose of these studies was to assess the effect 
of medroxyprogesterone alone and in combination with 
acetazolamide on blood gases at altitude. We wished to 
assess the effect of medroxyprogesterone on cerebral re 
gional oxygenation and in the prevention of AMS.

Methods

PILOT STUDY

An initial open pilot study was performed in Birming 
ham (150 m), to determine the side effects and changes 
in acid-base parameters of medroxyprogesterone alone, 
acetazolamide alone, and both drugs in combination. 
Five participants were given acetazolamide 500 mg daily 
for 7 days, followed by a 1-week washout, and then 
medroxyprogesterone 60 mg daily for 7 days, followed 
by a 1-week washout, and finally, acetazolamide 500 mg 
with medroxyprogesterone 60 mg daily for 7 days. Drug 
effects were recorded, and acid-base measurements were 
made on arterialized, capillary blood samples at the be 
ginning of the study and at the end of each treatment 
period.

HIGH-ALTITUDE STUDY 1

Twenty healthy persons, 17 men and 3 women aged 24 
to 59 years, were randomly allocated to groups on a 
double-blind basis that were administered an encapsu 
lated placebo (ascorbic acid) or medroxyprogesterone 30 
mg twice daily. Information on side effects was obtained 
prospectively each day using a structured interview. Af 
ter an overnight stay at sea level (La Serena, Chile), 
rapid ascent in a minibus was achieved after 3 days to 
2770, 3650, and 4680 m (Paso del Agua Negra).

HIGH-ALTITUDE STUDY 2

Twenty-four healthy persons, 22 men and 2 women aged 
22 to 65 years, were randomly allocated to groups that 
were administered one of 4 treatments, with 6 persons 
in each group:

1. Placebo (ascorbic acid, 3 tablets of 50 mg twice dai 
ly),

2. Medroxyprogesterone (3 tablets of 10 mg twice dai-
iy),

3. Acetazolamide (250 mg twice daily) plus a placebo 
(3 tablets twice daily), or

4. Acetazolamide (250 mg twice daily) plus medroxy 
progesterone (3 tablets of 10 mg twice daily).

The medroxyprogesterone part of the trial was double 
blinded and placebo controlled, while acetazolamide was 
an open trial. Information about drug side effects was 
obtained prospectively by use of a self-administered, 
symptoms questionnaire completed twice daily and, ret 
rospectively, by a structured interview held on the last 
day of the trial. All participants flew to 1300 m (Kath- 
mandu) and, 2 nights later, to 2800 m (Lukla). Subse 
quent ascent was by trekking, with overnight stops at 
3440 m (Namche Bazaar), 4120 m (2 nights at Pheri- 
che), and then 5200 m (Gorek Shep).

In both altitude studies, stratification of approximately 
two thirds of the participants according to previous sus 
ceptibility to AMS was performed before random allo 
cation to treatment groups. Randomization was per 
formed independently by the hospital pharmacy. Female 
participants were started on their allocated medication, 
medroxyprogesterone or a placebo, from the first day of 
their menstrual cycle prior to the drug trials and were 
randomly allocated to groups so that at least 1 participant 
was in the active medroxyprogesterone group. Compli 
ance with assigned therapy was assessed by counting 
unused tablets.

Symptoms of AMS were recorded using the Lake 
Louise self-reporting AMS questionnaire twice daily. 14 
A score of 3 or more at any one time indicated signifi 
cant AMS. In study 1, the scores from 7 participants 
who completed questionnaires, starting from their arrival 
at 2770 m until the second evening at 4680 m, were 
used to calculate a total AMS score. In study 2, the 
scores from 10 participants who completed question 
naires, starting from their arrival at 3440 m until the 
second morning at 5200 m, were used to calculate a 
similar total score. In both studies, participants were in 
terviewed each day by 2 physicians experienced in high- 
altitude medicine. As necessary, participants were with 
drawn from the drug trial and given acetazolamide ac 
cording to clinical indications. One participant in study
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Table 1. Acid-base data for the pilot study (mean and SD)

27

Pilot study

t/" < .001 compared with baseline.
*/> < .05.
JP < .001 compared with acetaxolamide alone.

PaCO2, kPa HCO3, mmol/L

Baseline (no drugs)
Medroxyprogesterone
Acetazolamide
Medroxyprogesterone plus acetazolamide

7.4116(0.22)
7.4314(0.028)
7.3596 (0.037)*
7.3747 (0.036)*

5.32 (0.24)
4.5 (0.27)f
4.51 (0.1 5)t
3.89 (0.18)tJ

24.9 (1.05)
23.9(1.6)
20.6 (2.2)*
20.2 (1.7)*

1 required additional dexamethasone on the second day 
at 4680 m. Results from these participants have been 
included in the original randomized groups on an inten 
tion-to-treat basis.

BLOOD GASES

In study 1, blood gases were measured on arterialized 
capillary samples using a Medical Analyzer (model 348; 
Chiron Diagnostics, Emeryville, CA) at 2770 and 4680 
m, and oxygen saturation in blood and heart rate were 
measured at 1-minute intervals at all altitudes using a 
digital pulse oximeter (Ohmeda 3770; BOC Group, Hat- 
field, UK). In study 2, blood gases were measured on 
arterialized capillary samples using a Corning Blood Gas 
Analyzer (model 238; Ciba Coming, Medford, MA) at 
3440, 4120, and 5200 m.

CEREBRAL REGIONAL OXYGENATION

In study 1, cerebral regional oxygen saturations were 
measured using near-infrared spectroscopy (Critikon 
2020; Johnson & Johnson Medical Ltd, Ascot, UK). 15 
Cerebral regional oxygenation was calculated using 
[Hbo2 H- total Hb]-100.

STATISTICS
Significant differences in oxygen saturations and blood 
gas data were determined by repeated-measures analysis 
of variance. Significant differences among the 4 treat 
ment groups in study 2 were determined by 2-way anal 
ysis of variance using repeated measures. 16 Other dif 
ferences were determined by the Student's / test. P-val- 
ues <.05 were considered significant.

Ethical approval was given by the Research Ethics 
Committee of the South Birmingham Health Authority, 
and permission to use medroxyprogesterone was given 
by the Department of Health Medicines Control agency. 
Participants gave informed consent.

Results

PILOT STUDY

All participants noted mild hyperventilation on medrox 
yprogesterone, particularly when combined with acet- 
azolamide, but there were no other side effects. Paco2 
was reduced to a similar extent by both acetazolamide 
and medroxyprogesterone, and a combination of the 2 
drugs gave an additive effect (Table 1). pH was not sig 
nificantly changed on medroxyprogesterone, but it de 
creased on acetazolamide and remained reduced when 
the 2 drugs were combined.

HIGH-ALTITUDE STUDY 1

All participants had some symptoms of AMS, and 7 of 
the 10 participants on medroxyprogesterone compared 
with 9 of the 10 participants on the placebo achieved a 
score of 3 or more on at least one questionnaire at high 
altitude. Total AMS scores for the 4 days at altitude were 
not significantly different for participants on medroxy 
progesterone (mean, 16.0; SD, 9.2) compared with those 
on the placebo (mean, 20.7; SD, 8.8). Mean peripheral 
oxygen saturations were higher throughout the study for 
participants on medroxyprogesterone (P = .049), but ce 
rebral regional oxygen saturations were not different 
(Figure 1). Pao2 levels were not measured because of 
equipment failure. End tidal CO2 was significantly re 
duced throughout the study for participants on medrox 
yprogesterone (P < .001) (Figure 2).

Paco2 was significantly reduced at 2770 m for partic 
ipants on medroxyprogesterone (mean, 3.96 kPa; SD, 
0.3) when compared to the placebo group (mean, 4.31 
kPa; SD, 0.27; P < .05) but was not significantly dif 
ferent at 4680 m (mean, 3.58; SD, 0.37, compared with 
mean, 3.75; SD, 0.18, respectively). At both altitudes, 
arterial pH values were not different between the 2 
groups (mean, 7.468; SD, 0.035, compared with mean, 
7.483; SD, 0.035, respectively).
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Sea level 2770 3860 
Altitude (m)

4680 4680

Figure 1. Peripheral oxygen saturation (top 2 lines) and ce 
rebral regional oxygenation (bottom 2 lines) before and during 
ascent to high altitude. Measurements were made at daily in 
tervals after an overnight stay at that altitude. A second mea 
surement was made after an additional 24 hours at 4680 m. 
Means (SD) of 10 participants on the placebo (•) and 10 par 
ticipants on medroxyprogesterone (o). Peripheral oxygen was 
greater for participants on medroxyprogesterone (P = .049). 
Cerebral regional oxygenation was not significantly different 
for participants on medroxyprogesterone.

HIGH-ALTITUDE STUDY 2
All participants had some symptoms of AMS. All of the 
participants on the placebo, 3 of the 6 participants on 
medroxyprogesterone, 3 of the 5 participants on acet- 
azolamide, and 4 of the 6 participants on the combina 
tion of drugs achieved an AMS score of 3 or more on 
at least one questionnaire at high altitude. Total AMS 
scores were not significantly lower on medroxyproges 
terone (16.2; SD, 16.3) or acetazolamide (26.3; SD, 
16.0) or on the combination of the 2 drugs (17.0; SD, 
8.0) when compared with the placebo (28.3; SD, 11.4). 
As clinically indicated, 4 participants were withdrawn 
from the drug trial at 4120 m; 1 participant taking the 
placebo and 2 participants taking medroxyprogesterone 
were started on acetazolamide and continued ascent, and 
1 participant taking acetazolamide descended with an 
unrelated illness that has been described elsewhere. 17

There was an overall difference in Pao2 among the 4 
treatment groups (F = 5.05, P < .01) (Table 2). Pao2 
was higher for participants on the combined therapy than 
for those on the placebo (F = 8.48, P < .02) but not 
for participants on medroxyprogesterone or acetazol 
amide alone. There was an overall difference in Paco2 
among the 4 treatment groups (F = 10.02, P < .01); 
both medroxyprogesterone and acetazolamide reduced 
Paco2 (F = 10.24, P < .01). Paco2 for participants on 
combined therapy was lower than for those on acet 
azolamide alone (F = 9.43, P < .01). There was an 
overall difference in plasma bicarbonate among the 4 
treatment groups (F = 8.79, P < .01); both medroxy-

6 

5.5

1 4.5-

3.S 

3

Sea leval 3680 

Altitude (m)

Figure 2. End tidal Pco2 before and during ascent to high 
altitude. Measurements were made at daily intervals after an 
overnight stay at that altitude. A second measurement was 
made after an additional 24 hours at 4680 m. Means (SD) of 
10 participants on the placebo (•) and 10 participants on med 
roxyprogesterone (o) were significantly different (P < .001),

progesterone and acetazolamide lowered plasma bicar 
bonate when compared with placebo (F = 13.7, P < 
.01). Plasma bicarbonate for participants on combined 
therapy was not different from plasma bicarbonate for 
those on acetazolamide alone. pH was reduced for par 
ticipants on acetazolamide alone and on combined ther 
apy (P < .05) but was not significantly different from 
pH for those on medroxyprogesterone when compared 
with placebo.

DRUG SIDE EFFECTS AND COMPLIANCE
In study 1, medroxyprogesterone was well tolerated, and 
at the end of the trial, none of the male participants was 
able to indicate whether he was taking the active med 
ication. Peripheral edema was detected in the same num 
ber of participants on medroxyprogesterone and the pla 
cebo. Compliance with allocated therapy was 86% for 
the placebo and 93% for medroxyprogesterone.

In study 2, all participants on acetazolamide reported 
slight-to-moderate paresthesias; in 7 participants, it was 
intermittent throughout the study, and in 5 participants, 
it tended to ameliorate at higher altitudes. Two partici 
pants on the placebo reported paresthesias, but none of 
the participants on medroxyprogesterone alone reported 
paresthesias. The severity and pattern of paresthesias 
were identical to those for the participants on combined 
therapy when compared with those on acetazolamide 
alone. Four participants, 2 on medroxyprogesterone 
alone and 2 on combined therapy, reported the sensation 
of deeper breathing or hyperventilation at rest. There 
was no evidence that medroxyprogesterone alone or in 
combination was associated with any increase in periph-
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Table 2. Blood gas data in high-altitude study 2 (mean and SD for each group on each of the test dates)*

Blood gases, altitude (m)
Day 2, 2660 Day 4, 3440 Day 6. 4120 Day 8, 5200

PaO2 , kPa
Placebo
Medroxyprogesterone
Acetazolamide
Az + Mpf

H*ion, nmol/L
Placebo
Medroxyprogesterone
Acetazolamide
Az + Mp

PaCO2 , kPa
Placebo
Medroxyprogesterone
Acetazolamide
Az + Mp

HCO3 , mmol/L
Placebo
Medroxyprogesterone
Acetazolamide
Az + Mp

7.27 (0.41)
6.93 (0.43)
7.17 (0.51)
7.77 (0.52)

7.483 (0.01)
7.478 (0.035)
7.428 (0.017)
7.46 (0.018)

4.83 (0.6)
4.09 (0.48)
4.37 (0.58)
4.04 (0.31)

28.4 (2.0)
25.3 (1.8)
23.6 (2.3)
24.2 (0.7)

6.160 (0.59)
6.2 (0.44)
6.49 (0.11)
6.93 (0.31)

7.475 (0.019)
7.478 (0.023)
7.418 (0.033)
7.442 (0.021)

3.67 (0.32)
3.11 (0.29)
3.09 (0.25)
2.77 (0.27)

23.3 (0.7)
21.5 (0.7)
19.0 (1.4)
18.9 (1.2)

5.63 (0.65)
5.57 (0.36)
6.17 (0.76)
6.09 (0.4)

7.483 (0.038)
7.477 (0.019)
7.427 (0.039)
7.457(0.018)

3.29 (0.36)
3.07 (0.13)
3.04 (0.36)
2.53 (0.19)

22.3 (1.6)
21.0 (1.1)
19.0 (1.5)
18.8 (0.9)

4.71 (0.43)
5.07 (0.4)
4.91 (0.43)
5.37 (0.41)

7.453 (0.044)
7.473 (0.043)
7.427 (0.035)
7.423 (0.018)

3.16 (0.83)
2.49 (0.2)
2.8 (0.53)
2.11 (0.23)

20.3 (1.5)
19.2 (2.1)
18.4 (2.9)
16.1 (1.0)

*PaO2 was higher in participants on combined therapy (P < .02); pH was reduced in participants on acetazolamide and on combined therapy 
(P < .05). PaCO2 was reduced in participants on medroxyprogesterone and acetazolamide (P < .01) and was further reduced in participants 
on combined therapy (P < .01).

f Az + Mp indicates acetazolamide plus medroxyprogesterone.

eral edema. Loss of libido was reported by 1 participant 
assigned to the placebo group and by 1 participant on 
combined therapy. Minor breakthrough vaginal bleeding 
occurred in the 1 female participant on medroxyproges 
terone. Compliance with allocated therapy was 99% for 
the placebo, 98% for medroxyprogesterone, and 98% for 
acetazolamide.

Discussion
Medroxyprogesterone did not prevent AMS as defined 
by a Lake Louise score of 3 or more in the small num 
bers studied. In both studies, although there was a trend 
toward lower AMS scores on medroxyprogesterone and 
more participants had no AMS (score, <3) on medrox 
yprogesterone than on the placebo or acetazolamide, the 
differences were not significant. It is possible that a more 
sensitive scoring system than the Lake Louise question 
naire is required, 18 as our own modified environmental 
system questionnaire showed greater differences among 
the treatment groups in study 2 (data not shown); how 
ever, this was not used in study 1. A formal combination

of the results of the 2 high-altitude studies was not pos 
sible because the rate of ascent and the amount of ex 
ercise were different. Larger numbers of participants are 
required to overcome the variable susceptibility to AMS. 
Ideally, a crossover study should be performed using 
participants as their own controls in order to prove the 
efficacy of medroxyprogesterone, but acclimatization 
would introduce another variable.

Progesterone stimulates an estrogen-dependent recep 
tor at hypothalamic sites and influences the respiratory 
center via a neural pathway. 19 Progesterone also stimu 
lates peripheral chemoreceptors. 20 Our studies confirmed 
the expected effect of a reduction in Paco2 and an im 
provement in peripheral oxygen saturation. The failure 
to show an improvement in cerebral regional oxygena- 
tion may have been due to the small effects observed, 
but it is also possible that the effect of a fall in carbon 
dioxide reduced cerebral blood flow and offset any im 
provement in peripheral oxygen saturation. Although we 
assumed that the small clinical effects of medroxypro 
gesterone were due to increased oxygenation, it is pos-
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sible that other effects such as the inhibition of Na+/ 
K+-ATPase are important.

The side effect profile for medroxyprogesterone was 
acceptable and better than that for acetazolamide. Sup 
pression of plasma gonadotrophins and testosterone was 
noted with these high doses of medroxyprogesterone in 
the pilot study but with no immediate clinical effect. The 
time course of these altitude studies was similar to that 
of the pilot study. Medroxyprogesterone in female par 
ticipants, however, was difficult to use and required con 
firmation that the woman was not pregnant as well as 
the initiation of therapy at the onset of menstruation. It 
also risked some breakthrough uterine bleeding.

These studies used pharmacologic doses of medrox 
yprogesterone, which may have effects different from 
physiologic levels of progesterone.21 Women have been 
variously described as protected,22 -23 equally suscepti 
ble,24 or at greater risk25 of acquiring AMS when com 
pared with men. However, studies have not always been 
limited to the luteal phase of the menstrual cycle. 
Whether the high concentrations of progesterone occur 
ring during pregnancy or the relatively lower doses of 
progesterone used in contraceptive preparations are ben 
eficial remains unknown. The role of progesterone in the 
treatment of the severe forms of AMS has not been as 
sessed, but it is unlikely to be effective as monotherapy, 
given the modest effects seen in our studies.

Conclusions

In conclusion, the improvement in peripheral oxygena- 
tion on medroxyprogesterone was small and was not de 
tected in cerebral regional oxygenation. Larger numbers 
of participants would be required to demonstrate a re 
duction in AMS scores and the prevention of AMS. The 
practical difficulties of using this drug in female partic 
ipants preclude this.
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Imray, C. H. E., S. D. Myers, K. T. S. Pattinson, A. R. 
Bradwell, C. W. Chan, S. Harris, P. Collins, A. D. Wright, and 
the Birmingham Medical Research Expeditionary Society. Ef 
fect of exercise on cerebral perfusion in humans at high altitude. 
J Appl Physiol 99: 699-706, 2005. First published May 26, 2005; 
doi:10.1152/japplphysiol.00973.2004.—The effects of submaximal 
and maximal exercise on cerebral perfusion were assessed using a 
portable, recumbent cycle ergometer in nine unacclimatized subjects 
ascending to 5,260 m. At 150 m, mean (SD) cerebral oxygenation 
(rSoa%) increased during submaximal exercise from 68.4 (SD 2.1) to 
70.9 (SD 3.8) (P < 0.0001) and at maximal oxygen uptake (Vo2max) 
to 69.8 (SD 3.1) (P < 0.02). In contrast, at each of the high altitudes 
studied, rSo2 was reduced during submaximal exercise from 66.2 (SD 
2.5) to 62.6 (SD 2.1) at 3,610 m (P < 0.0001), 63.0 (SD 2.1) to 58.9 
(SD 2.1) at 4,750 m (P < 0.0001), and 62.4 (SD 3.6) to 61.2 (SD 3.9) 
at 5,260 m (P < 0.01), and at Vo2ma* to 61.2 (SD 3.3) at 3,610 m 
(P < 0.0001), to 59.4 (SD 2.6) at 4,750 m (P < 0.0001), and to 58.0 
(SD 3.0) at 5,260 m (P < 0.0001). Cerebrovascular resistance tended 
to fall during submaximal exercise (P = not significant) and rise at 
Vo2max, following the changes in arterial oxygen saturation and 
end-tidal CO2 . Cerebral oxygen delivery was maintained during 
submaximal exercise at 150 m with a nonsignificant fall at Vo2rnax, 
but at high altitude peaked at 30% of Vo2 max and then fell progres 
sively at higher levels of exercise. The fall in rSo2 and oxygen 
delivery during exercise may limit exercise at altitude and is likely to 
contribute to the problems of acute mountain sickness and high- 
altitude cerebral edema.

maximal oxygen uptake; cerebral oxygenation; cerebral blood flow; 
cerebrovascular resistance; cerebral oxygen delivery

ALTERED CEREBRAL FUNCTION on ascent to altitude was part of the 
first description of mountain sickness in 1913 (40), and acute 
mountain sickness (AMS) and high-altitude cerebral edema 
(HACE) have been shown to be potentially serious clinical 
conditions that may occur on acute exposure to altitudes above 
2,500-3,000 m. Exercise at altitude causes further decreases in 
arterial oxygenation and so may exacerbate cerebral hypoxia. 
However, the fall in arterial saturation that occurs during 
exercise at high altitude (14) might not affect cerebral oxygen 
ation to the same extent as it does in peripheral tissues due to 
a compensatory increase in cerebral blood flow (24). Never 
theless, avoidance of strenuous exercise during ascent, and on 
arrival at altitude, is standard advice for reducing the risk of 
AMS and HACE. Evidence from clinical studies is conflicting. 
Higher AMS symptom scores were found in subjects exercis

ing four times a day for 30 min at 50% of their altitude-specific 
maximal oxygen consumption (Vo2max), compared with no 
exercise, in a chamber study at simulated altitude of 4,800 m 
(41). Another study of mountaineers, however, showed that 
physical fitness and exercise intensity during ascent to 4,559 m 
were of minor importance for the development of AMS (3). It 
is also possible that other neurological conditions falling out 
side the usual definition of altitude sickness (2) could be related 
to exercise.

Near-infrared cerebral spectroscopy and transcranial Dopp- 
ler measurement of middle cerebral artery (MCA) blood ve 
locity offer continuous noninvasive assessments of cerebral 
perfusion. Cerebral spectroscopy has been shown to track 
changes in jugular venous bulb saturations in healthy volun 
teers under conditions of isocapnic hypoxia (12) and has also 
been validated by comparison with PET scanning, with 133Xe 
washout methods and with internal carotid artery stump pres 
sures (54). We have used this technique during dynamic 
studies of cerebral oxygenation at altitude and assessed the 
effects of hyperventilation, oxygen therapy, and COz supple 
mentation (19, 20) and during assessment of the effects of 
pressurization in a portable hyperbaric chamber (21). Assess 
ments of cerebral blood flow and cerebral oxygenation during 
exercise and under field conditions have proven challenging. 
The standard, upright exercise cycle results in excessive head 
movement and use of arms, particularly as one approaches 
maximal exercise. To overcome these difficulties, we built a 
portable, recumbent exercise ergometer (Alticycle) for under 
taking cerebral perfusion measurements in the field.

This study aimed to measure changes in cerebral perfusion at 
rest and during exercise up to Vo2 max at altitudes from 150 to 
5,260 m to gain further insight into the factors that limit 
exercise and alter cerebral function on acute exposure to high 
altitude.

MATERIALS AND METHODS

Subjects. Eleven healthy white Europeans (1 woman; ages 32-65 
yr) were studied. All were nonsmokers, normotensive, on no medi 
cation, physically fit, living at 50-150 m, with no recent exposure to 
high altitude, and were familiar with cycle ergometer-based exercise 
tests. Measurements were recorded at Birmingham, UK (150 m) and 
during an expedition to Bolivia. The first measurement at high altitude 
was made 24-36 h after arrival at 3,610 m (La Paz). Two subjects 
were subsequently excluded from the study because of excessive rises 
of blood pressure during exercise at this altitude. The group then
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traveled by road, and repeat measurements were made on the remain 
ing nine subjects 24-36 h after arrival at 4,750 m (Refugio Potosi) and 
5,260 m, (ski station, Chacaltaya). All measurements at high altitude 
were therefore completed within 9 days of arrival in Bolivia. Baro 
metric pressure was obtained from the mean of four portable barom 
eters (Suunto Observer, Helsinki, Finland).

Alticycle. The Alticycle cycle ergometer has four novel features 
(Fig. 1). First, the cycling position is fully supine. The body of the 
subject is held by shoulder straps and a waist belt to the alticycle 
frame. The head, resting freely in a stable position, is isolated from the 
main body of the alticycle, and the arms are free. Second, the exercise 
load is provided by a friction brake applied to a 2-kg flywheel linked 
through a series of gears that allows it to rotate between 4,000 and 
5,000 revolutions/min. This combination provides good inertia for 
cycling but with minimal weight. Third, power output and cadence are 
measured via a strain-gauged crank set assessing torque and cadence 
(Schoberer Rad Meptechnik, Jiilich, Germany). Power is measured 
directly in Watts on a second-by-second basis. Fourth, it folds into a 
self-contained compact backpack-style unit (Six 37X 24 cm, weight 
25 kg), allowing it to be carried by a single person.

Exercise tests. Subjects completed two tests at each altitude. A 
Vo2 ma}t test was undertaken first, followed by a submaximal test on 
the same day separated by a minimum interval of 4 h. Subjects rested 
for one-half hour before each test and then exercised gently for 5 min 
at 50 W to warm up. Subjects maintained a cadence rate of 55 pedal 
revolutions/min for each test. For the maximal test, starting loads for 
each subject were estimated to produce a test lasting —10 min (53). 
The load was increased by 20-W increments per minute up to 
volitional exhaustion. In the submaximal test, subjects were required 
to complete 15 min of cycling comprising three 5-min, consecutive

Fig. 1. A: Alticycle. B: Alticycle in use.

exercise periods at 30, 50, and 70% of the power of the altitude- 
specific Vo2max, respectively.

Expired gas was analyzed breath by breath using a Cosmed K4b2 
portable gas-exchange unit (Cosmed, Rome, Italy) for oxygen uptake 
(Voz; photometric gas analyzer), end-tidal COi (infrared absorption), 
and minute volume (turbine flowmeter). The Cosmed K4b2 was 
chosen for its portability and performance at high altitude (6), which 
has been confirmed subsequently by the authors (36). Gases were 
collected via a tight-fitting Cosmed-modified Hans Rudolph face- 
mask. Finger-pulse oximetry (arterial oxygen saturation) was mea 
sured using an Ohmeda Biox 3740 Pulse Oximeter (Ohmeda). Con 
tinuous beat-to-beat blood pressure was measured using the radial 
artery tonometry technique with a COLIN CBM-7000 monitor 
(ScanMed Medical Instruments, Moreton-in-the-Marsh, UK), and 
mean blood pressure was calculated from the formula mean blood 
pressure = diastolic blood pressure + l/3(systolic blood pressure — 
diastolic blood pressure). Predicted heart rates at Vo2ma x were cal 
culated using the formula 220 — age (yr).

Cerebral hemodynamics. MCA blood velocity was measured using 
a 2-MHz, pulsed-wave, range-gated Doppler ultrasound (DWL Multi- 
Dop Tl, DWL Elektronische Systeme, Singen, Germany). The MCA 
time-averaged mean velocity (cm/s) was recorded electronically. A 
single, experienced operator performed the measurements by insonat- 
ing the right MCA through the temporal bone window with the subject 
at rest. The insonation depth was initially set at 50 mm and then 
gradually increased to identify the optimal signal. Once found, the 
position was fixed using a locking headband, which allowed the 
subject to cycle freely. Occasionally, it was necessary to optimize the 
signal manually during a test by adjusting the direction but not the 
depth of the beam.

Cerebral regional oxygenation (rSo2) was measured by continuous, 
noninvasive, near-infrared cerebral spectroscopy. The Critikon 2020 
(Johnson and Johnson Medical, Newport, UK) spectroscope is based 
on a two-channel sensor and a coupling compensation system. Infra 
red light is emitted at four wavelengths (776.5, 819.0, 871.4, and 
908.7 nm) from a light-emitting diode, and two silicon photodiode 
detectors are set 10 and 37 mm from the light-emitting diode. The 
absolute concentrations of oxyhemoglobin (in u,M) and deoxyhemo- 
globin (in (xM) are calculated from a modified version of the Beer- 
Lambert law. The dual detector sensor position was standardized over 
the right frontoparietal region of the head with sensor margins 3 cm 
from the midline and 3 cm above the supraorbital crest, taking care to 
avoid the sagittal and frontal sinus areas (18). The measurement of 
rSoz was calculated from the equation 1802= (oxygenated hemoglo 
bin/total hemoglobin) X 100.

Statistical analyses. Data was collected continuously by logging it 
to the DWL Multi-Dop Tl. Offline analysis was subsequently under 
taken. All data are reported as mean and standard deviation (SD) 
unless indicated otherwise. Resting measurements were taken imme 
diately before the Voa max test at each altitude. Heart rate, mean blood 
pressure, arterial saturation, end-tidal Pco2 , minute volume, Vo2, 
MCA blood velocity, cerebral deoxygenation, cerebral oxygenation, 
total hemoglobin, and rSoz were taken from a mean of the three last 
readings (—20, —10, and 0 s) at each level of exercise. Cerebrovas- 
cular resistance (CVRCS i) was calculated using the formula CVRCS , = 
mean arterial blood pressure/MCA blood velocity (26, 44), and 
cerebral oxygen delivery using the formula cerebral oxygen deliv 
ery = arterial oxygen saturation X MCV blood velocity (33).

The significance of changes occurring in resting measurements 
during ascent and changes in measurements during submaximal ex 
ercise were assessed by repeated-measures ANOVA (StatView for 
Windows, Abacus Concepts, Berkley, CA) with difference located 
using Tukey's honestly significant different post hoc test. Resting and 
V02max data were compared using paired Mests. P values of <0.05 
were considered significant.
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Table 1. Environmental measurements and subject characteristics for each altitude

Altitude, m

150 3,610 4.750 5,260

Atmospheric pressure, mmHg
Ambient temperature, °C
Body mass, kg
Height, cm
Body mass index, kg/m2

743
23.6
81.1 (9.7) 

181.1 (5,1)
25.4 (2.9)

496 
24.9 
81.6(9.7)

435 
14.6 
82.5(10.3)

410 
14.3 
82.5(10.9)

Data are means (SD); n = 9. Body mass did not alter significantly during ascent.

The Research and Ethics Committee of the South Birmingham 
Health Authority granted approval for the studies, and subjects gave 
their written, informed consent.

RESULTS

No technical difficulties were experienced with the pulse 
oximeter or the Alticycle. The signal from the Colin blood 
pressure monitor occasionally required optimization by adjust 
ing the sensor position over the radial artery, and this was a 
particular problem with the recordings at 5,260 m. The K4b2 
needed to be carefully cleared of condensation before each test. 
When using an early version of the Alticycle, background 
rumble interfered with the transcranial Doppler recordings 
when subjects exercised close to Vo2 max - Interference was 
eliminated initially using a 100-MHz filter. Although this was 
satisfactory, the Alticycle was adapted for all experimental 
data reported in this paper with a rubber interface placed 
between the joints of the Alticycle and the subject's head being 
supported independently of the ergometer by a firm pillow, 
removing the need for the 100-MHz filter. Good signals from 
the cerebral spectroscopy probe were maintained by careful 
cleaning of the forehead and probe with ethanol. Mean (SD) 
heart rate recorded at Vo2 max was 90% (SD 7) of predicted of 
150 m at 3,610 m, 81% (SD 5) of predicted at 4,750 m, and 
74% (SD 4) at 5,260 m.

Environmental measures and subject characteristics for each 
altitude are listed in Table 1. Body mass did not change

significantly during the study. Resting and exercise cardiore- 
spiratory data are shown in Table 2 and cerebral perfusion data 
in Table 3 and Figs. 2-5. With increasing altitude, resting heart 
rate, mean blood pressure, total hemoglobin, and oxyhemoglo- 
bin did not change (Table 2). Resting arterial oxygen saturation 
and end-tidal Pco2 decreased at all altitudes compared with 
150 m (P < 0.0001 for both) (Table 2). Resting Vo2 increased 
at all altitudes compared with 150 m (P < 0.05). Resting 
ventilation also increased significantly at 4,750 m (P < 0.05) 
and 5,260 m (P < 0.001). Resting MCA blood velocity 
increased from 60.2 cm/s (SD 14.1) at 150 m to 73.4 cm/s (SD 
20.4) at 5,260 m (P < 0.05), and resting rSo2 decreased from 
68.4% (SD 2.1) at 150 m to 62.4% (SD 3.6) at 5,260 m (P < 
0.0001) (Table 3). There was no difference in resting CVRest or 
cerebral oxygen delivery between the different altitudes 
(Fig. 2).

Exercise at 150 m (Tables 2 and 3). Mean arterial blood 
pressure did not change significantly during exercise. Oxygen 
saturation was unchanged during submaximal exercise but fell 
at Vo2max (P < 0.0001). End-tidal CO2 was unchanged during 
submaximal exercise but was reduced from 36.3 Torr (SD 4.7) 
resting to 33.1 Torr (SD 5.3) at Vo2 max (P < 0.05). Ventilation 
and Voa rose progressively during both submaximal and 
Vo2max tests (P < 0.0001). MCA blood velocity rose initially 
but fell at the highest workloads with an increase from 60.2 
cm/s (SD 4.1) at rest to 65.5 cm/s (SD 12.9) at 70% Vo2m ax 
(P < 0.05) and a reduction to 50.5 cm/s (SD 22.3) at Vo 2 max

Table 2. Cardiorespiratory data during exercise at different altitudes

150m

Heart rate,
beats/min

Mean BP,
mmHg

Oxygen,
saturation
%

End-tidal
Pco2, Ton-

Ventilation,
1/min

V02,
ml-min~'-kg~'

Rest

68
(14)

106
(12)

99.0

(0.8)"

36.2
(4.7)

12.9
(2.2)

5.7
(1.5)

30%

98
(9.3)'

112
(9)

98.6

(0.5)

38.6
(3.7)

37.8
(4.9)

19.9
(1.4)

50%

119
(13.1)'

115
(12)

98.1

(0.8)

38.4
(3.8)

56.4
(8.1)

28.2
(3.3)

70%

133
(13.4)'

120
(11)

97.1

(0.7)

37.3
(4.6)

78.3
(9.9)

36.6
(4.1)

V02™X

164
(9)

112
(18)

94.9

(2.8)°

33.1
(5.3)b

127
(25.4)

43
(7.7)

Rest

78
(10)

107
(20)

89.5

(4.7)°

25.0
(1.8)d

20.7b
(6.1)

10.7
(6.1)

30%

124
(9)

123
(12)

83,7

(5.1)

29.7
(12.2)

44.8
(9.9)

18.5
(4.2)

3,610 m

50%

132
(7)

130
(14)

81.9

(4.1)

23.4
(2.2)

80.1
(21.5)

29.1
(7.3)

70%

148
(8)

138
(17)

80.6

(4.2)°

21.1
(2.4)"

111
(18.5)

32.8
(9.5)

Vo2m»

142
(27)

123
(19)

83.1

(11.5)°

19.3
(1.7)'

138
(24)

35.4
(6.3)

Rest

78
(12)

107
(13)

82.3

(4.6)°

24.1
(l.8)d

24.0 b
(5.3)

10.9
(5.4) b

30%

108
(9)

114
(13)

73.76

(8.5)

24.1
(2.6)

45.6
(9.6)

17.1
(3.5)

4.750 m

50%

121
(8)

122
(17)

71.2

(8.5)

22.3
(2.8)

76.8
(18.5)

25.4
(6.5)

70%

134
(8)

128
(15) b

71.6

(6.1)

20.9
(2.3)°

112.9
(22.4)

31.7
(6.1)

Vo 2m«

135
(11)

122
(15)""

74.1

(9.3)

19.0
(2.7)"

147
(35)

36.4
(8.5)

Rest

72
(12)

108
(14)

81.8

(4.7)"

21.5
(2.9)"

30.7 b
(5.6)

11.0
(1.0) d

30%

92
(24)

109
(8)

68.9

(15.1)

23.7
(2.1)

45.3
(13)

18.3
(8.5)

5,260 m

50%

107
(22)

116
(9)

69.9

(8.6)

21.4
(1.8)

79.1
(13.1)

25.8
(6.9)

70%

118
(18)

126
(12)"

72.1

(4.4)'

19.4
(1-9)"

106.5
(16.6)

29.4
(6.7)

VOJmax

130
(5)

107
(14)

74.6

(5)°

14.9
(2)e

145
(26.8)

37.0
(7.8)

Data are means (SD) for the 9 
oxygen uptake (Vo2m»x) and Vo

subjects completing the study; 'n = 1. Differences are reported between altitudes for resting values 
max are compared with rest. BP, blood pressure; Vo2, oxygen uptake. Significant differences: hP <
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Table 3. Cerebral perfusion data during exercise at different altitudes

150 m

MCA blood
velocity.
cm/s

Cerebral
HbD02 ,
|iM

Cerebral
HbCh,
M.M

Cerebral total
Hb, M.M

Cerebral
oxygenation.
%

Rest

60.2
(14.1)

33.6
(6.2)

77
(12.4)

104.7
(22.6)

68.4
(2.1)

30%

66.1
(12.5)

35
(5.4)

76.4
(19.3)

109.4
(21.5)

68.6
(2.6)

50%

69.4
(14.9)

34.8
(4.9)

80.3
(21.7)

111.9
(21)

69.9
(3.4)

70%

65.5
(12.9)§

34.6
(3.3)

83.2
(22.6)

114.6
(21.3)

70.9
(3.8)8

V02m,x

50.5
(22.3)*

33.9
(6.6)

77.3
(15.8)

108.2
(24.9)

69.8
(3.1)*

Rest

64.5
(14.1)

34.7
(5.2)

70.2
(14.6)

107.6
(21.5)

66.2
(2.5)

307o

76.1
(13.8)

39.3
(4.4)

75.5
(10.1)

114.6
(14.1)

64.6
(2.5)

3,610m

50%

71.7
(13.8)

41,7
(4.6)

77,8
(10.7)

118.2
(14.8)

63.7
(1.8)

70%

66
(17.3)8

44.4
(5.4)

79.7
(10.5)

122
(15.7)

62.6
<2.1)§

Vo2m,.

50.6
(21.7)§

44.0
(6.8)

76.6
(18.3)

112
(27)

61.2
(3.3)8

Rest

66.6
(20.5)

40.6
(4.5)

72.1
(17.1)

11.0
(15.4)

63
(2.1)

30%

87.2
(25.7)

48.6
(6.6)

77.9
(13.2)

126
(18.5)

61.4
(2.2)

4,750 m

50%

83.4
(20.9)

50.7
(6.1)

80
(13.6)

131.5
(18.9)

60.6
(2.0)

70%

78.7
(20.7)8

54.9
(6.9)

81.7
(16.4)

134.6
(21.9)

58.9
(2.1)8

V02™x

58.6
(19.4)§

47.6
(6.4)

77.4
(23.6)

114.7
(16.6)

59.4
(2.6)

Rest

73.4
(20.4)*

41,2
(3.9)

68.3
(11.9)

110
(15.4)

62.4
(3.6)

30%

81
(28.6)

42
(4.9)

64.5
(13.3)

103
(26)

57.9
(10.1)

5,260 m

50%

83.3
(24.7)

45.5
(3.9)

68.9
(8.8)

110
(22.1)

60.1
(4.4)

70%

81
(19.6)

49.2
(8.6)

71.8
(7.9)

113
(19.5)

61.2
(3.9»

Vo2n»x

67.1
(16.3)8

47.7
(5.8)

65.7
(10.7)

116
(20.8)

58
(3.0)

Data are means (SD) for the 9 subjects completing the 
are reported between altitudes for resting values and for 
*P < 0.05; tP < 0.01; \P < 0.001; §/> < 0.0001.

study. MCA, middle cerebral artery; HbDOi, deoxyhemoglobin; HbCb, 
exercise at each altitude; 70% Voimax and Voamx are compared with

oxyhemoglobin. Differences 
rest. Significant differences;

(P < 0.01) (Fig. 2). rSo2 increased from 68.4% (SD 2.1) at rest 
to 70.9% (SD 3.8) during submaximal exercise (P < 0.0001) 
and to 69.8% (SD 3.1) at Vo2 max (P < 0.05) (Fig. 3). CVRcst 
and cerebral oxygen delivery were not significantly different 
between resting and Vo2 max (Figs. 4 and 5).

Exercise at 3,610 m (Table 2 and 3). Mean arterial blood 
pressure did not change significantly during exercise. Arterial 
oxygen saturations were reduced at all levels of exercise 
compared with baseline (P < 0.0001). End-tidal CO2 during 
submaximal exercise rose initially but was reduced from 24.9 
Torr (SD 1.7) at rest to 21.1 Torr (SD 2.4) at 70% Vo2 max (P < 
0.001) and to 19.3 Torr (SD 1.7) at Vo2max (P < 0.0001). 
Ventilation and Vo2 rose progressively during the tests (P < 
0.0001). MCA blood velocity rose initially and fell with 
maximal exercise, with an increase from 64.5 cm/s (SD 14.1) 
at rest to 66.0 cm/s (SD 17.3) at 70% Vo2 raax (P < 0.0001) and 
a reduction to 50.6 cm/s (SD 21.7) at Vo2max (P < 0.0001) 
(Fig. 2). rSo2 was reduced from 66.2% (SD 2.5) at rest to

100 -, 
o 
.2? 90-

a 80-

O 70- 
ra
2 60-
a
B
g «H
0)

1 «-
2 Baseline 30% 50% 70% VO,,

Fig. 2. Changes in middle cerebral artery blood velocity during exercise at 
different altitudes (•, 150 m; », 3,610 m; •, 4,750 m; *, 5,260 m). Values are 
means and SE. Velocity at rest increased with increasing altitude (P <0.05). At 
all altitudes, velocity increased during submaximal exercise (P < 0.05- 
0.0001) but fell at maximal oxygen uptake (Vo2max; P < 0.01-0,0001).

62.6% (SD 2.1) during submaximal exercise (P < 0.0001) and 
to 61.2% (SD 3.3) at Vo2 max (P < 0.0001) (Fig. 3). There was 
a rise in CVRcst from 1.7 (SD 0.41) at rest to 2.16 (SD 0.57) at 
Vo2max (P < 0.05) (Fig. 4) and a fall in cerebral oxygen 
delivery from 5,811 (SD 1,419) at rest to 4,665.6 (SD 1,324) at 
Vo2max (P< 0.01) (Fig. 5).

Exercise at 4,750 m (Tables 2 and 3). Mean arterial blood 
pressure increased from 107 mmHg (SD 13) to 128 mmHg (SD 
15) during submaximal exercise (P < 0.05) and remained 
elevated at Vo2max compared with resting (P < 0.001). End- 
tidal CO2 rose initially but was reduced from 23.7 mmHg (SD 
2.0) at rest to 20.9 mmHg (SD 2.3) at 70% Vo2 max (P < 
0.0001) and to 19.0 mmHg (SD 2.7) at Vo2max (P < 0.0001). 
Ventilation and Vo2 rose progressively during the tests (P <

70 H

g
ra 
o '5> 
£ eo

Baseline 30% 50% 70% VO,.

Fig. 3. Changes in cerebral oxygenation at different altitudes (•, ISO m; », 
3,610 m; •, 4,750 m; A, 5,260 m). Values are means and SE. Resting 
oxygenation decreased with increasing altitude (P < 0.0001). At 150 m, 
oxygenation increased during submaximal exercise (P < 0.0001) and at 
Vo2 max (P <0.05). At higher altitudes, oxygenation was reduced during 
submaximal exercise and at Vo2max (P < 0,01-0.0001).
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Fig. 4. Changes in cerebrovascular resistance at different altitudes (•, 150 m; 
«, 3,610 m; •, 4,750 m; A, 5,260 m). Values are means and SE. Resting values 
did not change with increasing altitude. Resting and Voz max values were not 
significantly different at 150 m but rose at 3,610 m (P < 0.05), 4,750 m (not 
significant), and 5,260 m (P < 0.0001).

0.0001). MCA blood velocity rose initially and fell at maximal 
workloads, with an increase from 66.6 cm/s (SD 20.5) at rest to 
78.7 cm/s (SD 20.7) at 70% Vo2max (P < 0.0001) and a 
reduction to 58.6 cm/s (SD 19.4) at Vo2 max (P < 0.0001) (Fig. 
2). rSo 2 was reduced from 63.0% (SD 2.1) at rest to 58.9% (SD 
2.1) during the submaximal exercise test (P < 0.0001) and was 
reduced to 59.4% (SD 2.6) at Vo2ma x (P < 0.0001) (Fig. 3). 
The rise in CVRest from 1.75 (SD 0.61) at rest to 2.49 (SD 
1.25) at Vo2max was not significant (P = 0.057; Fig. 4), but 
there was a fall in cerebral oxygen delivery from 5,487 (SD 
1,688) at rest to 4,270 (SD 1,295) at Vo2max (P < 0.01; Fig. 5). 

Exercise at 5,260 m (Tables 2 and 3). Mean arterial blood 
pressure increased from 108 mmHg (SD 14) at rest to 126 
mmHg (SD 12) during submaximal exercise (P < 0.001) but 
was reduced to 107 mmHg (SD 14) at Vo2 max compared with 
resting. Arterial oxygen saturations were reduced compared 
with resting (P < 0.0001). End-tidal CO2 rose initially but then 
was reduced from 21.3 Torr (SD 2.9) at rest to 19.4 Torr (SD 
1.9) at 70% Vo2max (P < 0.001) and to 14.9 Torr (SD 2.0) at 
Vo2max (P < 0.0001). Ventilation and Voa rose progressively 
during the tests (P < 0.0001). MCA blood velocity rose 
initially and fell at maximal exercise, with an increase from 
73.4 cm/s (SD 20.4) at rest to 81.0 cm/s (SD 19.6) at 70% 
Vo2max (P < 0.001) and a reduction to 67.1 cm/s (SD 16.3) at 
Vo2max (P < 0.0001) (Fig. 2). rSo2 was reduced from 62.4% 
(SD 3.6) at rest to 61.2% (SD 3.9) during submaximal exercise 
(P < 0.01) and was reduced to 58.0% (SD 3.0) at Vo 2 max (P < 
0.0001) (Fig. 3). There was a rise in CVRcst from 1.63 (SD 
0.64) at rest to 2.16 (SD 0.7) at Vo2 max (P < 0.0001) (Fig. 4) 
and a fall in cerebral oxygen delivery from 6,158 (SD 1,690) at 
rest to 5,049 (SD 1,264) at Vo2max (P < 0.01) (Fig. 5).

DISCUSSION

The cardiopulmonary effects of exercise at altitude have 
been studied extensively, but the effect of exercise on cerebral 
perfusion has received limited attention. No comparable stud 
ies of cerebral oxygenation at Vo2 max, or any combined mea 
surements of cerebral oxygenation and MCA blood velocity

at Vo2 max, at high altitude have been reported. Our results 
showed reductions in cerebral oxygenation and oxygen deliv 
ery during submaximal and maximal exercise at altitude.

The major determinants of cerebral blood flow are arterial 
Po2 (Pao2), arterial Pco 2 (Pacoj) (1). and blood pressure, and 
each of these is altered by both exercise and altitude. Reduc 
tions in both Pao2 and Paco2 on acute exposure to altitude, and 
during exercise at altitude, will have opposing effects on 
cerebral blood flow. Furthermore, the effects of these stimuli 
will be modified and vary with acclimatization. An important 
part of the respiratory acclimatization to altitude is the change 
in the hypercapnic ventilatory response, resulting in increased 
ventilatory sensitivity to CO2 (26). It has been shown that both 
cerebral blood flow and cerebral oxidative metabolism returns 
toward baseline by 3 wk at 5,260 m (31). In the present study, 
the responses observed at 4,750 and 5,260 m probably reflected 
partial acclimatization since they were performed 4-7 days 
after arrival at 3,610 m.

Our finding that acute exposure to the three altitudes had no 
effect on resting mean systemic arterial blood pressure is 
consistent with other reported studies (50). The rise in mean 
blood pressure in response to submaximal exercise at each high 
altitude was similar to that found at 150 m but was only 
significantly increased at the two highest altitudes. The fall in 
blood pressure at Vo2 max is consistent with other reports (50, 
51). The changes in blood pressure we observed with exercise 
at altitude are well above the range at which autoregulation has 
been shown to occur. Autoregulation maintains a constant 
cerebral blood flow of 50-60 ml-100 g~' -min~' over arterial 
pressures ranging from 60 to 140 mmHg (16). Experience 
during carotid endarterectomy under loco-regional anesthesia 
suggests that cerebral blood flow during the cross-clamp phase 
can be increased with a fairly modest rise in blood pressure, 
avoiding the need for shunting. A rise in systolic blood pres 
sure of 35-45 mmHg can reverse neurological deficits (46) and 
is also associated with improved regional cerebral oxygenation 
(22). The rise in blood pressure may maintain cerebral perfu 
sion during submaximal exercise at altitude, but the fall in 
blood pressure at Vo2max could be a critical factor limiting 
exercise.
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Fig. 5. Changes in cerebral oxygen delivery at different altitudes (•, 150 m; », 
3,610 m; », 4,750 m; A., 5,260 m). Values are means and SE. Resting values 
did not change with increasing altitude. Resting and Vojmu* values were not 
significantly different at 150 m but fell at 3,610 m (P < 0.01), 4,750 m (P < 
0.01), and 5,260 m (P < 0.01).
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Near infrared cerebral spectroscopy measures changes in 
cerebral tissue oxygenation, which is dependent on blood flow, 
arterial oxygenation, cerebral metabolism, and arterial/venous 
partitioning (the relative proportion in either the arterial or 
venous vascular beds). The fall in arterial oxygen saturation at 
rest with increasing altitude was the most likely cause of the 
decrease in resting cerebral oxygenation and the increase in 
resting MCA blood velocity. Similar rises in MCA blood 
velocity have previously been reported and appear to be most 
marked on acute ascent, gradually returning toward normal 
over the following days to weeks (14, 23, 31). The small rise 
in cerebral oxygenation during submaximal exercise at 150 m 
could have occurred as a result of an increase in oxygen 
delivery induced by a gradual fall of cerebral vascular resis 
tance and a matching increase in MCA velocity; but an alter 
native explanation for the observed rise in cerebral oxygen 
ation could be decreased cerebral oxygen consumption. Similar 
changes in MCA blood velocity and cerebral oxygenation 
during submaximal exercise have been reported (17, 18, 34). 
At Vo2max at 150 m, there was a rise in CVReS, and an 
associated fall in MCA velocity. Despite this, near infrared 
cerebral oxygenation remained higher than the resting levels. 
This may be attributable to decreased Voj, which has been 
described previously during exhaustive exercise at sea 
level (9).

In contrast, at the high altitudes studied, cerebral oxygen 
ation (rSoa) fell progressively during submaximal exercise, 
with a further fall at maximal exercise. There was an increase 
in cerebral deoxygenated hemoglobin with both altitude and 
exercise. Saito and colleagues (42) showed similar changes in 
cerebral oxygenation at sea level and a fall at 2,700 and 3,700 
m during submaximal exercise, which was equivalent to our 
level of 50% of Vo2max. However, we found that although 
cerebral oxygen delivery was sustained to 70% ¥02 max at sea 
level, at the high altitudes studied, oxygen delivery peaked at 
30% Vo2 max and thereafter fell. With partial acclimatization, 
there appeared to be a trend toward improved cerebral oxygen 
delivery as seen at 5,260 m. The increase in MCA blood 
velocity during submaximal exercise may have been due to 
several factors, the most important of which would appear to 
be increases in mean blood pressure, because there were only 
small changes in end-tidal COa. Our finding of a gradual fall of 
cerebral oxygenation during submaximal exercise and Voa max 
at altitude may be attributed in part to the gradual fall in 
oxygen delivery, but an alternative explanation could be a 
decrease in cerebral oxygen consumption. We believe the 
slight differences in cerebral oxygenation during submaximal 
exercise at the two highest altitudes were due to the relatively 
small change in altitude and to some acclimatization between 
the two tests.

It has been shown that, during maximal exercise on a rowing 
machine in elite athletes (33), arterial oxygen saturation and 
regional cerebral oxygenation decrease but are maintained at 
resting levels with moderate hyperoxia (inspired oxygen frac 
tion of 0.3). Exercise performance was also elevated without a 
change in muscle oxygenation, indicating that the cerebral 
hypoxia rather than muscle hypoxia appears to be a contribut 
ing factor for the limitation of exercise capacity. There was an 
observed reduction in arterial CO2 at maximal exercise. In a 
second sea level study by the same group, cerebral perfusion 
was shown to increase in excess of the increases in the global

cerebral metabolic activity during the brain activation associ 
ated with exercise and that lactate supplements glucose as 
energy fuel for the brain when the plasma lactate level is 
elevated. Furthermore, as evidenced by mean MCA velocity 
determined by transcranial Doppler, cerebral perfusion was 
enhanced and cerebral oxygenation determined by near-infra 
red spectroscopy suggested flow increased to a larger extent 
than the corresponding metabolic oxygen demand (17).

We found no difference in resting CVRest between the 
different altitudes, although there was a nonsignificant reduc 
tion of resting CVRest with increasing altitude. CVRes[ ap 
peared to change in two distinct phases with exercise. Up to 
50% of Vo2 max , there was a tendency for a small reduction in 
CVRest, which was associated with a fall in arterial oxygen 
saturation and a rise in end-tidal CC>2. These changes would 
tend to increase cerebral blood flow, and this was reflected in 
the rise in cerebral oxygen delivery observed at all altitudes at 
30% submaximal exercise. There appeared to be a second 
phase between 70% Vo2 max and Voa max. In this phase, there 
was a marked rise in CVReSt at all altitudes, and this is 
associated with falls in end-tidal CC>2 and small rises in arterial 
oxygen saturation. Both of these changes would tend to de 
crease cerebral perfusion, and again this was reflected in the 
reduction of cerebral oxygen delivery observed at all altitudes 
at Voj max. Somewhat surprisingly, we found no direct corre 
lation between end-tidal CC>2 and CVRest . However, CVRest is 
a product of the complex dynamic interrelationship between all 
variables mentioned above as well as changes in hypoxic and 
hypercapnic ventilatory responses and cerebrovascular respon- 
siveness to COz.

The factors limiting exercise at altitude may be different 
from those that limit exercise at sea level and may include 
diffusion limitation of Vo2 in the alveolus, the work of venti 
lation, respiratory muscle fatigue, and the possible steal of 
blood from limb locomotor muscles to respiratory muscles (8, 
10, 30). The perception of dyspnea is also increased during 
exercise at altitude (5), which may lead to the premature 
ending of exercise. At altitude, Vo2 in the lung is diffusion 
limited (52), and this is further exacerbated by exercise. Our 
results do not support a diffusion limit of CO2 at Voj max at 
altitudes up to 5,260 m, but further studies are required with 
measurements of Paco2 - Assessment of other vascular beds, 
such as exercising muscle, using near-infrared techniques 
could be used to determine whether there were significant 
steals of blood either to or from the cerebral circulation at 
V 02 max. These techniques have been successfully used by 
Nielsen and colleagues at sea level (33).

Our findings of reduced cerebral oxygen delivery and in 
creased CVRest during exercise above 50% of maximum ex 
ercise at altitude may relate to the pathogenesis of AMS and 
HACE. Exercise is likely to exacerbate AMS through in 
creased hypoxia and sodium retention (55), and our results 
confirm that the brain is subjected to increasing hypoxia during 
exercise. Our results may explain the deterioration seen in the 
accuracy of marksmanship caused by acute exposure to altitude 
and independent of exercise (47) as well as transient and focal 
neurological deficits occurring at altitude (2, 32). The large 
rises in blood pressure observed on exercising close to or at 
Vo2 max could explain some of the focal and global transient 
and permanent neurological events observed at high altitude. 
Clinical examination at a later time point might miss the period
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of profound hypertension. It is also of interest that the standard 
formula of 220 - age (yr) used to predict maximal heart rate 
provided a good estimate at 150 m but increasingly underes 
timated maximal heart rate at each of the high altitudes. This 
finding has implications for studies using this formula for 
predicting energy expenditure or work rate during exercise at 
altitude.

The reduction in cerebral oxygenation we demonstrated at 
submaximal exercise is relevant for normal climbing at Vo2 of 
50-75% Vo2 max (39). The finding that mountaineers with a more 
vigorous ventilatory response to hypoxia have more residual 
neurobehavioral impairment may be a result of reduced cerebral 
oxygen delivery (13). The hypercapnic vasoconstriction and sub 
sequent reduced cerebral oxygenation might be due to a hypocap- 
nic-driven reduction in cerebral blood flow (13). Schoene and 
colleagues (44) showed that the fall in arterial saturation on 
exercise at altitude was actually greater in subjects with a low 
hypoxic ventilatory drive. The observed reduction of cerebral 
oxygen delivery during exercise may be more important than 
absolute altitude in determining the development of AMS. At any 
given altitude, arterial and cerebral oxygenations are a dynamic 
variable dependent on absolute altitude, oxygen delivery, and 
Vc>2. A resting individual at a higher altitude may have the same 
cerebral oxygenation as an exercising individual at a lower alti 
tude. Both subjects are at the same "virtual" altitude. Assessing 
cumulative hypoxic insult (time at a virtual altitude) over a 24-h 
period might more accurately predict the hypoxic stress an indi 
vidual has experienced.

The limitations of the near-infrared cerebral spectroscopy 
method have been reviewed (43, 37). The two-sensor technique 
eliminates the contribution from the scalp and skull, thereby 
giving a measurement of tissue oxygenation at a depth of 
2.5-5.0 cm. Concerns over contamination of the intracerebral 
readings with scalp blood flow have been raised in the past. 
Providing the spacing between the scalp detectors is adequate, 
scalp flow makes no significant contribution. This was dem 
onstrated using laser Doppler velocimetry and occlusion of 
scalp flow using a pneumatic tourniquet (35). Near-infrared 
spectroscopy provides a measure of the proportion of blood 
that is oxygenated. It does not distinguish how much is in the 
arterial or venous part of the vascular bed. The proportion of 
total blood in the brain has been estimated to be 28% arterial 
and 72% venous (29). In this study, we assumed that neither 
hypoxia nor exercise affects the arteriovenous partitioning. 
However, partitioning of the arterial and venous volumes in the 
brain under hypoxic conditions at rest has been modeled (56), 
and it is possible that further changes could occur with exer 
cise.

The transcranial Doppler technique is operator dependent 
and requires careful focusing of the ultrasound probe on the 
MCA. We standardized this as far as possible by using one 
experienced operator (28). We cannot be certain whether 
arterial diameter remained constant during the exercise tests at 
altitude, but other studies at sea level found no changes with 
either decreases or increases in PaCo2 (45) or during hypocap- 
nia alone (49). Jorgensen and colleagues (24) showed that the 
increase in regional cerebral perfusion during exercise at sea 
level occurred in the MCA territory, with increases in mean 
MCA blood velocities of 19-32%. However, it has been 
suggested that much of the increase in MCA blood velocity in 
response to exercise could arise as an artifact from the increase

in amplitude and frequency of the arterial pressure waveform 
used in Doppler ultrasound studies (38). Nevertheless, cerebral 
blood flow measured by 133Xe clearance increased by 31% 
during submaximal exercise at sea level (48). Our finding of a 
15% increase in MCA blood velocity was similar to the 14% 
reported by Hellstroem and colleagues (11), who combined 
duplex ultrasonography and transcranial Doppler ultrasonog- 
raphy. Our results are also comparable to those reported by 
Huang and colleagues (15), who, on acute exposure to 4,300 m, 
recorded increases in internal carotid flow velocity of 15-33% 
on exercising at 45 and 72% Vo2max. Hellstroem and col 
leagues (11) performed a study at sea level in which a reduc 
tion in MCA blood velocity was found at 80-90% of maximal 
exercise. This was associated with a reduction of Paco2 , again 
similar to our findings at 150 m. When exercising at 96% 
Vc>2max at high altitude, Huang and colleagues (15) noted a 
small fall in internal carotid flow velocity, but flow remained 
higher than resting levels in contrast to our study.

Our results are consistent with the hypothesis that cerebral 
blood flow provides an important signal to the central nervous 
system and may become a factor limiting exercise at altitude, 
rather than cardiorespiratory capacity and muscle fatigue (25). 
Our finding of considerable reductions in cerebral oxygen 
delivery and cerebral oxygenation during exercise at altitude 
suggest that these may provide the critical signals. The reduc 
tion of cerebral oxygenation during exercise, if it persists 
during altitude acclimatization, may explain why Vo2max is 
reduced despite normalization of arterial oxygen content (7). 
Reduction in cerebral oxygenation during exercise may exac 
erbate the neurological features of AMS and contribute to the 
development of HACE and other neurological deficits. Our 
results lend credence to the time-honored advice to avoid 
strenuous exercise on arrival at high altitude.
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Figure 1

due to a failure on our part to comple 
tely remove packaging material used to 
prevent damage to the barrel prior 
to assembly. Since becoming aware of 
the potential for this type of incident 
we have reviewed and improved our 
packaging methods for this device to 
remove the potential for a recurrence 
of this type of incident.

We thank Dr Fawcett for bringing 
this matter to our attention.

T Evans
Product Manager, 
SIMS Portex Ltd, 
Hythe, Kent CT21 6JL

Monitors of cerebral 
oxygenation

'The unacceptably high failure rate of 
the recently introduced Critikon 2020 
will limit or prevent its clinical use' 
(Anaesthesia 1997; 52: 136-40). Our 
experience of the Critikon 2020 does 
not reflect the authors. Satisfactory data 
collection has been achieved during 15 
carotid endarterectomies. We have 
encountered problems with diathermy 
interference and the partial loss of a trace 
due to movement of the sensor (caused 
by the surgeon). The Critikon 2020 was 
also used to perform 130 field studies up

to an altitude of 4670 m and in tempera 
tures ranging from — 11 °C to 85 °C. 
Power was obtained from a 2-kW 
Honda generator. Data collection was 
satisfactory (only one trace was unaccep 
table). On the same expedition we 
experienced equipment failures with 
the pulse oximeters, capnographs and 
the blood gas analyser.

Like McKeating et al. we experienced 
more data loss in young males, who 
appeared to have a combination of 
low hairlines and 'thickset' skulls. 
Signal loss was greatest during the 
hyperventilation studies and was 
related to movement of the subject's 
head. We found the Critikon 2020 
disposable adhesive fixation pads unsa 
tisfactory and used a blue-line tubifast 
bandage (Seton Healthcare Group pic, 
Tubiton House, Oldham OL1 3HS) to 
keep the sensor in place. All subjects 
were monitored in the lying position 
after a 5-min resting phase. Data from 
the monitor were logged continuously 
to a Toshiba Satellite 200CDS Com 
puter. Data sampling was at intervals 
of 1 s, and the Interlock hold time was 
set at 120s. We feel these settings may 
be important in improving data 
collection.

Our experience of the Critikon 2020 
would suggest that it is at least as reliable 
as other standard clinical monitoring

systems and we do not accept the 
authors conclusion regarding reliability.

C. Imray
C. Knickenberg
Walsgrave Hospital, Coventry

A dual technique for 
identification of the epidural 
space

Jacob and Tierney describe a novel and 
innovative method for teaching the skills 
required for the identification of the 
epidural space (Anaesthesia 1997; 52: 
141-3). Although we acknowledge the 
advantages of a method of involving 
both student and tutor in this difficult 
technique, we question the wisdom of 
encouraging the use of air to define the 
loss of resistance. The disadvantages of a 
'loss of resistance to air' are well docu 
mented and include air embolism, cauda 
equina compression and an increased 
incidence of inadvertent dural puncture 
and incomplete block [1—5]. Although 
many anaesthetists regard these disad 
vantages as contentious it would seem 
sensible to teach inexperienced anaes 
thetists a technique which is as safe as 
possible. It could be argued that this new 
dual technique allows an inexperienced 
operator to develop a feel for entering 
the dural space which can then be 
applied to a saline-based method but 
this then negates the benefit of such 
close supervision when this changeover 
is made. If the advantages of saline are 
not stressed, an increasing number of 
anaesthetists will be encouraged to per 
petuate an inferior technique.

R. J. H. Baylis
J. E. Cropp
Salisbury District Hospital,
Salisbury,
Wiltshire SP2 8BJ
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contralateral lesions leading- to velocity enhancement but no 
filling defect. All were asymptomatic. Twenty-four patients had 
abnormal intraoperative scans. Thirteen patients had visible 
kinking of the ICA or reperfusion hyperaemia; 12 of these 
patients had normal 6-week scans and one had a mild residual 
kink but no symptoms. Eleven patients had visible colour- 
filling defects and significant velocity enhancement. Nine of 
these were reopened and refashioned. Subsequent duplex 
imaging was satisfactory in all cases and 6-week scans were 
normal. One patient had an occluded ICA at operation and 
developed a dense stroke after operation. Another had residual 
raised velocities distally which remained at 6 weeks. This 
patient had no symptoms.
Conclusion: Intraoperative velocity measurements alone cannot 
be relied upon as an indication for reoperation. Significant 
velocity enhancement combined with a visible filling defect ap 
pears to represent a satisfactory criterion for reoperation. There 
were no complications as a result of reoperation. There was no 
early restenosis in the whole group and there were no neuro 
logical sequelae in any patient with a satisfactory scan using the 
above criteria.

Transcranial Doppler-directed dextran therapy in 
the prevention of postoperative carotid thrombosis

P. Hayes, N. Leiuiard, J. Smith, R. Abbott, 
D. Evans, N. London, P. Bell and A. R. Naylor
Royal Infirmary, Leicester, UK

Background: Evidence suggests that embolization precedes car 
otid thrombosis, a previously unpredictable event complicating 
2-3 per cent of all carotid endarterectotnies. It was hypothesized 
that dextran 40 therapy might prevent progression to complete 
thrombosis in high-risk patients.
Methods: Between October 1995 and July 1998, 400 consecutive 
patients were monitored following carotid endarterectomy using 
transcranial Doppler ultrasonography. Those with sustained 
embolization (more than 25 in 10 min) or those with emboli that 
distorted the middle cerebral artery waveform were commenced 
on an incremental dextran 40 infusion.
Results: Two hundred and sixteen patients (54 per cent) had one 
or more emboli detected (96 per cent within 2 h of flow restor 
ation) but only 15 (4 per cent) required dextran therapy. Em 
bolization ceased in each case although the dextran dose had to 
be adjusted in four. In one of the latter patients, embolization 
recurred on day 5 but was again controlled with high-dose 
dextran. Overall, the death and any stroke rate was 2 per cent and 
no patient suffered a stroke due to carotid thrombosis. 
Conclusion: A few patients develop sustained embolization fol 
lowing carotid endarterectomy which, in previous studies, has 
been shown to be highly predictive of carotid thrombosis. The 
authors' experience to date suggests that dextran can stop this 
phase of embolization and prevent progression to complete 
carotid thrombosis. However, the dose of dextran has to be 
adjusted in 25 per cent of patients (i.e. blind administration of 
dextran may not be effective) and, very rarely, embolization may 
recur later.

Near-infrared spectroscopic monitoring of 
patients undergoing carotid endarterectomy 
under locoregional anaesthesia

D. J. Williams, P. Laws, C. Imray, A. W. Lambert 
and M. Horrocks
Wabgrave Hospital, Coventry and Royal United Hospital, Bath, UK

Background: The level of cerebral desaturation, which is asso 
ciated with a change in level of consciousness during carotid 
endarterectomy, was measured by near-infrared spectroscopy, 
Methods: Patients were recruited in two centres over 24 months. 
Surgery was performed under deep and superficial cervical block 
using 0-5 per cent bupivacaine, with temazepam as a premedi- 
cation. Cerebral oxygenation was measured by Critikon 2020 
near-infrared spectrophotometers (Johnson and Johnson Medi 
cal, Newport, UK).
Results: Forty-nine procedures were performed on 45 patients 
(39 men; age range 52—84 (mean 68) years). Recordings were 
made from the ipsilateral frontal site in 38 patients, from the 
ipsilateral temporal site in 23 and bifrontally in eight patients. 
Monitoring failed in three subjects. Percentage changes in 
regional cerebral oxygen saturation are detailed below.

Change in saturation (%)

Site

Frontal (ipsilateral)
Temporal
Frontal (contralateral)

Symptomatic 
(n = 8)
64 (2-5-14)" 
3-8 (2-8)* 
2(0-4)

Asymptomatic 
(/i = 41)

24 (0-6)* 
1 5 (0-8) 
0'2 (0-0-5)

Values are mean (range). *P < 0-01

Conclusion: Significantly different levels of cerebral desaturation 
occur in patients with neurological compromise during carotid 
endarterectomy compared with those who are unaffected.

Transcranial Doppler ultrasonography as a predictor of 
haemodynamically significant carotid stenosis

S. Byrd, J. Wolfe, A. Nicolaides, G, Stansby, 
N. Cheshire, D. Thomas and A. Mansfield
St Mary's Hospital, London, UK

Background: Transcranial Doppler (TCD) ultrasonography can 
detect evidence of collateral flow across the anterior communi 
cating artery and/or the posterior communicating artery, which 
occurs when there is significant alteration of'inflow' to the brain. 
The aim of the study was to determine the blood flow velocity 
produced by a carotid stenosis which produces this haemodynamic 
effect on the cerebral circulation and evokes collateral circulation. 
Methods: Forty-eight patients with varying degrees of carotid 
stenosis (10 per cent to occlusion) who underwent both carotid 
duplex and TCD examination were reviewed. An ATL HDI 
3000 ultrasound system was used for the carotid and TCD 
studies. The carotid examination recorded peak-systolic velocity 
(PSV) and end-diastolic velocity (EDV) in the carotid systems 
bilaterally. TCD recorded Doppler spectra from the bilateral

British Journal of Surgery 1999, 86, 690-711 www.bjs.co.uk © 1999 Blackwell Science Ltd
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the paper (i.e. the time \viihoia accurate infusion 10 ihe patient), 
and will considerably affect iis clinical recommendations. 
However, especially in infants, when several drugs are needed, 
anv increase of the infusion rate is limited. Therefore, if one is 
concerned about this problem, the clinical practice should be 
changed to using low compliant syringes, thai i.s small volume 
svrin<>es, and using low compliant-low volume infusion lines as 
are common in neonatal practices. Special care must be taken that 
ihe syringes arc filled carefully without air bubbles.

H. Wissing 
Frankfurt am Main 
Germany

i Kern H. K.urinf A, Redlich U. « at. Downward movement of syringe 
pumps reduces syringe output. &-J Anoesrh 2001; Sfc: 828-31

Editor—We read with interest VVissing's letter commenting on our 
anicle.

Indeed. Wissing correctly identified a conversion error. This 
occurred while transforming the infusion rate of^ the syringe 
pumps for the compliance measurements from mlh~ : into p.1 s~ . 
The reported compliances therefore have been divided by 60. The 
corrected results for the compliance of the different systems 
resulted in identical values for the Injeciomai-C and the Pe-rfusor 
fm of 1.4u.lmmHg~'. The compliance of the TVAC 770 system 
was greater, at 1.7 |il mmHg 1̂ . There was a statistically 
significant positive correlation (r2 =0.863. f<O.O.V) between time 
without infusion and the compliance of the system. This 
correlation ha? beer, tested again and remained unchanged. We 
apologize for this error and thank Wissing for pointing it out.

However, the main results of our work are noi affected by this 
mistake. We measured the volume shift (£v/£p) correctly in our 
experiments. Compliance is a calculated value as indicated in the 
Methods section. However, we would like to emphasize that our 
model used a fixed pressure of 8 mm Hg working against the 
infusion, which is comparable to central venous pressures 
encountered in daily clinical practice This is in contrast to 
previous investigations which used syringes working againsi 
ambient air pressure. Vv'c took great care to uvoid the occuresice of 
anv air bubbles while filling the syringes and lines in our 
experimental setting. Before starting to lake measurements, the 
eqiupment was visually checked lor gas bubbles.

The mam gosj wyj u" investigate systematically the daily 
cimical observation of haemodynamic instability and sometime; 
even backward flow in the infusion lines while lowering the heigh; 
of the syringe pumps towards the end of paediatric cardiac 
surgery. This'question was investigated with the equipment used 
in daily clinical practice. Obviously, there is equipment available 
with beiier elastic properties (compliance). However, we consider 
the other tubing, which is made for neonatal intensive care 
purposes, to be too short for daily use in the operating room. We 
do not think thai a broad discussion of all possible elastic and non- 
elastic components of the infusion systems would increase the 
clinically relevant information. As we slated, we did not endorse 
anv particular manufacturer or model of infusion device.

Our main conclusion was that, whenever possible, the height of 
the syringe pumps should not be changed dunng transport. II 
changes m the position of the syringe pumps are inevitable we 
proposed a drug dilution achieving a flow rate of ai least 5 ml h . 
Obviouslv this recommendation has to be balanced against 
possible deleterious effects caused by fluid overload, particularly 
in paediatric patients.

H. Kern 
Benin

Blood pressure manipulation during loco-regional 
anaesthetic carotid surgery
Editor—We read with interest the three case reports regarding 
blood pressure manipulation during local anaesthetic carotid 
surgery.' Our experience with over 200 local anaesthetic carotid 
endanerectomy (CEA) patients, approximately 35% of whom 
subsequently underwent urgent coronary artery bypass graft 
(CABG) surgery, is very similar. However, we feel that there 
arc a number of additional points thai should be considered.

In patients requiring CABG and CEA. i: is our strategy to 
perform local anaesthetic CEA(s') followed at & later daie by the 
cardiac surgery. In a few high risk patients we found coronary 
angioplasty and/or stenting of target lesions to be beneficial prior 
to the staged CEAVCABG.

Cross-clamping usually results in a moderate rise in anerial 
blood pressure. Whilst the carotid artery is clamped, a subsequent 
fail in anerial pressure can result in Ihe development of a 
neurological deficit. Like the authors, we fee! pharmacological 
augmentation of the blood pre&sure is useful and sometimes 
reverses the deficit. However, this augmentation clearly increases 
cardiac work and oxygen consumption, and we have seen ancina, 
and occasionally rnyocardial infarction and pulmonary oedema, as 
a direct result of this manipulation.

Angina occurring during the cross-clamp phase will often 
respond to coronary' artery vasodilators. However, an exaggerated 
fall in blood pressure can then occur and this can be associated 
with neurological deterioration. We have encountered two patients 
who were already on high doses of i.v. glyceiy) trinilrale who 
developed angina when cross-clamped. In these two paiiems. we 
found insertion of a carotid anery shuni led to immediate relief of 
their angina, as the anerial pressure returned to pre-clamp levels.

Our practice is 10 use near infrared spectroscopv to measure 
cerebral oxygenation during awake carolid surgery. Cross- 
clamping usually results in a fall in cerebral oxygenation. and 
this fail is partially reversed by raising the blood pressure, which 
add.s further support to blood pressure augmentation during the 
cross-clamp phase.

We 'Relieve that local anaesthetic carotid surgery allows optimal 
anc integrated treatment of both the neurological and cardiac 
aspects of these pauenii. Close cooperation between the vasctslar 
anacsihcnsi. the vascular surgeon, the cardiologist. the cardiac- 
surgeon and the patient is clearly vital in this challenging group.

C :r. E imri-.-. 
M.K.Mcac 
A..J. Thack=: 
W.R. Dimitn 
Cm-emrv 
UK

I Stoneham MD. Warner O. Blood pressure manipulation during awake 
carocic surgery co reverse neurological deficit after carotid cross- 
clamping. &t } Anoesth 2001; 87: 641—4

Editor—ThanVc you for the opportunity to reply to the letter from 
Imray and colleagues, which appears to be generally supportive of 
regional carotid surgery- 1 agree with them and, indeed, discussed 
in the case report the fact that angina may be precipitated 
perioperalively in this high-risk group of patients. However, f am 
curious as to whether the two patients they described, who 
developed angina following carolid cross-clamping, also devel 
oped neurological dysfunction, as shunting is not a conventional 
therapy for angina and is certainly not without risk itself.'

Irnray and his anaesthetic colleagues have also rasied a different 
issue—namely the treatment of patients with combined carotid

Keprocuce
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and coronary ancrial disease. In Oxford, our cardiac surgeons also 
request that patients with symptomatic carotids and corollaries 
have endanerectorny performed under regional anaesthesia before 
lhe\ have their coronary artery surgery. This has proved very 
successful in 20 or so patients, thus far. However, ihis is not the 
only solution and there are certainly centres in which patients with 
those two conditions arc operated on synchronously under general 
anaesthesia.'

Rnallv, the authors do not say what information they gain from 
us j n <, ngar j nfrared spectroscopy in addition to thai which the 
conscious patient provides.

M. S lone hair
Oxford
L'K

I jacobowta GR. Rockman CE. Umparellc Pj. tt at. Causes of 
perioperative stroke after carotid endarterectomy-. special considera 
tions in symptomatic patients. Am Vox Surf 2001; 15: 19-24

1 Farooq MM. P-eif TD. Gelabert HA. ei al. Combined carotid 
endarterectomy and coronary bypass: a decade of experience at 
UCLA Cordiovosc Surg 2001; 9: 339-*'!

Sedative and analgesic practice in the intensive 
care unit
pditor_i read with interest Soliman. Melol and Vincent s 
European survey of sedative and analgesic practice in the 
intensive care unit.' This article demonstrated considerable 
international differences in the use of drugs for this purpose.

However, one factor that was not investigated in trie survey or 
discussed in the accompanying editorial was the use of physical 
restraints Whilst restraints are very rarely used in the UK- they 
are more common in the USA.- Canada/ Australasia ana 
continental Europe.

Because of ihe recognized dangers of chemical oversedation. it 
is tempting to realize the use of physical restraints in UK units. 
However this may nol be straightforward. Notwithstanding the 
moral and ethical complexities, physical restraints are associated 
with a number of disadvantages. They have not been shown to 
decrease the incidence of self-exiubaiion." and they are associateG 
with certain tvpes of physical injuries/ More worrymeiv. physics! 
restraint = have also been associated with suddcr, death.'

In all probability, there are many other reasons why sedation 
practice vane-; in Europe and the rcsl of the world, bui the use of 
r,hvs!C2i resii-ainis should lie considered with investigating ihese 
difference 1 .

A. MacKiliop
Mancliesier
UK

1 Soliman HM. Merlot C, Vincent JL. Sedative and analgesic practice in 
the intensive care unit: the results of a European survey. BrJ Anoestr,

2001: 87: I&6-92
2 Wilson E. Physical restraint of elderly patients in critical care. Cm Core

Nurs Clin North Am 1996: 8: 65 _
3 Leith BA. Canadian critical care nurses and physical restraints. OffJ Can 

AjjocCmCo/eNiOT IW: 10:6
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Allergy to chlorhexidine-coated central venous 
catheters revisited
Editor—We read the case report by Stephens and colleagues 1 with 
interest as the scenario they describe parellels our own recent 
experience* of the same phenomenon.

A 51-year-old male presented for corpeclomy of the 4th 
cervical vertebra, for relief of severe intractable cervical

Reproduced with
permission of the copyright owner. Further reproduction prohibited without permission.



Original article

Control of emboli in patients with recurrent or crescendo 
transient ischaemic attacks using preoperative transcranial 
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Background: Transcranial Doppler (TCD)-directed Dex-tran 40 treatment after carotid endarterectomy 
reduces the rate of early postoperative thrombosis. This study assessed the efficacy of intravenous 
Dexrran 40 at controlling symptoms and emboli before elective carotid endarterectomy in patients with 
recurrent or crescendo transient ischaemic attacks CTIAs).
Methods: In a prospective study, patients with more than 70 per cem internal carotid artery stenosis who 
had two or more symptomatic episodes within 30 days and TCD-detected microemboli were studied. 
Dextran 40 was commenced at 20 ml/h and TCD was repeated to reassess the rate of emboliaation. The 
infusion was increased in 20-ml/h increments until symptoms and emboli were controlled. The patient 
then had carotid surgery on the next elective list.
Results: Nineteen patients with internal carotid stenosis greater than 70 per cent, recurrent symptoms 
and TCD-detected emboli were studied. All patients had symptoms and emboli controlled with Dextran 
40. One patient with both unstable angina (awaiting urgent operation) and crescendo TlAs died from a 
myocardial infarct before undergoing operation. Of the 1& patients who had an operation, one suffered 
a non-disabling stroke on the third postoperative day.
Conclusion: TCD-directed Dextran 40 offers a safe approach to high-risk patients before elective carotid 
endarterectomy. and warrants further study.
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introduction

Stroke is £ major cause of morbidity and mortality; it is 
the third commonest cause of death in the Western world. 
There were an estimated 133 800 strokes in England and 
Wales in 1999 J and carotid artery disease is thought to 
be responsible for up to 25 per cent of strokes2 . Of these, 
approximately 15 per cent will have & warning transient 
ischaemic attack (T1A). Carotid endarterectomy. combined 
with maximal medical therapy in selected symptomatic 
patients, has been shown to be superior to maxima] 
medical therapy in two large prospective randomized
trials 3 - 4 .

The risk of stroke is highest after the first T1A; 4-8 
per cent of strokes occur in the first month and 12

per cent \~. the first vear5 ' e . The optima! treatment of 
rsuert; v-.-;tr. recurrent or crescendo TlAs 15 uncertain. 
bisec on the poor outcome of patients with crescendo 
TlAs with medical treatment alone, an aggressive approach 
with urgent carotid endarterectomy has been advocated'. 
However, the published results of emergency carotid 
surgery are variable, with complication rates ranging from 
no deficit in 12 patients, to an operative mortality rate as 
high as 20 per cent and neurological deficit in up to 40 per 
cent of patients in other series8 " H .

The aim of this study was to assess whether preoperative 
transcranial Doppler-directed intravenous Dextran therapy 
might control symptoms and emboli prior to elective 
carotid endarterectomy.

Copyright ©2003 British Journal of Surgery Society Ltd 
Published by John Wiley & Sons Ltd
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Patients and methods

Between November 1998 and July 2001, 19 patients 
were recruited into this prospective pilot study. Patients 
were seen in an open-access carotid duplex clinic, having 
been referred either by their general practitioner or by a 
hospital consultant. The vascular unit serves a population 
of 950 000.

Duplex imaging of both carotid arteries was performed 
by one of three vascular technologists. An internal carotid 
artery peak systolic velocity of 200 cm/s was used to define 
patients with more than 70 per cent stenosis, in accordance 
with the criteria of the European Carotid Surgery Trialistr 
Collaborative Group.

Patients who had two or more episodes of transient 
cerebral or retinal ischaemia within the previous month 
underwent transcranial Doppler (TCD) uitrssonoeraphy 
of the symptomatic middle cerebral snery using & PC 
Dop 842 (SciMed, Fishponds, Bristol, UK) with s 2-MHz 
probe focused on the middle cerebral artery at 4-5-5-5 cm 
using a sample volume length of 1-1 cm for 1 h. One 
of three experienced vascular technicians observed the 
TCD signals for embolic signals by listening for their 
characteristic sound and spectral appearance, using pub 
lished identification criteria 15 . All patients had been on 
antiplatelet therapy at the time they experienced the
symptoms.

Patients-with internal carotid artery stenosis greater than 
70 per cent, ipsilaterai middle cerebral artery embolization. 
and a history of two or more TIAs within the previous 
month in the appropriate carotid territory were included
in the trial.

Patients were admitted to the vascular ward and 
commenced on an intravenous infusion of Gentran 40s 
(Dextran 40 intravenous infusion BF ; 10 per cent w/v. 
in glucose intravenous infusion BP. 5 per cent w/v; 
Baxter Healthcare. Thetford. UK). An initial 20-ml bolus 
was dven, and tne infusion was men run at 20 mi?,. 
Once" the Dextran 40 had been running for at ieast 
2 h. TCD scanning was repeated to reassess the rate of 
embolization. If the patient continued to have emboli, 01 
had further symptoms of cerebral or retinal ischaemia. 
the rate of the Dextran 40 infusion was increased at 
increments of 20 ml/h until the symptoms and emboli 
were controlled. All patients were treated with either 
aspirin 75-150 mg or clopidogrel 75 mg daily, and with 
enoxaparin 20 mg daily-

These patients proceeded to carotid endarterectomy on 
the next available elective list, allowing time for routine 
surgical work-up. The Dextran 40 infusion was stopped 
2 h before operation.

Results

Nineteen patients (15 men) were included in the study; 
their ages ranged between 38 and 86 years. Fourteen 
patients had recurrent hemisensory or hemimotor symp 
toms, and five had recurrent amaurosis fugax. Eight 
patients had coexisting ischaemic heart disease and rwo 
were awaiting coronary artery bypass surgery. One patient 
was an insulin-dependent diabetic. The number of symp 
tomatic episodes suffered by each patient ranged from 
two episodes within 10 days to four episodes within 24 h. 
The number of emboli detected by TCD ultrasonogra- 
phy before institution of the Dextran 40 infusion ranged 
from wo to nine per h. No patient had any recurrent 
neurological symptoms, and all had their emboli con 
trolled while on the Dextran 40 infusion. Sixteen patients 
required Dextran 40 t.i a rare of 20 ml/h. rwo needed a 
rait of 40 ml/h and ont needed ] 00 ml/h 10 abolish tht 
emboli.

Carotid endarterectomy

The rime from commencement of the Dextran infusion 
to carotid endarterectomy ranged from 1 to 10 days. 
The majority had the operation within 5 days, although 
one patient with recurrent right hand weakness and 
coexisting headache required investigation with computed 
tomography and magnetic resonance agniography. which 
prolonged the wait before operation. The Dextran was 
infused continuously until the day of operation in all 
patients.

All but one of the carotid endarterectomy procedures 
were performed under iocoregional anaesthesia. In these 
patients, shunting was determined by awake-testing and 
near-infrared cerebral spectroscopy. In the patient who 
had general anaesthesia, the need for shunting was 
determined using standard TCD criteria. All patients 
were monitorec jr. me immediate postoperative perioc 
with TCD ultTcSoncgraphy. and four patients required a 
Dextran 40 infusion after operation to control continued 
embolization.

One patient died before operation. This 79-year-old 
woman was on the coronary care unit, requiring intra 
venous nitrates for angina and awaiting urgent coronary 
artery bypass grafting. She also experienced recurrent 
episodes of cerebral ischaemia. She was commenced on 
a Dextran 40 infusion at 20 ml/h, which controlled her 
symptoms and emboli; however, she developed con 
gestive cardiac failure and suffered a fatal myocardial 
infarction.
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Of 18 patients who underwent carotid endarterectomy. 
one suffered a non-disabling stroke on the third post 
operative day (early carotid occlusion based on duplex 
imaging). The stroke resolved fully at 6 weeks. Seven 
teen patients recovered without either neurological or 
cardiac complications. Four patients developed a minor 
•wound haematoma after operation, but none required sur 
gical intervention. One patient developed moderate renal 
impairment following preoperative Dextran therapy; how 
ever, this resolved fully on conservative management before 
discharge.

Discussion

TCD monitoring allows continuous non-invasive assess 
ments of middle cerebral artery velocity, which is closely 
related TO cerebral blood flow, h is also possible TO 
measure transient microemboli signals or high-intensity 
transient signals. Microemboli are a common phenomenon 
in patients with acute stroke and may continue for some 
davs after the acute event16 . The presence of microemboli 
is a significant independent predictor of early recurrence 
in patients with stroke or TIA of arterial origin 1 '.

In asymptomatic patients with & critical internal carotic 
arterv stenosis 1 ^ when the microemboli rate was greater 
than two per hour in the ipsilateral middle cerebral 
arterv. there was an increased risk of developing ischaemia 
(odds ratio 3] (95 per cent confidence interval (c.i.j : 
to 302); P = 0-005). In a study20 of both symptomatic 
and asymptomatic patients with carotid stenosis greater 
than 60 per cent, the presence of embolic signals gave an 
adjusted odds ratio for future TIA or stroke of 8-1 (95 per 
cent c.i. 1-6 to 41-6'j: F = 0-01). The presence of high- 
intensity transient signals may therefore define i subgroup 
of patients with t critical stenosis who may be at greater 
risk of stroke'1 .

TCD sensiuvitv to the presence of psrucuiaie emr.c.: 
car help to puide surgical dissection during carotid 
endarterectomy. allowing changes in surgical technique or 
strategy (such as early carotid clamping)2 '. A microemboii 
signal count greater than 50-100 per h in the early 
postoperative phase after carotid endarterectomy is 
also predictive of the development of ipsilateral focal
ischaemia22 - 23 .

Postoperative TCD-detected high-intensity transient 
signals are almost always platelet aggregates generated 
bv a partially denuded, highly thrombogenic, vascular 
endotheJium. Unchecked, these aggregates may mature 
into occlusive thromboemboli, resulting in infarcts in 
succeeding hours or days. Lennard et al. 2* found that signs 
of persistent ernbolization, characterized by more than

Copvrieht © 2003 British journal of Surgery Society Ltd 
Published by John Wiley & Sons i-to

25 high-intensity7 transient signals in 10 min, consistently 
preceded injury-"1 . Embolization was completely prevented 
by incremental infusion of Dextran 40. The same workers 
have now audited 600 consecutive procedures, following 
the introduction of TCD-directed Dextran therapy, and 
the rate of thrombotic stroke after carotid endarterectomy 
fell from 2-7 per cent to zero (eight strokes prevented)2 "' 26 . 
Six hours of postoperative TCD monitoring is impractical 
outside a research programme; however, the technique 
appears to work in 3 h, and there is evidence that 30 min 
of monitoring may be adequate27 .

The rheological improvement caused by Dextran 40. 
together with its effect of decreased platelet adhesiveness 
and reduced factor Vin activity, is well recognized2 *. It 
has been further postulated that there is a coating effect 
on the denuded artery, which decreases electronegativity 
and increases clot lysabiliry. both of which might 
make this agent a useful adjunct in preventing gran 
or endarterectomy-associated thrombosis. It should be 
noted that Dextran may interfere with cross-matching 
blood, cause bleeding, renal failure or occasionally acute 
allergic reaction. In addition, it can precipitate cardiac 
failure, as happened in the only patient to die in this 
series.

The study suggested a possible role for TCD in the 
preoperative management of symptomatic carotid stenosis. 
It aiso showed that it is possible to treat recurrent or 
crescendo TIAs with a combination of aggressive medical 
therapy and elective surgery. In this study, when emboli 
were controlled, neurological symptoms stopped. While 
a single emboius does not cause a TIA, a high embolic 
load indicates that an individual is, at greater risk of further 
neurological events. As Dextran 40 has no known effect on 
cholesterol emboli. it could be speculated that the recurrent 
symptoms controlled by the antiplatelet agent must have 
been caused by platelet emboli.

The efficacy ci medical treatment coulc be assessec 
with TCD. Although most of the emboli were controlled 
with a low dose of Dextran 40. a small number of 
patients (three of 18) required considerably higher doses. 
Failure to control either emboli or symptoms with TCD- 
directed Dextran and adjuvant medical therapy could be 
an indication for urgent carotid en dart erect omy. Patients 
with symptoms but without emboli, and patients with 
emboli and no symptoms, were excluded from this 
study.

If the results of this study are confirmed, there may 
be important implications regarding the management 
of recurrent TIAs. All patients would require duplex 
scanning to determine the state of the ipsilateral internal 
carotid artery. The presence of a critical internal

www-.bjs.co.-jk British Journal of Sta-griy2QQ}-. 90: 366-170
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carotid artery stenosis would necessitate 2 TCD study 
to interrogate the middle cerebra! artery for high- 
intensity transient signals. Medical therapy could then 
be instigated, and the efficacy of various pharmacological 
interventions assessed by confirming the control of 
symptoms and .high-intensity transient signals. Elective 
surgery could then be considered if appropriate. Further 
study ' is warranted, in particular to examine how 
this control might influence the timing of carotid 
surgery.
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CORRESPONDENCE

The important thing about 
promoting safe cycling and walking is 
that the environment, transport, and 
urban planning sectors are essential 
partners. Since 3999 when European 
Member States adopted the WHO 
Charter on Transport; Environment 
and Health- health policymakers have 
worked alongside colleagues from 
other sectors to place health and 
environmental considerations firmly on 
the agenda of transport and Jsnd-use 
policy-makers. There is no time to Jose. 
Physical inactivity has become one of 
the leading risk factors for the health of 
Europeans. Across the WHO European 
Region, the proportion of deaths 
artributable to physical inactivity K 
estimated at 5-10% of the total number 
of deaths'—ie. about 600 000 death? 
per year.

Children's health is of immediate 
concern. In countries where figures are 
available, the levels of physical activity 
among children have declined greatly in 
the past 15 years. The prevalence of 
overweight and obesity has increased in 
parallel.

World Health Day was dedicated tc 
"Move for Health" in 2002 and since 
then s. World Day on physical activity 
takes place annually on Msy 10. Also in 
May.- 2004, the WHO Global Strategy 
on Diet and Physical Activity wili bt 
discussed £t the World Health 
Assembly, lr, the European Region, we 
have emphasised safe walking and 
cycling, not only to achieve higher levels 
of physical activity but also better 
quality of urban life through reduced air 
pollution., noise, traffic, and congestion.'- 
The joint UNECE-WHO Transport, 
Health and Environment Pan-European 
Programme (THE PEP) established 
in 2002 is pushing the agenda forward 
in the European Region, and i\ \V/HO : s 
Fourth .Ministerial Conference or. 
JEnvirorir/jeni and Health.- tc te held 
in Budapest, Hungary, in June.- 2004.. 
the emphasis will be or, children and 
how to protect their health from 
environmental hazards. Inactivity is z 
hazard. It also costs society dear. Work 
is also underway to develop guidelines 
for health impact assessment and cost- 
benefit analysis of transport-related 
policies and interventions that 
might have implications for levels of 
physical activity through walking and 
cycling.
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Sir—In your Editorial,' you point out 
the failures of public health in the 
developed world. particularly in 
relation to chronic diseases. But what 
of the state of public health in the 
developing world'-

The developing world's limited 
resources bear a much higher burden 
of communicable diseases and sn 
almost equal burden of non- 
communicable diseases." Addressing 
the root cause of poverty would GO 
more good to the health of people than 
any number of specific interventions. 
The need for health research is also 
imperative in the generation of the 
good qualiry data governments need tc 
formulate national policies. Decision 
frameworks must be evidence- 
based and take mio account disease 
burden, prevention effectiveness: cost- 
effectivenesS; and sfforcabiiity.'

Pakistan faces an ever increasing 
double burder. of disease, the infan: 
mortality rale u 5C per ";OOC—tne 
highest in south .-*sia—anc cardK- 
vascuiar diseases account for mere 
than 300000 deaths per veer. The 
development of public health faces 
serious challenges in Pakistan. As the 
coxintry undergoes epidemiological 
transition, the new realities in the 
health sector point towards a wide 
range of health issues that are faced 
with a lack of capacity to respond. This 
discrepancy between need and capacity 
underscores the importance of health 
research to identify priority areas.*

More than a third of Pakistan's 
population lives below the poverty line. 
Pakistan spends only 0-7% of its gross 
national product on health. Pakistan's 
spending on preventive health care 
and education is about 10 times less 
than Nepsi and Bhutan, iis poorer 
and smaller neighbours.' Effective

interventions require z. functioning 
health system: which must be able to use 
and effectively promulgate research- 
based knowledge. Low-cost inter 
ventions such as health education in 
schools and effective media campaigns 
cam' a lot of promise if implemented 
sincerely. We agree that by targeting the 
youth (more than 40% of Pakistan's 
population is younger than 15 years), & 
lot can be gained.

Public health needs the support of 
poverty reduction- higher literacy^ good 
governance, and accountability if it is 
to begin making its much needed 
impact on the lives of more than 
550 million citizens of Pakistan.
*fawao' As/am, Muhsmmsti Abaci Qsyyurr,
"Aga Khsn University Medical College, Stadium
Rogti. Karachi 748OO. Psklstsn (FA): ar,c
Punjee MedicsI College, Feisslsbac. PEkistsr.
(MAQ)
le-mail: fawBdeslam2@hotmail.com)

! The Lancet. The catastrophic failures of
public health. Lancei 2004; 363: 745, 

2 Global Forurn for Health Research. The
10/90 Repon on Health Research 2000.
Geneva-. GFHR, 2000. 

5 ^Tine F. T}eveloping effective and
afiorceble models for non-comrrvur>ic£blt
dise£se prevention arid control.
Im j Efidenioi 2001; 30: 1494-95,

-; Kyder AA. Health research investments: z 
chslienge for nsrionat public health 
£sscc3£riorj£. j Pck Med Anc^ 2QO-: ','-:

'_ Vailersien; C. Pakistan lagj ber.;,-.c •-.
reproductive health. BMJ 1 99£; 31'-. 
J54£.

Timing of surgery for 
symptomatic carotid 
stenosis

Sir—p M Rothweli and coii 
CMar 20; p ?35)' present an importEnt 
study. If the optimum tuning of surgery 
t>7 symptomatic carotic steriosu i: 
', weeks after the patient's \K\ 
symptoms., the implications for health- 
care provision are enormous. To be abie 
to offer the highest-risk patients early 
surgery: an attempt to stratify the risk of 
waiting needs to be made.

Transcranial doppier can be used to 
assess middle cerebral artery velocity 
and platelet microemboli. Immediately 
after z. carotid-territory transient 
ischaemic attack (T1A) or stroke, there 
is a rise in microemboli in the middle 
cerebral artery, and patients who 
continue to embolise are at a greater risk 
of a further neurological event. 3 A high 
microemboljc load after carotid 
endarterectomy is associated with eariy 
carotid thrombosis. Control of xhjs lose 
by means of intravenous transcranisJ 
doppler-directeo" antiplstelet agents 
reduces the risk of early postoperative
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stroke-'. It is possible to influence the 
timing of carotid surgery in patients with 
recurrent or crescendo TIAs. Control 
of both emboli and symptoms with 
transcrania) doppier-directed dexrran 
allows these high-risk pstients to 
undergo carotid surgery safely on the 
next elective list."

Microemboli seem to be surrogate 
markers for future embolic events (TlAs 
or strokes) and the pharmacological 
efficacy of any therapeutic intervention 
can now rapidly and non-invasively be 
assessed. Transcranial doppler emboii 
detection could offer an approach to the 
management of pauents both medically 
and surgically.
"Chris Imray, Dan Higman, Cart Tiivss 
Coventr>( snd Warwickshire County Vascular Unit 
Coventry CV2 2DX, UK 
(e-mail: chrisimr8y@>aol.com)

J Rothwell PM, Eliasziw M; Guinikov SA : 
Warlow CP, Barnett HJM, for the Carotid 
Endanerectomy Trialists Collaboration. 
Endanerectomy for symptomatic carotic 
stenosis in relation to clinicBl subgroups £nc 
liming of surgery. Lancet 2004, 363: 915-24.

: Goenler M.. Biaser T, Krueger S : Luce C- : 
Wallesch C"v.'; . Acetylsalicyiic acid anc 
micTOemboHc events detected by rranscrarni; 
Doppier in symptomatic arterial stenoses. 
Cmbrmxuc bit 2001; 11: 324-2?

5 Lennard N, Smith J, Dunviiie j ; et ai.
Prevention of postoperative thrombotic stroke 
after carotid enoanerectomy: the role cf 
transcranial Doppier ultrasound. J Kcrc Surg 
19?7: 26'. 57S-S4.

4 Lennard MS.. Vijayasekar C. TiivEs C : 
Chan CCt'M, Higrnan DJ, Imrsy CH 
Control of emboli in patients •with recurre-i 
or crescendo transient ischaemic attacks 
using preopersDve transcreniBl Doppier- 
directed Dexrran therapy. Brj Surf 2003; 
90: 166-70

A network of excellence

Sir—IN a mar. Clumeci-' and Chnstme 
Kstiaj—£ : ; Ernbiticus propose- c: £ 
network of centres of excellence IT. 
clinical research across Europe 
(Mar 13, p 901)'1 is to be welcomed. 
They identify the threat posed to non 
commercial academic research.- which 
is especially difficult in oncology 
because surgery and radiotherapy 
attract little commercial support.

Optimum delivery of radiotherapy 
can make substantial contributions to 
improving local control. Currently, 
about 90% of all cancers are cured by 
local treatment with surgery and 
radiotherapy. Kogelnik and Lukas have 
estimated that, if a 100% local control 
rate could be achieved, cancer survival 
rates would rise from 45% to 60%. : At 
present, there are many opportunities 
to improve local control—eg; advances 
in radiation planning and delivery such 
as intensity-modulated radiotherapy.

and integration of structural CCi : 
MR1) and functional (positron 
emission tomography) scans into the 
radiotherapy planning process. In 
addition, positron emission tomo 
graphy imaging could provide valuable 
information on response to multimodal 
therapy—eg, with radiotherapy and 
inhibitors of tumour angiogenesis.

There are rising clinical and 
laboratory needs to obtain cellular 
and molecular information in vivo.' 
Developments in molecular imaging 
could allow us to identify the optimum 
time in the cell cycle for radiotherapy 
and chemotherapy to be delivered for 
individual rumours.

Ring-fenced European Union 
research funding for biological and 
clinical aspects of combined modality 
therapy for cancer would help redress 
the current imbalance in the provision 
of funding. Networks of excellence 
would facilitate the collaboration 
needed to deliver these research 
priorities. 
/6n Kunkler
University Department cl Clinical Oncoio|\
Western General Hospital. University c f
Edinburgh, Crewe Rose. Edinburgh EH2 2XL
UK
(e-msil: LKunkler^ec.sc.uK

\ Clumeck N : KatiarnE C Csii icr nenvcrK c:

Europe. Lance: 2004: 363: 901-01 
2 Kogelnik KD, Lukas F, Sedin-.ayer r .

Foreword. In: Kogelnik KD, Lukas F r
Sedlmayer F r tcs. progress in racic-
oncology. MI. Boiogna: Monduzzi Editors..
2002. 

5 Sullivan DC. Challenges and opportunities
for in vivo imaging in oncology.
Techncl Cancer Re: Trecl 2003: 6: 419-22.

Sir—In the;r Correspondence letter 
(Mar 13. p 90JJ.- 1 Nathan Ciumeci; 
and Christine Katisma put forward the 
intriguing idea that clinical research ;r. 
Europe shoujc be oc-e only c; 
networks cf centre; c: exceljence 
appointed by research specialists £nc 
selected from European agencies. 
Centres of excellence in basic research 
already exist since their establishment 
represents a priority for the recently 
launched European Commission 
Framework Project 6. However: the 
negative consequences of the 
establishment of such clinical networks 
should be carefully considered and 
weighed against the advantages 
pointed out by Clumeck and Katlama. 

The criteria by which clinical centres 
across Europe will get the status of 
"excellence" might not be easy to 
identify. Should clinical centres be 
drawn up on the basis of the number of 
patients referring to them. the 
availability of high-tech equipment; or 
compliance with the national standards

of care? Any of these criteria will 
influence the applicability of the results 
of clinical trials to the genera! 
population. Clumeck and Katiama 
correctly state that there are great 
differences in quality of clinical 
investigation and in standards of care 
across Europe. But are we sure that 
results obtained in top-level clinical 
centres can be easily applied to less 
than optimum clinical settings? As an 
example, if high-tech centres are 
included in the networks of excellence, 
then large areas of Europe will not 
benefit from the results. Conversely; if 
clinical trials are done in small and 
less-equipped centres, results might 
not represent the best available 
treatment for any given disease. 
Similar arguments have been used to 
criticise evidence-based medicine ."-

Networks of centres of clinical 
excellence will be of limited usefulness 
for individual patients across Europe, 
and their research priorities will not 
match the needs of patients and the 
health-care system. 3 In this light, 1 do 
not think that the establishment of such 
networks will generate data which in 
rurn will determine standards of care 
across Europe. Rather, the minimum 
standards of care should be set first; 
only then will clinics! trials done in any 
European country yield results 
applicable tc the general European 
population.

Finally. I agree with Clumeck anc 
Katlams in their criticism of the 
procedure by which the European 
Commission financially supports 
scientific proposals, since it is burdened 
with unnecessary bureaucratic 
difficulties. These limitation; are 
known by the Commission, which ;; 
working to improve its procedures. 
However; 1 would not say thgt it 
' : c<£irris tc support investigative centre: 
cf excellence, cut in practice ;.-.; 
political will is no; apparent''. Tc ~.~ 
knowledge. any decision cr. a 
proposers scientific accuracy and 
adequacy of budget is not taken by 
"Eurobureaucrats" but by independent 
international peer-reviewers with 
expertise in the field. 
AJessenoro Lav/ano 
Department oJ Clinical Medicine, University 
La Sapienza, Viele flell'Universita 37, 
00185 Rome, Italy 
(e-msil: alessandro.laviano@uniromBl.il)
1 Clumeck N, Katlama C. Call for network of 

Centres of Excellence in clinical research in 
Europe. Lance! 2004; 363: 901-02.

2 Cohen AM, Siavri PZ, Hersh WR. A
categorization and analysis of the criticisms 
of Evidence-Based Medicine. 1m J Med Inf 
2004; 73: 35-43.

3 Tallon D, Chard J, Dieppe P. Relation
between agendas of the research community 
End the research consumer. Lajicei 2000: 
355: 2037^0.
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A reply
Thank you for giving us an opportunity 
to respond to the comments raised by 
Drs Tighe. Staber. Hardman and 
Henderson and bv Dn Merron and 
Lim regarding the conclusions drawn 
from our study of tour cncothv- 
roidotomv sets performed on a human 
patient simulator. Dr Tighe er a\. may be 
correct in their assertion that surgical 
cricothyroidotomy, using a cuffed tube, 
performed appropriately and in a timely 
fashion by a practitioner experienced 
and dextrous in this technique allows 
maximal oxygenstion in a patient in 
whom conventional anaesthetic man 
agement has tailed to establish an sirwav. 
Unfortunately, as the correspondent; 
point out this is not 2 technique that is 
tamiliar to most anaesthetists. Our pn- 
msrv intention when designing the 
study was to assess the efficacy of the 
available kits using » method of insertion 
tamiliar to anaesthetist: in everydav 
practice who might not necessarily pos 
sess surgical skills or experience. This 
study clearly demonstrated that all the 
anaesthetists who participated were able 
to establish an airwav bv cannula over 
needle cricothvroiciotomy despite unfa- 
rnilisritv v.'ith the set; provided.

Two particular points were ques 
tioned in cur methodologv;

I. Decree c" o tjsr.'uctjcr. c" :r<c 
5:r,iiji<;t(r0 ^mv,r- tne presence c; ; 
swollen 'tongue anc "pharyngeai 
swelling on the manikin reduces the 
calibre of the pharyngeai airway but 
does not produce marked obstruction 
to gas flow. The 'lungs' were preset at 
normal compliance with full neuro- 
muscular blockade such that any 
increase in lung oxygen concentration 
was a result of the flow of oxygen 
achieved via the airway device and 
by the efforts of the anaesthetist. The 
assertion that a cuffed tube is essential 
to provide adequate oxygenation of the 
lungs in clinical practice is question

able. Should oxygen escape upward; 
out of the trachea with rm uncuffed 
tube to such a degree that one cannot 
achieve adequate alveolar ventilation it 
may be necessary to close the patient's 
mouth and pinch the nose or block 
the backflow with a throat pack, 
although for the puiposes of standard 
isation, this was not permitted during 
our study.

2. Degree of hypoxaemia simulated: 
the choice of 80% arterial oxygen 
saturation before intervention was not 
critical to the outcome of the study and 
was srtihciallv created bv shunt model 
ling to stimulate a degree of urgency. 
Moreover, a standard physiological 
model suffers severe arrhythmias with 
saturations at around 50%, making it 
difficult to cam1 out the experiment 
altogether because of the potential dis 
tracting need to undertake ALS man 
oeuvres. We recorded changes in 
oxygen tension in the lungs as an 
outcome measure not arterial saturation 
and were particularly interested in dem 
onstrating i reversal in the downward 
trena of aeoxygenation as defined bv i 
rise in arterial oxygen content above 
13.3 kPs,

Successful outcome in a 'can i intu- 
bate. can't ventilate" situation wiU 
depend upon the ability to recognise 
that conventional means ci ventilation 
have failed, and successfully adminis 
tering oxygen to the iungs via an 
alternative route before the patient 
suffers permanent hypoxic damage. In 
practice, as rightly pointed out by Dr; 
Merron and Lim, both these steps may 
be difficult to achieve in a timely and 
effective fashK" \Vr.ih; a- expert rr-.i" 
be nbie tc perfcr.v. :. ;urg;c;.: a;rv~r 
sdeptlv when arteriaj saturations have 
already fallen tc 50';,.. ;r.;s may leave 
insufficient time for the less experi 
enced to react. Moreover, neither 
junior nor senior anaesthetists practice 
insertion of cricothyroidotomy cannu- 
lae routinely. Although the Quiktrach 
device does not use the Seidmger 
technique, it was found easiest to use 
by all our candidates. However, if one 
is more comfortable using Melkers 
inserted via a Seldinger approach it 
makes sense to use the more familiar 
kit. The results and complications with

both the sets were comparable. We 
have demonstrated that success using 
one technique in a simulated emer 
gency is dependent upon the design of 
the equipment both in terms of time 
taken and ability to oxygenate, whilst 
documenting the number and nature 
of potential complications that oc 
curred.

Surgical tracheotomy may be the 
'gold standard', but only in expert 
hands. This technique, however, is 
associated with more complications, 
compared with cricothyroidotcmv. 
Whether or not to opt entirely for 
surgical cncothyoidotomv is beyond 
the scope of this study as it was 
deliberately excluded. As mentioned in 
our paper, it is impossible to replicate 
real-time scenarios. We have attempted 
to duplicate the urgency as best as we 
could, taking into consideration the 
limitations associated with the use of 2 
simulator. This situation gives us :•. 
better environment than trying to use 
cadavers tor such an experiment. The 
validity of extrapolation of the findings 
tc live humans may be questionable. 
but nvust be viewed in the context that 
such studies in live subjects are ethical!--' 
impossible to perform. The aim cf cur 
study was tc compare the use ,\nc. 
effectiveness of the available criccthv- 
roidotonry kits using the end-points we 
selected. There is no doubt that more 
work is needed in this field and 
we thank the correspondents for their 
suggestion;

Northern General Kospitai. 
Sheffield Sf 7AU. UK

Timeside General Hcsr:i;u. 
Ashton-under-Lyme. UK 
A. Mclnciof
Bristol Royal Irrfirmry. 
Bristol, UK

Validity of near-infrared 
cerebral spectroscopy

Since its introduction in 1977, [1] near- 
infrared cerebral spectroscopy (N1RS) 
has been used in various applications as 
z research tool [2,3]. It has failed.
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however, to become a -widely used 
clinical monitor. N1RS has been shown 
to track changes in arterial [4] and 
jugular venous [5] saturations in indi 
viduals, but the relationship is variable 
and inconsistent between subjects. In 
addition z number of methodological 
problems have been identified with 
N1RS including attenuation of the 
infrared signal by extra cerebral tissues 
\(i], and variability between devices [7], 
One study even showed that some dead 
subjects had higher cerebral saturations 
than live subjects |g].

In their recent paper, Shaaban Ali and 
colleagues (Anaesthesia 2004; 59: 20—6) 
used N1RS and serum SI 00(3 to com 
pare warm and coid cardiopulmonar" 
bypass (CPB) in children undergoing 
cardiac surgery. They showed no 
significant difference in S100P levels 
between the two groups, and no differ 
ence in cerebni! cximetry during CPE. 
except during rewarromg. Based on 
these finding? and specifically the 
improved cerebral cxygenation level; 
recorded during \varm CPB. they con 
cluded that warm CPB may be z useful 
alternative to cold CPB. Unfortunately, 
no data war provided about arterisi 
cxvgeri saturations, which may account 
for the difference in cerebral cxygen 
ation. There were no recorded neuro 
logical sequelae in either group. Since 
the validity of N1RS is stiD questioned, 
we do not believe it is possible to draw 
meaningful conclusions from the am 
presented. Warm CPE1 doe; appear tc 
be sn alternative tc coic CPii. ; view 
most stronglv supported in this study by 
both group; hsviijg rern'ij neurologic^: 
outcome:.

K. PauinfOi.
T, Ciution-Erock
Queen Elizabeth Hospitai.
Birmingham B15 2TH, UK
E-mail: kyletsp{Sipostmaster.co.u'k
C. Jmray
Coventry' and Warwickshire University
Hospital,
Coventry CV2 2DX, UK
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A reply
XVe welcome thf c ;K- r c 
respond tc tr.e je:ie: ;: 
Ciutton-Brock and irn ;-;.-••. ne 1C 
300 is a promising ncn-invasive cerebral 
oxygenation monitor with the advan 
tages of being non-invasive, and provi 
ding continuous Teal-time monitoring 
of changes in cerebral rather than 
extracerebral oxygenation \~\]. How 
ever, it does have obvious limitations 
[2—4]; it detects regional cerebral oxy 
genation (small area under the optodes), 
the optical path length is difficult to 
quantify, and arterial and venous chan 
ges are not distinguished.

The previous limitations were very 
clear in adult studies |2,4,5). indeed, our

group [5] reported a significant bia; 
with wide limits of agreement between 
jugular bulb oxygen saturation and 
tissue oxygen index monitored by 
NIRO 300 in adult patients undergoing 
coronary bypass surgery. However, 
change in cerebral oxygenation mav 
be monitored in adults |1] and in 
children and this may be useful in 
assessing the advantages and disadvanta 
ges of changes in surgical, anaesthetic 
and cardiopulmonary bypass (CPB) 
techniques without the necessity for 
waiting for long-term follow up. We 
agree that studies comparing such an 
intermediate end-point with neurolog 
ical outcome will be essential, but this 
type of approach might help to prevent 
the unforeseen consequences, of & 
change in practice undertaken on the 
oretical grounds, such as the increase in 
choreoathetosis after the change from 
pH-stat to a-stat during the 1980s ]6).

In addition to the evidence suggest 
ing that change in oxygenation pro 
vides i potentially useful trend in brain 
metabolic status, the CvtOx signal 
appears to predict impaired neurops\- 
chological outcome in patients under 
going cardiac surgery \~\. FurthenriOrc. 
in an-iVials a reduction in C^'tC':-: 
correlates with decreased brain energy 
state and predicts histoiogic brain 
injury after deep hypothermic circula 
tory arrest (DHCA) with a high sen 
sitivity 17,8]. Also, in our pilot study 
(as we do not have enough funds tc 
complete it) the lowest value oi CvtOx 
dunnE CPE' was the one variable tc pe 
significantly (inversely; associated with 
peak S'lOOP protein levels after CPE 
.'h;eh SlOOf associated with Jew ce"- 
,u;;.: cxvcenstiori';^':. Theje OJt, sug 
gest that the level ot CytOx couic Ce . 
ver>' important predictor ot brain dam 
age (7-9). Data on CytOx [10] formed 
pan of the evidence base suggesting 
that deep hypothermic arrest had a 
detrimental effect on the child's brain, 
which led to the expensive but cur 
rently definitive randomised controlled 
trial with late neurological endpomts 
|11].

Despite the limitations of N1RS, it 
has produced interpretable data in the 
hands of critical researchers and may 
have a place in the near future for
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Effect, o! iluoxetine and placebo on various end points

in children s Clis

1 Ml-'!

point, tin- children's depression rating scale 
(Cl)KS-R; P-0.1U). but this was m >i 
mentioned in the abstract. This and the 
small or nh.so-nt aclvanuiiics of fluoxe.ijne on 
otiier end points (table) and in oilier 
studies.''1 shows vhat fiuox«iiric. like aJi lithe; 
anlidepressams, is o1 dimbtiul cliniiiil 
importance for children.

Adverse evems and suicidal behaviour 
may be greater than the TADS paper s;iv>

the study than reporting adverse 
Mid the splitting of adverse event* 

into multiple groups, significantly more psy 
chiatric adverse events occurred in th< 
thu»x«iru: group than the placebo group (;•;" 
lest (I di). F = 0.047). Despite small number'1 
and the exclusion of known suicidal 
behaviour."1 Alls found a m-nd to mure-, sui 
cidal behaviour (six attempts in the fiuoxei- 
inc- svoups and one attempt in tru 
uon-HuoM'lmc croup*;, consistent witr 
i.nh«- trials of selective serotojiin vt-.upiaki 
inhibitors (SSRls). We are less reassured 
chat! the authors by the l.ici that DO anenip; 
was fatal. Suicide i.y a rare ev«n so ihar ;; 
study the si?.e of'K-VDS should be oiperteri 
to miss 3 significantly increased risk.

The dam do not support die TADS 
authors'optimistic conclusions. The balance 

.' between benefit and ban:1, of SSRI treat 
ment ior depression tti childhood ami 
adok-sciriKT h;,' v:-: t,- \;-, show: !i-. be

it ftfjtfui, <it-p(ir!\i:vui ctj 

ISniwa-sity <>I AdrUirfe, Artciaidc SDOJi. An

trisi, \v'oni«)V iind (.'.hildrw's Hospital 
Adi-ttriiJf: David B Mcnke», piulii..^'!- ji( ps-.x 
<-ai ni(-(licini: : l.Jinvi-rsiK oi Wjli-s .

:m<l Chris T)<M?cke. a?siK:i;ili- (jrofcrssur '>f 
[>j-anJi't'. Qunlji.v t;>*- ol Mi-dionrs ant! 
Rcsean-h tUmti'C. lini\vr«ilv of South

Competing intiTCsts: None <lrdrtrt:d
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Surger) 1 for ca?-otid artery 
stenosis

,ild be
10

sljoppinp in i'lorida. .1 
man found n booth i»Uerin.c r.ivoiid duplex 

ior ;: mod<-st fee. He had \i tamiiv 
of ce.tx'brovaseuUir disciise, so he 
10 be scanned for peace of mind. 
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Are some strokes preventable? The potential role of 
transcranial doppler in transient ischaemic attacks 
of carotid origin
Christopher H E Imray, Carl A S Tiivas

Transient ischaemic attacks (TIA) are more than just ministrokes. The high frequency of early stroke following TIA 
has resulted in the recent publication of guidelines in the UK. The guidelines recommend that patients attend a 
neurovascular clinic within 7 days of the index event to expedite investigation and treatment and so reduce the risk 
of a subsequent {potentially more serious) neurological event. After a TIA or stroke caused by carotid-artery disease, 
there is an increase in cerebral microemboli detectable by transcranial doppler (TCD). High microembolic loads 
appear to be surrogate markers for future neurological events, and the pharmacological efficacy of therapeutic 
interventions can now be rapidly and non-invasively assessed in the clinic or at the bedside. Medical treatments can 
now be optimised, avoiding the need for urgent or emergency carotid surgery and therefore allowing patients to 
undergo safer elective surgery when appropriate.
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Introduction
The risk of stroke after a hemispheric transient ischaemic 
attack (TIA) is greatest within the first 72 h, and event 
rates as high as 20% within the first month have been 
reported.' The Royal College of Physicians' National 
Clinical Guidelines for Stroke (2004) recommend that 
patients who have a TIA or minor stroke should be seen 
in a specialist neurovascular clinic within 7 days, and 
those with more than one TIA in a week should be 
admitted and investigated immediately/ The type, 
frequency, duration, and severity of a TIA are predictors 
of subsequent risk and severity of future strokes. All 
patients with a history of clear focal neurological deficit 
merit investigation, but those with motor or speech 
deficits have a more serious prognosis than those patients 
with sensory or short-lived deficits. There is also evidence 
that after an anterior-circulation TIA (resulting from a 
carotid stenosis) there is a high risk of early stroke.'•"

What should the next step be? Duplex 
ultrasonographic examination may confirm a critical 
intemal-carotid-artery stenosis, and CT or magnetic 
resonance angiography (MRA) will exclude 
haemorrhagic stroke in most cases. If cardiac-rhythm or 
valvular problems are found, they can be addressed. 
Antiplatelet agents can be introduced or adjusted; and 
blood pressure, glycaemic, and lipid profiles can be 
modified. However, is this enough? If the patient 
continues to have further focal events, or a neurological 
deficit persists, should anything more be done? How can 
the efficacy of various treatments be assessed, and when 
is it safest to proceed with surgery?

Transcranial doppler and transient microembolic 
signals
Transcranial doppler (TCD) is a non-invasive 
ultrasound-based technique used to measure blood 
velocity within the large vessels of the cerebral arterial 
circulation. The middle cerebral artery is insonated with 
a 2 MHz pulsed signal transmitted through the temporal

bone to a depth of 4-5-6-0 cm. The signal is reflected by 
solid components of blood (mostly red blood cells) and 
distorted according to the doppler-shift principle. The 
reflected waveform gives information about systolic, 
diastolic, and mean blood-flow velocity.

Gaseous or solid microemboli within the middle 
cerebral artery can be detected with TCD as high- 
intensity transient signals, also known as cerebral 
microembolic signals. Microemboli are defined as 
having a duration of less than 300 ms and an amplitude 
that is 3 dB higher than the background blood-flow 
signal.' Such signals are unidirectional and occur 
randomly within the cardiac cycle. Furthermore, most 
microemboli are easily recognised since they produce a 
characteristic sound (chirp). An individual microembolic 
signal does not cause neurological symptoms but may 
represent an early warning sign that an individual is at a 
greater risk of a neurological event in the near future.

Potential role for TCD in management of TIA of 
carotid origin
Patients with crescendo or recurrent TIAs seem to be at 
particularly high risk of subsequent stroke. The findings 
of a large, multicentre, non-selected, observational study 
emphasises the "not so benign" prognosis for all TIA 
patients. 7 The reported frequency of stroke after an index 
TIA is higher than was originally thought and the 
prevalence ranges from 5% within the first 2 days and 
20% within the first month' to 10-5% within 90 days.' 
Perhaps the greatest justification for early investigation 
and treatment of symptomatic carotid-artery disease 
comes from the analysis of the pooled data from the 
ECST and NASCET trials. The benefit from surgery was 
greatest for patients undergoing surgery within 2 weeks 
of their last ischaemic event."

Natural course of microemboli and TIA
TCD-detected transient microembolic signals are 
common for some days after an acute stroke."
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Microemboli are an important independent predictor of 
early ischaemic recurrence in patients with stroke or TIA 
of arterial origin.' 0 In a study of 69 patients with 
symptomatic carotid stenoses," microemboli were 
detected more frequently when the patients were 
examined soon after symptoms of cerebral ischaemia. 
Several other studies have shown a link between 
persistent cerebral microembolisation and the risk of 
future TIA or stroke. u~" In symptom-free patients with a 
critical internal-carotid-artery stenosis, when the 
microembolic signal rate was greater than two per hour 
in the ipsilateral middle cerebral artery, there was an 
associated increased risk of developing ischaemia (odds 
ratio 31 [95% CI 3-302], p=0-005)." The presence of 
microemboli may define a sub-group of patients with 
critical stenoses who might be at greater risk of having a 
stroke. 15

Effect of antiplatelet agents on microemboli
Goertler and colleagues" have assessed the efficacy of 
intravenous aspirin in controlling microemboli. Nine 
patients with recent symptoms arising from a critical 
internal-carotid-artery stenosis underwent TCD 
monitoring for 1 h; they were then given intravenous 
aspirin (500 mg), and the TCD measurements were 
repeated. In most patients, there was a reduction in the 
number of microemboli within 30 min; however, one 
patient showed no sustained decrease in the number of 
microemboli and later had an ischaemic event. In a 
further study by the same group," 74 patients with 
symptomatic critical internal-carotid-artery stenosis 
underwent 1 h of bilateral TCD monitoring within a 
month of their symptoms. 38 (51%) patients had 
detectable emboli. Among 48 receiving aspirin 19 (40%) 
had microembolic signals and among 26 not receiving 
aspirin 18 (70%) had detectable microemboli. TCD- 
detected emboli were controlled in about half of the 
patients on maximum medical therapy, whereas in the 
others persistent embolisation was an independent 
predictor of recurrent TIA or stroke (adjusted odds ratio 
37-0(95% CI 3-5-333], p<0-003).

Junghans and Siebler 18 described rapid control of 
microemboli with the glycoprotein Ilb/IIIa inhibitor 
(Tirofiban) in 24 patients with recent cerebral or retinal 
embolism of arterial origin. With Tirofiban, the 
microembolic signal rate dropped from a median of 
38 per hour (range 9-324) to zero in all patients. After 
the infusion was stopped the inhibitory effect of 
Tirofiban was found to be reversible, with a significant 
increase in microembolic signals (median 13-5 
[range 0-35], n=16; p<0-001). Six patients received 
overlapping oral antiplatelet agents and no microemboli 
were detected. Junghans and Siebler concluded that 
cerebral microemboli of arterial origin have the 
properties of solid emboli—with platelet-fibrinogen 
units as predominant constituent parts—and that 
glycoprotein Ilb/IIIa inhibitors might have the

potential to reduce the risk of a subsequent ischaemic 
event in patients with unstable carotid disease. 
Tirofiban can also inhibit the extension of 
microthrombosis, which might occur after arterial 
occlusion by emboli.

In the CARESS trial, 10 230 patients with at least 
50% carotid stenosis and ipsilateral carotid-territory 
symptoms were screened with TCD for microemboli. Of 
the 110 patients with microemboli, 107 were randomly 
assigned to either the dual antiplatelet therapy of aspirin 
and clopidogrel, or aspirin alone. On day 7, the dual- 
therapy group (n=51) had more effective control of 
microembolic signals than the group assigned single 
antiplatelet therapy (n=56). There were four recurrent 
strokes and seven TIAs in the single-therapy group, and 
four TIAs in the dual-therapy group over 7 days,

Practicalities of TCD emboli detection
An ambulatory TCD system has been developed; it 
works by using an autosearch algorithm to restore 
vessel insonation if the quality of signals decreases.20 
Patients can now be monitored continuously for up to 
5 h, and in view of the likely temporal variability in 
embolisation, the technique is likely to improve the 
predictive value of microemboli detection. However, 
Blaser and colleagues" found that monitoring periods 
shorter than 1 h did not pick up less clinically relevant 
information when signal frequency was already either 
high or low. Cerebral perfusion has been assessed in 
individuals undergoing a maximum exercise test at an 
altitude of 5260 m," showing that TCD monitoring is a 
simple and robust investigation. As such, there is no 
reason why the technique should not be more widely 
available within a general hospital setting, and it should 
not be seen as an investigation that is only available 
within specialist units.

Surgery for symptomatic carotid-artery disease
Several prospective randomised trials in patients with 
sympotomatic critical internal-carotid-artery stenosis 
have shown that carotid endarterectomy combined with 
medical therapy is better than medical therapy alone 
(>70%)."'" However, in patients with multiple, 
recurrent, or crescendo TIA, there is little information 
on optimum management. The treatment options 
generally adopted are intravenous heparin and urgent 
surgery. Mentzer and colleagues described 12 patients 
with crescendo TIA. 2' Seven patients underwent 
emergency carotid endarterectomy, and none had 
major complications; but of the five patients who did 
not have surgery, three patients had strokes and one 
died of cerebral infarction. In the Veterans Affairs 
trialists study," patients with recent TIA or minor 
stroke were randomly assigned to either surgery or best 
medical therapy. At 1 year the proportion of patients 
with subsequent stroke or crescendo TIA was 
significantly lower among the 91 who received carotid
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Algorithm for managing crescendo or recurrent TlAs

Index focal neurological event

Present to family practitioner or 
emergency department

Home on 
maximal 
medical 
therapy

Early carotid
surgery

figure 1: Algorithm for managing crescendo or recurrent T1AJB

endarterectomy than among the 98 patients who did 
not undergo surgery (8% vs 19%; p=0-011). Of the 
98 patients initially treated medically, 12 subsequently 
developed crescendo TIA, four had minor strokes, and 
three had major strokes. All 12 patients with crescendo 
TIA then underwent uncomplicated urgent carotid 
endarterectomy. In another study 29 patients with 
repeated TIAs were treated with heparin until elective 
carotid surgery was undertaken. 2' There was a mean 
wait of 5 days for surgery, and during heparin 
treatment there were two carotid occlusions and 
13 patients continued to have further TIAs. 
Postoperatively there was one stroke and one death due 
to myocardial infarction. On the basis of the poor 
outcome in patients treated with drugs only, 27 a more 
aggressive approach with urgent surgical intervention 
has been advocated. However, the published results of 
urgent carotid surgery are variable, 2"*"^ with 
complication rates ranging from no deficits in 
12 patients to operative mortalities as high as 20% and

neurological deficits in up to 40% in some other series. 
A systematic review" of the risks of carotid 
endarterectomy in relation to both the clinical 
indication for and timing of surgery showed that urgent 
carotid surgery for evolving symptoms results in a 
much higher risk of stroke or death (19-2% [95% CI 
10-7-27-8]) than surgery for stable symptoms (odds 
ratio 3'9 [95% CI 2-7-5-7], p<0-001; 13 studies). In 
view of the fact that both medical treatment and 
emergency carotid surgery have substantial 
complication rates, is there an alternative approach?

Preoperative TCD
The role of TCD before surgery has been explored in 
small trials in specialised centres but currently there is no 
level 1 evidence to support its use. Patients who recently 
had TIA or stroke associated with high-grade carotid 
stenosis and ipsilateral haemodynamic compromise with 
exhausted reactivity to carbon dioxide on TCD had a 
greater risk of early stroke before surgery than those with 
normal haemodynamics."

Embolisation detected by TCD after recent 
neurological symptoms in carotid stenosis predicts the 
short-term ipsilateral stroke risk. TCD has been used to 
identify patients who are at high risk of a further event; 
Markus and MacKinnon" have argued that these 
patients should undergo urgent endarterectomy.

The timing of carotid surgery in patients with 
recurrent or crescendo TIA can be safely altered; 1" 
19 patients were treated with a combination of TCD- 
directed medical therapy and elective surgery. After a 
TIA, patients were assessed as outpatients in the 
vascular laboratory, and each patient was questioned 
about any focal neurological symptoms in the previous 
4 weeks (hemisensory, hemimotor, dysphasia, or 
amaurosis fugax). All patients then underwent a routine 
carotid duplex, and those with more than one focal 
event and an appropriate-sided critical internal-carotid 
stenosis underwent 1 h of TCD monitoring of the 
symptomatic middle cerebral artery. Patients with more 
than one focal event and microembolic signals were 
admitted to hospital. Maximum oral medical therapy 
was started, and a TCD-directed intravenous infusion of 
the antiplatlet agent dextran 40 was started. The 
infusion was increased incrementally until there were 
no microembolic signals. Sustained embolisation 
seemed to be associated with the development of 
neurological events since no patient had symptoms 
once the emboli were controlled. A single embolus does 
not cause a TIA or stroke, but a high embolic load 
seems to indicate that the individual is at greater risk of 
further focal neurological events. Patients underwent 
further TCD examinations to confirm that embolisation 
had ceased, and carotid endarterectomy was undertaken 
on the next elective operating list up to 10 days later 
(figure 1). This delay has the advantage of moving high- 
risk surgery out of the emergency setting and into
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Figure 2: Surgical technique and carotid plaque appearance
A: right carotid endarterectomy with shunt in situ. B: carotid plaque with platelet frond from a symptomatic patient. C and D: intraoperative photographs of a
symptomatic carotid plaque.

elective hours with independently demonstrated lower 
complication rates." Therefore, safe interhospital 
transfer could be considered.

Intraoperative TCD
Historically, TCD was first used during carotid surgery 
to help assess the need for shunting during the 
cross clamp phase." Among 1058 patients, a large 
decrease in velocity (greater than 90%) in the middle 
cerebral artery was associated with operative stroke 
(odds ratio 3-3, [1 -3-8-3]).40 Subsequently, TCD has 
also been used to measure the intraoperative 
microembolic load."'-42 TCD sensitivity to the presence 
of paniculate emboli can help guide surgical 
dissection of the carotid artery before endarterectomy. 
Jansen and colleagues'" found that a high microembolic 
load was significantly related to new ischaemic 
lesions. Intraoperatively, detection of emboli by TCD 
has been used to modify surgical techniques or

strategies; for example, early clamping of the internal 
carotid artery when there is a high embolic load 
(figure 2). 44 '45

Postoperative TCD
The reported rate of early postoperative carotid 
thrombosis is 2-3%.<M' After carotid endarterectomy, 
TCD-detected microemboli are thought to be platelet 
aggregates generated by a partly denuded and highly 
thrombogenic vascular endothelium. Unchecked, these 
aggregates can mature into occlusive thromboemboli, 
resulting in infarcts in the succeeding hours or 
days. In the early postoperative phase (after carotid 
endarterectomy) if micrembolic counts are greater than 
50 per hour, this can help predict the development of 
ipsilateral focal ischaemia.48 '4' Lennard and colleagues" 
eliminated all postoperative strokes with the aid of a 3 h 
TCD monitoring session. They found that signs of 
persistent embolisation of at least 25 microemboli signals
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Figure 3: Composite schematic of symptomatic carotid-artery stenosis
High intensity transient signal (A, arrow) detected on transcranial doppler insonation of the middle cerebral artery 
via a temporal window using a 2 MHz probe (B). Carotid bifurcation with artherosclerotic plaque (C) causing 
>70% stenosis. Emboli originating from surface ulcer or plaque rupture shower the cerebral circulation. Carotid 
plaque showing surface ulceration (C, right; D, arrow) and disruption of media with intraplaque haemorrhage 
(D, circle). Microscopy of unstable plaque with subendothelial macrophage accumulation (E; CD68 stain light 
microscopy, X100); and intraplaque haemorrhage (F, black arrow) and ulcerated surface with overlying 
erythrocytes (F, white arrow; haematoxylin and eosin light microscopy, X200).

in 10 min consistently preceded injury. Embolisation was 
completely abolished with incremental infusion of the 
antiplatelet agent (dextran 40). The same group has now 
audited 600 consecutive carotid endarterectomies, after 
the introduction of TCD-directed dextran therapy and 
found that the rate of postoperative thrombotic strokes 
fell from 2 • 7% to 0%.*M7 There is evidence that 30 min of 
postoperative TCD monitoring is adequate. 51

Possible mechanisms of cerebral microemboli 
generation
In patients with symptomatic critical internal-carotid- 
artery stenoses, there is likely to be an acute rupture of 
an atherosclerotic internal carotid plaque with 
superimposed thrombosis—not dissimilar to the acute 
coronary syndrome. A period of instability and 
increased activity within the carotid plaque is indicated 
by an increase in cerebral microemboli signals that can 
be detected in the middle cerebral artery. Microemboli 
appear to be primarily solid platelet aggregates, since 
they have been controlled with various antiplatelet 
agents including intravenous aspirin,"-" dextran 40,4" 1 
Tirofiban,'" and S-nitrosoglutathione.^' In 100 patients, 
use of clopidogrel (75 mg) preoperatively resulted in a 
large reduction in the relative risk of having 20 or 
more emboli in the postoperative period (odds ratio 
10.23 [1-3-83 .3]; p=0.01). 5J Plaque stabilisation with 
aspirin and glycoprotein Ilb/IIIa inhibitors are 
established therapies for the acute coronary syndrome 
(figure 3).

Efficacy of pharmacological therapy
Cerebral microemboli seem to be surrogate markers for 
future ischaemic events. If they persist despite medical 
therapy, the risk of further neurological events is about 
40 times higher than if they do not. 17 The CARESS trial" 
showed that dual therapy with clopidogrel and aspirin 
controls both microemboli and symptoms more 
effectively than single therapy. However, even in the 
dual-therapy group, some patients had continued 
embolisation and remained at risk of further events.

Identification of high-risk patients and timing of 
subsequent surgery
A case could be made for the use of TCD emboli 
detection in all carotid-based TIA, but at present this 
approach is not practicable. Some researchers believe 
that patients with continued embolisation should be 
offered urgent surgery. 17 However, cessation of both 
microemboli and symptoms in patients with recurrent 
or crescendo TIA has been described with use of TCD- 
directed intravenous antiplatelet agents." Consequently, 
patients can undergo carotid endarterectomy safely on 
the next elective list, avoiding the risks associated with 
urgent or emergency surgery" or the risks associated 
with delay when microemboli persist despite oral 
antiplatelet therapy.' 1 "

Conclusion
Until further studies are undertaken, in our opinion all 
patients presenting with TIA or minor stroke should 
undergo rapid clinical assessment and duplex 
examination to assess the state of the internal carotid 
arteries (ideally within 24-48 h). A patient with a critical 
internal carotid stenosis and more than one TIA should 
have a TCD study to look for microemboli in the
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Search strategy and selection criteria
References for this review were identified by searches of 
PubMed from 1980 until June 2005 with the terms TIA, 
microemboli, transcranial Doppler, TCD, crescendo TIA, 
recurrent TIA. Articles were also identified through searches 
of authors' own files. Only papers published in English were 
reviewed.

appropriate middle cerebral artery. Those with critical 
internal carotid stenosis, symptoms, and emboli should 
be admitted to stroke prevention and care units. These 
units would be similar to coronary-care units and jointly 
managed by stroke physicians, neurologists, and 
vascular surgeons. With a high ratio of staff to patients, 
frequent corrections of cardiovascular, metabolic, and 
haematological factors could be achieved, the aim being 
to prevent strokes from occurring.""Elective surgery is 
likely to have better outcomes than either the 
conventional treatments of medical therapy alone or 
urgent surgery. Failure to control either microemboli or 
symptoms from a critical internal-carotid stenosis 
remains an indication for urgent surgery. Although 
intravenous heparin decreases cerebral microemboli 
after a focal event,' the widely adopted approach of 
intravenous heparin and early surgery is unsatisfactory.™ 

Converging lines of evidence suggest that TCD can 
assist in identifying the patients at high risk of a 
subsequent neurological event, and the pharmacological 
efficacy of therapeutic interventions can now be assessed 
rapidly and non-invasively. TCD detection of cerebral 
microemboli offers an important advance in 
multidisciplinary team working which enables the 
physician to optimally integrate medical therapies and 
the surgeon to determine the safest timing of surgery for 
a patient who has had a recent TIA or stroke.
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BRIEF REPORT

Ataxia at Altitude Measured on a Wobble Board
Brian G. Johnson, MB: John Simmons, MB; Alexander D. Wright, MB; Peter Hillenbrand. MB: 
Margaret F. Beazley, MB: lan Sutton. MB: Christopher H.E. Imray, MB: and the Birmingham 
Medical Research Expeditionary Society

From the Chirk Siirgety. ;'-- Came Road. Chirk, lirt-.v/iam. (.'A' iDr Johnsc:i>: Tools of Cc\enny. Coventry. UK /Dr Simmonsi: Walsall 
Manor Hospital. Walsall, UK (Dr li'rigriii: Good Hope Hospital. Simon Coldfieid, UK iDr Hillenbrand!: Lata-iv Pike Health Centre, 
Birmingham. UK iDr Beazieyt; Carvin Institute of Medical Research. Sydney, Australia (Dr Simon); H'alsgrwe Hospital, Coventry. UK 
iDr imrayl; and Birmingham Medical Research Expeditionary Society. The Medical School. Edgbaston, Birmingham, UK (BMRES).

Objective. — To establish a simple measure of ataxia for use at high altitude.
Methods. — Twenty healthy subjects took part in a trek to 5005 m. At 5 different altitudes on the 

rouie. they undertook a balance lest using a wobble board. The primary objectives were to investigate
disturbances of ataxia at altitude and 1C correlate any observed disturbances with acute mountain 
sickness (AMS) score;. Secondary outcomes were correlations with cerebral regional oxyeenatior:. 
pulse oximetry. and age.

Results. — After a shon learning curve, the wobble board tesi was found to be reproducible. Subjects 
over 3 1 years of age were significantly less steady than younger subjects. Subjects suffering acute 
mountain sickness scored significantly worse on the wobble board test, although scores did not cor 
relate with a specific question on unsteadiness. A positive test defined as equal tc or more than '.:• 
contacts over 2 minutes gave a predictive value for acute mountain sickness of 66.7% at 4650 m and 
lOOS-c at 5005 m. Cerebral regional oxygenaiion in 9 subjects at 500: m correlated with the wobble 
board test ir = 0.72: P < .051. whereas pulse oximetry did no;.

Conclusions. — The wobble board mey be a useful adjunct in quantitating ataxic in the field. A 
positive result may indicate the presence of AMS and may be a useful clinical measure of cerebral 
hypoxia but should be correlated with other clinical features.

Ker words: altitude, alaxia. cerebral regional oxygenation. HACE. wobble board
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Figure 1. Altitude profile is shown in black mangles over 
the 19 days of the trek. The days of wobble board tests are 
indicated bv arrows. The proportion of subjects with self-re 
ported symptomatic unsteadiness is shown in the vertical col 
umns, with the morning questionnaire as white bars and the 
evening questionnaire as stippled bars.

The objective of this study was to investigate distur 
bances of ataxia that occur at altitude and to correlate 
any observed disturbances with A MS and with symp 
toms of dizziness/light-headedness. Secondary end- 
points of the study were to assess whether age was a 
factor in impaired balance arising at altitude, and wheth 
er there were any correlations with cerebral regional ox- 
yeenation and pulse oximetry studies. We designed an 
experimental protocol using a wobble board as a way of 
investigating balance.

Methods

Six healthv subiects (3 males and 3 iemales > aged 25- 
46 years undertook a reproducibiiily stud;.' of results be 
tween tests at sea level on four separate occasions. 2-3 
days apart. Twenty different healthy subjects (16 males. 
4 femsJes'i seed 11-61 years (median 33 years': who 
took pan in £ trekking expedition to an altitude of 5005 
m in the Kanchenjunga region of "Nepal (route profile; 
Figure I) were recruited for this study. The subjects were 
all members of the Birmingham Medical Research Ex 
peditionary Society (BMRES), traveling to altitude as 
part of a research expedition. No subject was excluded 
for any reasons. Initial recruitment was at sea level. A 
medical questionnaire pretrek revealed no subjects with 
known coordination problems. At altitudes below 3300 
rn, subjects were free of any symptoms of unsteadiness. 
Throughout the trek no prophylactic drugs against AMS 
were taken. Five subjects, however, were given acet- 
azolamide to treat AMS between 4650 m and 5005 m. 
The drug was taken 12-18 hours before the wobble 
board test at 5005 m. No alcohol was allowed in the 12

Figure 2. Wobble board equipment in use.

hours before a test, and subjects were warm and well 
hydrated during testing.

All subjects completed Lake Louise questionnaires
every morning and evening. Subjects were considered to 
be suffering from AMS at any given altitude if the ques 
tionnaire score was 3 or more before the wobble board 
test was done at that altitude. At the same time, a sep 
arate BMRES questionnaire assessing 23 different symp 
toms was completed, and question 2 ("I have been un 
steady on my feet") was scored CO, not at all; 1. slight; 
2, moderate; '-. quite a lot; or 4. extreme').

WOBBLE BOARD

A wobble board consisting of a fiat board (diameter 53 
cm) with a half sphere (diameter 15 cm) glued to the 
center of the undersurface was modified by attaching a 
metal strip to the inferior surface of the circumference. 
The board was placed on a fiat metal plate checked for 
horizontal position with i spirit level. The combined 
weight of board and plate was 6 kg. The metai strip anc 
plate were connected by a single electrical circuit to a 
batterv-powered recording bo (weight 1 kg) thai re 
corded the duration c-f contact cf the metal strip v. ith the 
metal plate to the nearest O.i second (Figure 2'i. Each 
contact was marked bv i buzzer sound so that the person 
supervising the test could record the number of contacts. 
The equipment was used in a covered area (mountain 
hut or tent) in which one could stand, so that environ 
mental distractions of coldness, noise, sunlight, and dis 
tracting movement could be kept to a minimum.

Subjects removed footwear and stood on the board 
with their feet astride the central point. Foot outlines 
were drawn on the board to ensure a standard position 
25 cm apart. Subjects kept their eyes open and were 
encouraged to fix visually on a distant point. When bal 
ance had been achieved, observations were then made 
for three separate 1-minute periods, separated by ap-
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Figure 3. Wobble board (number of contacts) results ai dif 
ferent altitudes. At each altitude, the p values refer to the dif 
ference between the younger (31 years of age or less, closed 
circles) compared with older (over 31 years of age, open cir 
cles) subjects. The crosses refer to subjects with AMS at 4650 
m and 5005 m.

proximaieiy 1 minute of rest. Subjects were asked to 
keep the board horizontal and were allowed to use their 
arms to maintain balance to simulate normal walking 
conditions. Subjects were familiarized with the test at 
sea level before departure and were assessed on five oc 
casions during the trek: at 134f. 1660. 3300. 4650. and 
500:5 m (Figure 3j. Because of difficulties in familiar 
izing and testing all subjects, at the same time at sea 
level, 1345 rn was used as the first assessment point and 
was considered still low enough not to play any part in 
symptoms or signs of A.MS.

OXYGENAT10N

Measurements of peripheral oxygen saturation (Ohmeda 
o:\imeter. and cerebral regional oxyeenanor^ were un 
dertaken on 9 randomly chosen subject; frorr. me group 
ai 500: m. All measurements were mace under cover of 
tent or mountain hut. Reflected near-infrared cerebral 
spectroscopy (N)RS) uses light in the NIR spectrum 
(650-1100 m) and. similar to pulse oximeters and mixed 
venous oximeters, uses the principles of light transmis 
sion and absorption to measure concentrations of oxy 
genated (HbO ;) and deoxygenated (HbDCs) hemoglobin 
and total hemoglobin (Total Hb) in cerebral tissue. The 
cerebral regional oxygen saturation (rSO 2 ) was derived 
from HbO3 /Total Hb X 100. Continuous noninvasive 
NIRS was performed using a Critikon 2020 monitor 
(Johnson and Johnson Medical, Newport, UK), with the 
sensor positioned over a standard point in the fronto- 
parietal region and held in place with a pressure bandage

around the forehead to ensure good waveforms through 
out the measurements.

STATISTICS

Within-subject comparisons were made using paired t- 
tests. and between-subject comparisons were made using 
the Wilcoxon rank sum test.

Results

Duration and Number of Contacts

The duration of contact and the number of contacts in 
any given test were highly correlated (r = 0.92; p < 
.0001). The number of contacts has therefore been used 
when relating wobble board results to other measure 
ments.

REPRODUCIBILITY

The first of the three readings of all tests at sea level 
and at altitude was significantly higher than the second 
and third readings: for example, during the altitude 
study, the mean number of contacts (SD) was 5.0 (5.9'i 
at the first reading, which was higher than 2.6 (3.6") a; 
the second reading and 2.7 (3.4) at the third reading (r 
< .OOi'i. The second and third readings were not signif- 
icantlv different, and for further analysis the mean of 
these two readings was used. The mean number of con 
tacts (SD) on repeated testing on alternate days at sea 
level fell from 4.4 (2.4), to 2.1 (1.4), to 1.8 (1.6), to 0.5 
(0.6). The number of contacts was less than 1.5 in all 
subjects by the fourth successive test.

EFFECT OF AGE

The number cf contacts increased with increasing age <v 
= 0.4S: -.' < .C: . Subject: •:-•> er j ". years cf age -.;. e v e 
significant!; unsteacier on me wobble board imean nusr.- 
ber cf contacts. 3.79: SL. 3.5'i than those aged 31 vear? 
or under (mean, 1.52: SD, 2.2j (p < .001). Older sub 
jects were unsteadier at each altitude except at 3300 m 
(Figure 3).

EFFECT OF ALTITUDE

Wobble board results improved, comparing results at 
1345 and 1660 m (mean number of contacts 3.77 [SD 
3.4] vs. 2.58 [SD 2.97]: p < .05, paired /-test), but there 
after, mean results were not affected by ascent to higher 
altitude (3300 m, 2.23 [SD 3.1 ]; 4650 m, 2.26 [SD 3.34]; 
and 5005 m, 2.25 [SD 2.89]).
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Predictive values for acute mountain sickness (AMS)

4650 m
No. of contacts

+Test

>0.5
al.O
a 1.5
>2.0
>2.5

£3.0
£7.01

-T«-(

0
2S0.5
5:1.0
21.5
£2,0
S2.5
<7.01

Positive
(%)

53 .8
55.5
50.0
57.1
66.7
80.0
100.0

Negative
(%j

85.7
72.7
72.7
69.2
71 .4
" "^ "I

66.^

5005
Positive

(%}

57.1
63.6
75.0
75.0

100.0
100.0
100.-

111
Negativec?-v

100.0
88. 8
83.3
83.3
Ef.7
85.7
66.7

CLINICAL QUESTIONNAIRES AND 
EXAMINATION AT ALTITUDE

The Lake Louise question on dizziness/lightheadedness 
was scored positive by 4 subjects at 4650 m (number of 
contacts 12.5. 6.5, 0.5. 0.5). compared with 16 subjects 
scoring negative (mean number of contacts. 1.95 [SD 
2.7]) and was scored positive by 2 subjects at 5005 m 
(number of contacts. 4.5 and 0.5'j.

Five subjects scoring positive to the specific question 
on unsteadiness in the BMRES questionnaire at 4650 m 
did not perform differently (number of contacts: mean. 
4.62 ^L 5.1 SD) than those with no unsteadiness (mean. 
1.41 ± 2.3) (p > .05. Wilcoxon rank sum test). Simi 
larly, the 6 subjects scoring positive on the question at 
5005 m did not perform differently (number of contacts, 
3.77 ±3.3 SD) than those with no unsteadiness (mean. 
1.57 ± SD 2.5 P > -05). No subjects were unsteady- 
using the heel-to-toe test at 4650 m. and only 2 subjects 
(number of contacts 9.0 and 4.:") were unsteady- on heei- 
to-toe testing at 5005 m.

EFFECT OF AMS

At 4650 m. the & subjects with AMS had a greater num 
ber of contacts on the wobble board (4.'- ~ SD 4.6!-) 
compared with those with no AMS (1.09 ~ SD 1.82) 
(p < .01, Wilcoxon rank sum test). At 5005 m, the 8 
subjects with AMS had a greater number of contacts on 
the wobble board (4.50 ± SD 3.29), compared with 
those with no AMS (1.98 ± SD 3.3) (p < .01 Wilcoxon 
rank sum test). The predictive value of the wobble board 
test for AMS is shown in Table 1.

RELATIONSHIP TO CEREBRAL OXYGENAT1ON

Cerebral regional oxygenation measured in 9 subjects at 
5005 m correlated with the number of contacts on the

wobble board (r = 0.73; p < .05). but peripheral oxy 
genation did not correlate with the wobble board test 
result.

Discussion

Active balance, as defined by maintaining equilibrium 
while moving, 7 is essential to trekkers and climbers in 
mountainous terrain. Normal balance function is reliant 
on complex central mechanisms that result in coordinat 
ed neurologic and musculoskeleta! interactions. Differ 
ent inputs are received via the vestibular. visual, and 
somatosensory systems, and normal posture is main 
tained through the vestibulo-spina! and vestibulo-ocular 
motor reflexes that are integrated by the cerebellum, 
pons, and midbrain. Higher cortical functions, notably 
attention, volition, and memory are also necessary to 
maintain balance. "We attempted to devise a test of ataxia 
that was largely independent of higher cortical function 
and learning effects.

It has been shown that static balance deteriorates with 
hypobaric hypoxic conditions as low as 2438 ft, 8 and 
the importance of ataxia is recognized by the inclusion 
of the heel-to-toe test in the clinical assessment of 
AMS.- However, the results in our study show that the 
heel-to-toe test is relatively insensitive, and a simple 
quantitative test of ataxia applicable to field conditions 
is required. The wobble board proved easy to use at high 
altitude, with the equipment being simple and reliable in 
use. This included the battery, which was in a protective 
box to protect against coldness. The improvement in re 
sults we observed early in the trek probably reflected a 
"learning effect. We were not able to determine in this 
small group whether older subjects took longer to lean- 
the technique, but repeated testing in Subjects taken from 
& wide age range shewed complete mastery bv the fourth 
test, and results at the four altitudes above 1345 m were 
stable

No subiecis underiaK.ne the v-. cbbie board tes; v, eye 
taking regui&r medications thai would affect balance, it 
is parncuiarh important to note that acetazoiamide was 
not used prophylactically for AMS but had been given 
to five subjects for management of AMS at 5005 m. 
Acetazoiamide is known to improve intermittent epi 
sodes of ataxia that occur in individuals with defined 
ion-channel mutations. 9 ' 10 Furthermore, magnetic reso 
nance spectroscopy in untreated individuals with episod 
ic ataxia type 2 shows an increased pH in the cerebellum 
and cerebrum that is normalized following acetazol- 
amide therapy."

Older subjects would be expected to have greater sub- 
clinical ataxia at sea level than younger subjects, because 
aging is associated with hair cell loss and selective neu-
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ronal loss that particularly affects the Purkinje cells of 
the cerebellar vermis, 12 vestibular nuclear neurons, and 
primary vestibular neurons 13 . Previous large-scale stud 
ies have shown a clear deterioration of balance with in 
creasing age. 14 The wobble board test we devised was 
sufficiently difficult in older subjects, but for younger 
subjects, it will need modifications so that all subjects 
score positively under normal conditions.

The design of the study did produce limitations in the 
eventual analysis of the results. The number of partici 
pants was limited by the size of this expedition party. 
The number of altitude elevations at which measure 
ments could take place was small, and the frequency of 
testinfi was probably not high enough. This limited the 
statistical power in analyzing results and lessened the 
possibility of making more conclusive statements. In ad 
dition, the wide age range (21-61 years) exposed a dif 
ference in difficulty in performing the test across the 
ages. Whether this affected the results is difficult to as 
certain, as all participants found that a high level of con 
centration was required to perform. In addition, for prac 
tical reasons, we designed the test procedure to have a 
time period of 60 seconds. We have not performed other 
studies to know whether this is the optimal length of 
time for the test. Last, as in the case of other studies at 
altitude, the difficulty in our ability to control environ 
mental factors at altitude may have affected the test re 
sults.

Ataxia assessed by this wobble board is probably re 
lated to AMS. One study at altitude showed that oxy- 
genation did not improve ataxia but did improve AMS 
symptoms and scores, indicating that ataxia may not cor- 

1 relate with AMS. using current scoring systems. 15 Larg 
er numbers are required to overcome the limitations of 
self-assessment score? and the range of symptoms in 
cluded in the Lake Louise questionnaire.

Conclusions

We conclude that the wobble board test was easy to use 
but was shown to have some limitations with & learning 
curve and a distinct effect of age on the results. A pos 
itive result may indicate the presence of AMS. but 
whether wobble board scores are truly predictive of

AMS requires further studies with more regular mea 
surements in a larger number of subjects.
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Objective.—To evaluate the Sharpened Romberg Test (SRT) as a measure of aiaxia in subjects 
with mild acute mountain sickness in order to determine its sensitivity and specificity. 

Methods.—The SRT was performed in 23 subjects during ascent to 5260 m. 
Results.—The SRT was more often abnormal than the traditional heel-to-toe test, and at the highest

altitude it was related to higher median Lake Louise symptom scores with predictive values of 60% 
sensitivity and 89% specificity. Our evaluation of the SRT appears to agree with similar studies on 
ataxia showing a lack of correlation between ataxia and symptoms of acute mountain sickness at 
altitudes below 5260 m.

Conclusion.—The SRT was easy to perform and provided £ quantitative assessment of truncal 
aiaxia in the field without the need for specialized equipment.

Kev v.'oras: acute mountain sickness, altitude, ataxia. cerebral regional oxygenaiion. high-altitude 
cerebral edema. Sharpened Romberg Tesi

Introduction
Objective neurological signs are not usually associated 
with acute mountain sickness CAMS), but the develop 
ment of truncal ataxia may be a useful indicator that the 
bemgn, self-limiting problem of AMS is developing into 
the potentially fatal syndrome of high-altitude cerebral 
edema CHACE'>.'•- Ataxia is presently assessed by the 
Lskc Louise scoring system and heel-to-toc tandem 
walkmss tes-t. : Tnctc have replaced the preMcush uscc 
Environmental Svstems Questionnaire" and the classic 
Romberg test. 5 The current clinical tests for ataxia arc- 
at best only semiquantitative and, in our experience, 
rarely positive in subjects with moderate to severe AMS. 

To study ataxia more accurately, other authors have 
used static platform posturography and have shown that 
stability of stance deteriorates significantly at high alti-
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tude. 6 but postural ataxia may not be related to other 
symptoms of AVIS." Static platform posturography re 
quires expensive and sensitive equipment that is gener 
ally used in experiments in pressure chambers or moun 
tain huts. It may be difficult to use in field experiment? 
and is not practical for ordinary mountain expeditions: 
therefore, we have been seeking ways of measuring 
aiaxie at altitude more easily. Our initial results with E 
vvc'bbic i:>oarc : shc-v- ec nc relation between ataxia a no 
Lake Louise AMS scores but c. possible relation wnr. 
cerebral oxygenaticr.. However, age was an important 
determinant in ataxia scores by this method, and the test 
required several attempts before learning was achieved, 
thereby making it impractical in the field. 9

Modified versions of the Romberg test have been used 
in a variety of areas in medicine. 10 ' 11 The Sharpened 
Romberg Test (SRT) 12 is now widely used in the as 
sessment of divers recovering from decompression sick 
ness, 13 - 14 It has been accepted as a useful measure of 
ataxia because it can be easily quantified and is more 
sensitive than the standard test. 15 For these reasons, we
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hypothesized that the SR i might be extended to the as 
sessment of ataxia at altitude. The aims of this study 
were to evaluate the SRT as a measure of ataxia in sub 
jects with mild AMS and whether such measurements 
of ataxia related to other features of AMS or to cerebral 
regional oxygenation.

Methods

SUBJECTS AND STUDY DESIGN

Twenty-three healthy unacclimatized subjects (mean age 
40.6 vears. ranee 22-65") were assessed during ascent to 
5260 m. Baseline readings were recorded at an altitude 
of 150 m (Birmingham. UK). The group then traveled 
b\- air to 3610 m for days 1 to 5. by bus to 4750 m for 
days 5 to 8. and by bus again to 5260 m for days 8 to 
12 (Bolivia). One subject left the study for nonmedical 
reasons on day 6. One subject was withdrawn from the 
study because of HACE developing on day 6. One sub 
ject was taking acetazolamide for prophylaxis of AMS, 
and 3 subjects started acetazolamide on days 6. 8. and 
9 because of increasing altitude sickness: otherwise, no 
other medications were being used for AMS or which 
would have interfered with balance or the central ner 
vous system. Alcohol was not allowed in the 10 hours 
preceding testing.

CLINICAL ASSESSMENT OF AMS

Self-completed Lake Louise questionnaires 5 were com 
pleted each morning and evening. A score of 3 or higher 
from the questionnaire alone indicated AMS. An addi 
tional question on balance was asked with the following 
scores.: 0 = nc loss of balance. 1 = mild unsteadiness. 
2 = moderate unsteadiness, and '• = difficulty in stand 
ing. Two experienced physicians periorrneC clinical as 
sessment of'a standard heel-to-toe test—walking siong 
E straight line ': m long—on the day after arrival at 3610 
n-, ((j a" 2,. ci- arr-\£: £i 4750 rn id£} 5;, on days 6 and 
' El /n^O rn. c"n amvai £t 5260 rn (day 5i. and or; da;-. 
9 at 5260 ro. The assessment of the heei-tc-toe test was 
scored by the clinical assessment method suggested by 
the Lake'Louise consensus, 3 with balancing maneuvers 
or worse being taken to indicate a positive test.

SHARPENED ROMBERG TEST

Each subject stood erect on a level surface wearing fiat 
shoes with his or her feet aligned in a strict tandem heel- 
to-toe position, arms crossed over the chest, and the 
open palm of the hand falling on the opposite shoulder. 
Once stable, the subject closed his or her eyes and at

tempted to maintain that position for 60 seconds. If the 
subject failed 10 maintain the position by movement of 
either amis or feet or by opening his or her eyes, the 
time taken to failure was noted. If not achieved, the sub 
ject attempted up to 3 further trials of 60 seconds, and 
a sum of the times was recorded. If the first test was 
successful, no further testing was required and the sub 
ject assumed a score of 240 seconds (60 X 4). If a test 
of 60 seconds was completed on the second or third trial, 
all subsequent tests assumed a score of 60.

Tests were performed at 150 m (baseline), on the 
morning after arrival at 3610 m (day 2). on the next 
morning at 3610 m (day 3). on the evening of arrival at 
4750 m (day 5». on the next morning at 4750 m (day 
6). and on the morning after arrival at 5260 m (day 9). 
All subjects on the expedition volunteered to participate 
and actively collaborated with the recorder to achieve as 
good of a result as possible.

REGIONAL CEREBRAL OXYGENATION

Infrared spectroscopy 16 with a Critkon 2020 monitor 
(Johnson and Johnson Medics LTD. Newport. UK') was 
used to measure regional cerebral oxygenation (rSc>2') in 
IS subject? at 5260 m.

STAT1ST1CS

The presence or absence of AMS was analyzed by chi- 
square tests, differences ir. AMS scores were analyzed 
by Wilcoxon rank sum test, and rSo; was measured by 
Student "E i test. Significance was determined at P < .Of,

Results

Results for the SRT arc summarized in Table 1. At base 
line, the SR.T results were normal (240 seconds) ir. '-', 
of the 23 subiects. One subiect scored 171 seconds. AT 
36 JO rn. 10 of the 23 subjects (43%) had abnormal SRT 
results. DUI abnormal results did not relate to the ores- 
ence or absence c: AMS. Mean age wa? not significant; 
different in those with abnormal SRT results (4S.£ year?: 
SD 13.5.1 compared with those without ataxia i38.fc 
years,; SD 12.4). On the next morning. 10 subjects had 
abnormal SRT results, but only 1 of the 23 subjects had 
AMS. At 4750 m, 5 of the 22 subjects (22.7%) had 
abnormal SRT results, but none had AMS. On the next 
morning. 3 of the 22 subjects had abnormal SRT results, 
but again no relation was with 8 subjects who had AMS. 

Nine of the 21 subjects (43%) had abnormal SRT re 
sults after arrival at 5260 m. and 11 had an AMS score 
>3 (chi-square P < .05). Mean age was not significantly 
different in those with ataxia (46.4 years; SD 10.4) com-
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Table 1. Number of subjects with abnormal and normal results for the Sharpened Romberg Test tSRTj and the heei-'.o-toe ter, 
(KTT) and with or without acute mountain sickness (AMS')t

A Irinide
(m)

150

3610

4750

5260

Abnormal
Normal
Abnormal
Normal
Abnormal
Nonnal
Abnormal
Normal

1
•5")

10
!3
f

17
c

12

SRT

Score(s)

Median SD

171

147 38

170 43

IS- 36

HTT

Range Abnormal Normal

88-197 1 8
2 11

108-205 i 4
1 16

107-216 1 8
o i :

AMS

With Wiihaii:

^ r
2 11
0 5
0 17
~* :
4 £

tA normal SRT is 240 seconds. Acute mountain sickness was scored using the Lake Louise self-completed questionnaire on the same mornin 
cf '-lie SRT A score of 3 or higher indicated the presence of AMS. 

•The relationship of SRT to AMS by chi-square testing. F < .05

pared with those without ataxia (40.6 years: SD 14.3. P 
< .3). The sensitivity of the SRT in predicting AMS

']% at 3610 m and 60% at 5260 m and specificitywas
increased from 69% to 89% at 5260 rn.

SELF-REPORTING ATAXIA

Five subiects on 7 occasions reported less of balance in 
the questionnaire completed on the same morning but 
before the SRT results were measured. On 6 of the 
occasions, the SRT results were abnormal at the same 
tune. However, the SRT results were abnormal on 31 of 
the 106 occasions when no ataxia was reported.

HEEL-TO-TOE TEST

"our of the 1: i J7%i tests were abnormal after arrival 
at 3610 rn. 2 of the 22 (.9%) were abnormal at 4750 m. 
and oniv I of 20 '5%) were abnormal at 5260 m (Table 
2. <~ ;r the " occasion? when an abnormal heel-to-toe test

was recorded, an abnormal SRT result was noted in 4
tests and a nonnal SRT result was noted in 3 tests.
whereas 19 of the 59 (32%) normal heel-to-toe tests 
were associated with abnormal SRT results. The sensi 
tivity of the heel-to-toe test in predicting the result of 
the SRT varied between \ 1% and 20% and the specific 
ity varied between 85% and 100% at the different alti 
tudes. The small number of positive heel-to-toe abnor 
malities did not allow calculation of the sensitivirv an: 
specificity of this iesi :n predicting AMS He" r -.- 
AMS was present on only 2 of the 7 occasion; when : 
positive heel-to-toe test was recorded.

REGIONAL CEREBRAL OXYGEN ATI ON

The mean (SD< rSo; a; 5260 !~ was not significant]--, 
different in those with normal SP^T results (range 62%— 
66% i compared with those with abnormal SRT results 
i ranee 58%-65%:

Table 2. "Number of subject; with abnormal and normal result? 
for the Sharpened Romberg Test (SRT) and the heel-to-toe test 
(HTT)*

.SV?7~
Altitude

(mi

3610
4750
5260

Abnormal

10
5
c

Normal

]3
17
12

HTT

Abnormal Normal

4
/
1

19
20
20

P

ns
ns
ns

*No significant association was found between the test?

Discussion

The SRT was easy to perform in the field, requiring onh 
a flat surface in a quiet environment and 1 observer with 
a watch. The test appeared to have no learning effect, 
which was confirmed by another study of fit individu 
als. 14 Our results showed that tnmcal ataxia was a clin 
ical feature occurring in a significant number of subjects 
ascending to high altitude. Test scores improved during 
acclimatization at 3160 m and 4750 m but were not re- 
evaluated at 5260 m. Age did not appear to have a sig 
nificant effect on the results, unlike our findings of ataxia
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measured on a wobble board or the findings of other 
studies that used the SRT. u'°-- r

An association with Lake Louise symptoms scores 
was demonstrated at 5260 m only, though the relatively 
small number of subjects may have precluded us from 
assessing this at lower altitudes where the AMS scores 
were lower. The SRT appeared to be more sensitive than 
the heej-to-toe test, with over 3 times the number of 
abnormal readings on days arriving at altitude. Although 
the self-reporting of ataxia appeared to be highly spe 
cific, the large number of positive SRT results in subjects 
not reporting ataxia would make the questionnaire a very 
insensitive method of assessment.

The SRT would also have some limitations as a field 
test in the mountains, with physical elements of the en 
vironment. variable mental application of the participant. 
drugs, alcohol, orthopedic conditions, and possible fa- 
tieue all able to influence the ability of the participant 
to give his or her best test effort. There is also discussion 
about how long the test should be conducted; therefore, 
it is not standardized, 13

Analvsis of the SRT scores for the 5 subjects who 
either started acetazoiamide for increasing altitude sick 
ness or were developing RACE would have been helpful 
in showing the SRT's usefulness. However, in 2 subjects. 
there was no measurement of the SRT in the preceding 
12 hours. In i subject, the measurement was normal 12 
hours before hif AMS score changed from i to ':• . in 
another subject, the SRT measurement was normal 10 
hours before he deteriorated quickly, and he was thought 
to be developing significant H.ACE. In another subject, 
the SRT measurement was abnormal (192 seconds) 17 
hours before he was thought to be developing HACE. 
In all 5 subjects, heel-to-toe testing was normal 12 hours 
before their illnesses.

Baumsarmer el a)" uscci 2 static posturography plat- 
fonr. or, ascent to 4f fy m anc reported similar findings 
to our own. with ataxia occurring at altitude in almost 
half the subjects, but their results were not associated

t-y tne Em ircr.roerita] Symptom? 
Questionnaire. Cymerman £i i\~ asfessed postural injtf:- 
bilirv and AMS during exposure 10 Simulated altitude of 
4300 m and failed to show con-elation with either the 
prevalence or the severity of AMS. 6 This is in keeping 
with our results that showed no connection with AMS 
scores by the Lake Louise method at equivalent altitudes 
to the scores of these other studies. However, we did 
find an association at a higher altitude (5260 m). Baura- 
gaitner and Bartsch 18 recorded that unlike symptoms of 
AMS, ataxia did not improve with short-term oxygena- 
tion. Our findings support their hypothesis that the pos 
tural ataxia induced by moderate to high altitude may 
result from hypoxia affecting specific parts of the brain

that are not involved in the pathogenesis of AMS and 
that these hypoxia-related effects, unlike AMS, need 
more time for recovery. Our findings on rSo2 also sug 
gest that global cerebral hypoxia is not required for atax 
ia.

Recovery from ataxia as measured by the SRT was 
significantly slower than AMS at 3610-m altitude but 
not at 4650-ra altitude with repeated assessment on sub 
sequent days. Further studies on ataxia at altitudes above 
5000 m are needed to ascertain whether a relationship 
exists with other features of AMS and to document the 
time course of ataxia during acclimatization. For the 
SRT to be useful for predicting AMS. regular measure 
ments twice daily would appear to be necessary, and 
even then rapid deterioration may still occur after a nor 
mal result. Further studies are required to determine the 
usefulness of the SRT in the diagnosis of AMS and 
HACE.

Conclusion

The SRT provided a simple quantitative assessment of 
truncai ataxia. which could be performed in the field 
without the need for specialized equipment. An abnor 
mal result was found more commonly in the SRT than 
in the standard heeS-to-toe test and was associated with 
other symptoms of AMS at 5260 m. The relationship of 
the SRT to other clinical feature? of AMS at lower al 
titudes requires further stud'.".
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ABSTRACT

Phosphodiesterase-5 inhibitors decrease hypoxic pulmonary vasoconstriction under hypobaric 
hypoxia, but are not known to affect cerebral blood flow or oxygenation. The present study was 
designed to evaluate the effect of sildenafil on cerebral haemodynamics during acute exposure 
to altitude and after acclimatization. Ten subjects were studied 1 and 3 days after rapid ascent to 
3480 m before and for two consecutive hours after taking sildenafil (50 mg). Before acclimatization, 
HR (heart rate) rose at I h (76.3 + 1.0 beats/min compared with 72.5 ± 1.5 beats/min at baseline; 
F < O.OS) and had returned to baseline at 2 h (7 1.3 + I.I beats/min; P > O.OS). Mean BP (blood pres 
sure) fell from 96.0 ± 2.0 mmHg at baseline to 91.7 ± 2.5 (F< 0.001) at I h and 89.6 ± I.SmmHg 
(P < 0.0001) at 2 h, whereas Sao^ (arterial oxygen saturation) increased from 83.9+0.5% at 
baseline to 85.3±0.4% (F<0.0001) at I h and 85.0±O.S% (P<O.OI) at 2 h. MCAV [MCA 
(middle cerebral artery) velocity] and PETCO2 (end-tidal partial pressure of COj) were unchanged, 
but rSo/ (regional cerebral oxygen saturation) rose progressively at 1 h (62.7 + 0.8%; P < 0.05) 
and 2 h (65.3 ±0.9%: P < 0.0001) compared with baseline (59.3 + 1.3%). After 3 days of acclimat 
ization, resting rSo? and RMCA (MCA resistance) increased and oxygen delivery fell. Changes in 
HR and mean BF after sildenafil were similar to day I. but SaOi did not change. However, rSoj 
increased [6 1.7 + 0.9 % at baseline to 65.0 ± 1.0 % (F < 0.0001) at 1 h and 64.0 ± 0.9% (P < 0.001) 
at 2h], despite a reduction in MCAV [65.3 + I .S cm/s at baseline to 61.3 + 1.5 cm/s (P < 0.01) 
at ! h and 60.? ± 1.7 cm/s (F < 0.000!) at 2 h] and PETCO: [4.1 +0.05 kFs at baseline tc 4.0 + 
0.04 kp£ at 2 h (f < 0.001. Tnese observations suggest that sildenafii improves cerebrai oxygen 
ation at altitude. Whereas tne early changes before acclimatization may be largely pulmonary in 
origin, the later observations may be a direct cerebral effect which warrants further stud>.

INTRODUCTION cerebral autoregulatory responses -which provide stable
Do; (oxygen deliver)'), particularly by increasing cerebral 

Increasin0 numbers of people travel to or work at altitude blood flow.
and risk development of AMS (acute mountain sickness) Acute hypobaric hypoxia also affects the pulmonary 
[1] The brain is sensitive to relatively minor fluctuations circulation resulting in pulmonary hypertension and this 
in cerebral oxygenation and is normally protected by may be associated with high-altitude pulmonary oedema.

Key words: acclimatization, altitude, cerebral regional oxygen saturation, hypoxia, middle cerebral artery velocity, phos-
phodiesterase-5, sildenafil (Viagra*).
Abbreviations: AMS, acute mountain sickness: BR blood pressure: DOT, oxygen delivery; HR, heart rate; MCA, middle
cerebral artery; MCAV, MCA velocity: NIRSr nesr-IR spectroscopy; NO, nitric oxide; eNOS, endothdial NO synthase; PDE5,
pho$phodiesterase-5; PETCO2, end-tidal partial pressure of COj; RMCA; MCA resistance; rSo?, regional cerebral oxygen saturation:
Saoj, arterial oxygen saturation.
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There has been recent interest in the use of sildenafii, 
a selective PDE5 (phosphodiesterase-5) inhibitor, which 
has been shown to be effective in reducing pulmonary 
hypertension. Sildenafii has variable vasodilating effects 
on different vascular beds attributable to the differential 
expression of PDE5 in the endothelium of blood vessels 
throughout the body. The presence of other synergistic 
factors is postulated to play a role as well, e.g. the pres 
ence of NO (nitric oxide) released from non-cholinergic 
non-adrenergic penile nerve endings, which has been 
utilized in the treatment of erectile dysfunction. The pro 
found effect of sildenafii in abolishing the rise in pul 
monary artery pressure during acute hypoxia-induced 
pulmonary hypertension in human and eNOS (endo- 
thelial NO synthase)-deficient mice experiments has 
raised the potential therapeutic value of sildenafii and its 
analogues [2]. Furthermore, it has been suggested that 
sildenafii might prove to be of therapeutic benefit to 
travellers and indigenous populations not well adapted 
to altitude in the prevention of pulmonary hypertension 
and oedema [31.

It has been assumed that PDE5 is distributed widely 
throughout the vasculature, including the cerebral vas 
cular bed. Thus sildenafii induces headache and aggrav 
ates migraine at sea level, suggesting a vasodilatory effect 
despite no demonstrable change having been shown in 
MCA imiddle cerebral artery) diameter [4,5j. Immuno- 
iocalization studies have demonstrated PDE5 within neu- 
ronal tissue in rat Purkinje fibres [6j. but the enzyme 
has not been specifically identified within cerebral blood 
vessels. To date, sildenafii has not been shown to affect 
cerebral perfusion. Given its potential value in reducing 
altitude related pulmonary hypertension, we sought to 
evaluate the effect of sildenafii on cerebral blood flow 
and oxygenation on acute ascent to high altitude and after 
a cclimatazation.

MATERIALS AND METHODS

Two studies -were performed. The first was a pilot experi 
ment undertaken to assess the cerebrovascular changes a: 
150 m (Birmingham, United Kingdom) produced by sil 
denafii on six healthy male subjects (age 34-60 years). The 
aim of the main study was to evaluate the time depen 
dency and acclimatization response to sildenafii and was 
carried out in ten healthy subjects (seven male and three 
female; age 30-65 years) at 1 and 3 days after acute ascent 
by cable car to 3480 m (Refugio Guide del Cervine, 
Aosta, Italy). Barometric pressures were 99.1 kPa in 
Birmingham, and 66.2 kPa and 66.4 kPa on days 1 and 3 
respectively, at 3480 m. Five subjects were common to 
both studies.

Study protocol
Subjects were rested in the supine position for 5 min prior 
to any measurements. Sildenafii (50 mg: Viagra*. Pfizer)

was administered orally following baseline measurement; 
and repeat measurements made after } h at 150 m and at 
\ and 2 h at 3480 m. HR (heart rate), BP (blood pressure), 
SaOa (artenal oxygen saturation), PETCO2 (end-tidal par 
tial pressure of CO3 ), rSo2 (regional cerebral oxygen sat 
uration) and MCAV (MCA velocity) were recorded with 
five measurements made at each time point. Subjects were 
not taking nitrates or any other cardiovascular drugs. 
The side-effect profile was evaluated by direct question 
ing of subjects upon completion of the experiment at 
3480 m. The presence of AMS was scored using the Lake 
Louise self-completed questionnaire [7].

The Research and Ethics Committee of the South 
Birmingham Health Authority granted approval for thc- 
studies, and subjects gave written informed consent.

Cerebral NIRS (near-IR spectroscopy)
In the pilot study, continuous non-invasive cerebral NIRS 
was performed at 150 rn using a Critikon 2020 cerebral 
redox spectroscope (Johnson and Johnson Medical Ltd). 
The dual detector sensor position was standardized to a 
point over the right fromo-parietal region •with sensor 
margins 3 cm from the midline and 3 cm above the supra- 
orbital crest taking care to avoid the sagittal sinus. A Blue- 
line Tubifast bandage (Seton Healthcare Group) was used 
to keep the sensor in place, and maintained a standard 
probe pressure. rSc>was derived from the equation:

rSo 2 = (oxygenated haemoglobin/total haemoEiot'.r 

x 100

In the main study at 348C m. an Invos Adult Cerebral 
Oximeter (Somanetics: Somanetic Corporation) was used 
to measure cerebral oxygenation. Bilateral frontal probes
were positioned and kept in place using Blue-line Tubif ast
bandage as before.

Transcrania! Doppler
Continuous transcranial Doppier f.ssessmem of MCAV 
was measured bv one c: rsvc expenencec operators usine 
i 2 MHz pulsed-wave. range-gated Doppier uitrasounc 
(MultiDop T'l: DWL Elektronische Systeme). The right 
MCA was identified by recognition of the characteristic 
waveform and typical flow velocity profile, and was 
insonated at 45—60 mm through the temporal bone 
window. The MCA tune-averaged mean velocity (MCAV; 
cm/s) was recorded.

Measurement of 5ao2 , PETCO?, HR and BP
Saoj and HR were monitored using an Ohmeda Biox 
3740 Pulse Oximeter. Mean BP and PETCO? were mea 
sured using a Datex-Ohmeda S/5 portable critical care 
monitor. Data were logged either manually (BP, PETCOJ, 
HR and SaO 2 ) or input via a multichannel I/O port to 
the hard drive of the transcranial Doppler for subsequent 
offline analysis.
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Table 1 Time course eftect of sildenafll on systemic parameters and cerebral haemodynamics on days I and 3 after arrival 
at 3480 m
Results are means± S.E.M., n= 10. */> < 0.05, "t < 0.01, "*f < 0.001 and ""P < 0.0001 compared with the pre-sildenafil value, as determined by a paired 
Student l-test tf < W an(l tttf < ".0001 between the I and 2 h time points, as determined by 5 paired Student (-test #%$P < 0.0001 compared 
with the pre-sildenafil values on day I, as determined by an unpaired Student t-iest

HR (beats/min)
Mean BP (mmHg)
Jaoj (•/•)
fETCO; (kPo)

MCAV (cm/s)
r5o, (%)

Day 1

Pre-sildenafil

72.5 + 1.5
96.0 + 2.0
83.9 + 0.5
4.2 + 0.05

67.5+ 1.4
59.3+ 1.3

1 h

76.3 + 1.0"
91.7 + 2.5—
85.3 + 0.4""
4.2 + 0.05

65.0 + 1.1
617 ± 0.8'

J h

7l.3±l.ltttt
89 .8 ±1.8"" ff
85.0 + 0.5"

4.1 + 0.05
66.2+ 1.4
65.3 + fl.9""|t

Day 3

Fre-sildenafil

61.6+1.2^
102.0 + 2.1
87.4 + 0.6ftt;

4.1 +0.05
65.3 ± l.f
61.1 ±0.9

1 h

67.4+1.2*"
92.0 + 2.6—
8«.7 + 0.4

4.0 + 0.05
61.3 + 1.5"
65.0+ 1.0""

}h

ti.o+o.»tttt
93 .8 ±2.7"
8i.4±0.5tttt

4.0 ± 0.04"
60.9+1.7""
64.0 ± 0.9""

Estimated cerebral Do2 and RHCA 
(MCA resistance)
Do to the brain is proportional to the product of
arterial oxygen content and brain blood flow. Since the 
haemoglobin concentration is unlikely to have altered 
within 3 days and the barometric pressure remained 
virtually unchanged, an estimate of the cerebral Do2 was 
made using the formula:

Do2 = SaO- x MCAV 

RMCA was calculated as follows:

RMCA (resistance units) = mean arterial BP/MCAV.

The Do2 and RMCA w«"e calculated for individual subjects 
at each time point.

Statistics
Statistical and graphical analyses were performed using 
StatView 5.01 (SAS Institute Inc.; and Dehagraph £ fSPSS 
Inc. and Red Rock Software) by unpaired and paired 
Student's r tests based or, the parametric distribution of 
Gf.ti. Results are expressec if mean vs.iues wiih dsta 
spread represented by ±; S.D F value? < £.05 were 
considered significant.

RESULTS

]n the pilot study, there were no changes in HR 
(72 + 9.6 and 69.2 ±6.5 beats/min), BP (97.5 + 11.8 and 
95.5~+13.5 mmHg), Sao2 (96.5 + 1.6 and 95.0 + 1.5%), 
MCAV (53.1 ± 13.2 and 49.5 + 6.5 cm/s) or cerebral rSo, 
(69.4+ 1.8 and 68.8+ 1.4%) before and 1 h after sildenafj] 
administration respectively.

On the first day of the main study, there was one 
subject-who had a Lake Louise symptom score of 3. There 
was no recorded AMS on day 3. The responses to silden- 
anl on days 1 and 3 are shown in Table 1. On day 1, there 
was a rise in the mean HR at 1 h, which then returned to 
the baseline level at 2 h. Mean BP was reduced at 1 h and

continued to fall at 2 h. 5aOj increased at 1 h and remained 
so during the second hour. PETCO2 remained unchanged. 
MCAV did not change significantly after sildenafll on
day 1 (Figure IB), but cerebral oxygenation improved at 
1 hand continued to rise at 2 h (Figure 1 A). The calculated 
Do 2 (Figure 1C) and RMCA (Figure ID) did not change.

On day 5. HR rose at 1 h and then returned to the 
baseline level at 2 h. Mean BP fell at 1 h and remained so 
at 2 h. Although SaO 2 did not alter at 1 or 2 h compared 
with pre-silacnafil values, there was a small fall in PETCOJ 
at 2 h. The mean MCAV fell and cerebral oxygenation 
increased. The calculated Do2 at all time points, on day 3 
was reduced compared with dav 1 (p < 0.01; Figure 1C). 
Following sildenafil, Do2 fell at 2 h on day 3 (35.5 + 1.5 to 
33.1 + 1.2 units; P < 0.05). The baseline RMCA ^as higher 
on day 5 compared •with day 1 (1.7 + 0.1 compared with 
1.4 + 0.1 units respectively; P < 0.05), but this difference 
was abolished with sildenafil at 1 and 2 h (Figure ID).

The mam side-effect noted was facial flushing in seven 
subjects o: whom five ielt that this was mild and the 
remaining two considered this moderately severe. Head 
ache wa? r.otec in Three- subjects (two subjects had mild 
symptoms anc one mooerateiv severe but not incapacit 
ating . Three Subjects experienced mild nasal congestion 
anc two subjects noticed bloodshot eyes although 
none experienced photophobia. One subject had mild 
indigestion and one other had mild transient postural 
hypotension.

DISCUSSION

Sildenafil is a cGMP-specificphosphodiesterase inhibitor 
that causes selective vasodilatation through a reduction of 
intracellular calcium in vascular smooth muscle. This is 
effected by inhibiting PDE5, which prevents the break 
down of pre-existing cGMP, the second messenger in 
the NO pathway. The presence of raised levels of NO 
is a prerequisite for PDE5 inhibitors such as sildenafil 
to work, as demonstrated by the prolongation of erectile
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Figure I Effect of acclimatization and sildenafil on rSoi (A), MCAV (B), Doj (C) and RMCA (D)
Results are means + S.E.M (single-ended error bars); n= 10. 'F < 0.01 comparing values at day i and day 3 at specified rime points; "P < 0.05 comparing 
pre-sildenafil with the 1 h time point on day 3; and '" F < 0.05 comparing the pre-sildenafil time point on day I with that at day 3. Statistical analyses on r5o2 

and HUV are shown in Table i.

function when non-cholinergic non-adrenergic (nitrox- 
idergic) penile nerves are stimulated [8j.

Although the reduction in systemic BP due to the vaso- 
diiatory effect of sildenafil is modest [9J. there is a signi 
ficant reduction in pulmonary aneria) pressure in cases 
of pulmonary hypertension [10], presumably due to the 
background increase in N O in the pulmonary vasculature 
secondary to chronic hypoxia. Thus far, sildenafil has 
not been demonstrated to have an effect on cerebral 
blood flov bv transcramai Doppler nor arc there arjv 
data on the effect of silaenafil on cerebral oxygenation as 
measured bvNIRS. The effect of sildenafil on the cerebral 
vascuiarure has been postulated but not demonstratec 
previously [1 ij. Tne present study describes the effec; 01 
sildenafii or. cerebral blood flow and oxygenation at 5es. 
level and 3480 m. The absence of any change in cerebral 
oxygenation and blood flow at sea level is consistent with 
data reported previously [4].

Transcranial Doppler insonation of the MCA is 
accurate and reliable in the measurement of cerebral blood 
flow [12] and has been shown to be robust in assessing 
cerebral haemodynamics under high-altitude conditions 
[13]. MCAV as measured by transcranial Doppler has a 
linear relationship with cerebral blood flow -within a wide 
range of flow values as measured by the 13j Xe clearance 
technique [32]. Furthermore. MCAV measurements 
under conditions of acute hypobaric hypoxis have been 
validated against sea-level measurements and are an ac 
curate indicator of cerebral blood flow and Do 2 [141. 
We have used previously cerebral NIRS under hypobaric

conditions for cerebral hypoxia and have found thif 
measure to be sensitive and reproducible as -well as robus; 
[15-17],

A comparison between the rSOj and MCAV curves 
in response to sildenafil ior 1 day (unacciimatized) and 
3 days (acclimatized) is shown in Figure 1. On day one. 
sildenafil caused a progressive improvement in cerebral 
oxygenation at 1 and 2 h. There is a similar rise at 1 h on 
dav 3. but this effect appears to plateau at 2 h. This 
improvement, however, does not appear to be dependent 
on cerebral blood flow as there is no change in MCAV on 
dav 1 and. paradoxically, £ reduction in MCAV on day 3. 
The calculated Do; 'Figure iCi demonstrates the effect 
ci acclimatization. DC; is proponioneic- TC the MCAV 
and the DOj profile follows the changes in MCAV with 
sildenafil. The reduction in MCAV on day 3 is likelv to 
be secondary to the overall improvement in SaOi and 
possibly a decrease in .PETCCH with acclimatization. At 
high altitude, the cerebral circulation is exposed to various 
competing influences: arterial hypoxaemia is a potent 
cerebral vasodilator, whereas arterial hypocapnia is & 
potent vasoconstrictor [18]. Both these effects are reflec 
ted in RMCA (Figure ID) and are modulated by acclimat 
ization. In the present study there was an increase in 
RMCA £nd a decrease in Doj with acclimatization that 
was overcome by sildenafil. On acute exposure to high 
altitude, hypoxia-induced cerebral vasodilatation appears 
to override the vasoconstrictor effects of hypocapnia 
but. by day 3, improved peripheral oxygenation with 
acclimatization increased RMCA • In rhe present field study.
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an indirect measure of Doi has been made by calculating 
the product of .Sao? and MCAV which are both non- 
invasive measurements. Calculated Do2 did not take into 
account any changes in plasma volume that may have 
occurred at altitude, thus changes in Doo after sildenafil 
largely reflected changes in MCAV.

The different profiles in the time-course experiment 
suggest that there may be multiple mechanisms at work 
and the observed effects of sildenafil when acclimatised 
may be intracranial rather than systemic. It may be pos 
tulated that the improvement in cerebral oxygenation 
with sildenafil on day 1 may be due, in part, to an in 
crease in SaO2- Despite the improvement in Sao 2 due to 
acclimatization, the response to sildenafil on day 3 is not 
correlated with any change in Sac>2- This suggests that the 
improvement in cerebral oxygenation is predominantly 
intracranial. NIRS provides a measure of the proportion 
of oxygenated blood in the cerebral capillaries. It does 
not distinguish how much is in the arterial or venous pan 
of the capillary bed. The proportion of total blood in the 
cerebral capillaries has been estimated at 28% arterial 
and 72% venous [19,20]. It is possible that changes 
in these proportions could occur both at altitude with 
acclimatization and with sildenafil. The observed large 
changes in cerebral NIRS with more modest changes in 
MCAV would tend to support this model. A further 
possibility is differential vasodilatation with sildenafil (i.e. 
mid-sized arteries versus smaller downstream artenoles) 
which may potentiate the observed differences in cerebral 
oxvgenation.

The presence of PDE5 in the cerebral arteries or 
microvasculature has thus far not been demonstrated, and 
our present findings of a change in MCAV with PDE5 
inhibition suggest indirectly that this enzyme may Ln 
fact be present under hypo bane hypoxia. The absencc- 
of £. discernible change in MCAV at sa level implies 
that a hypoxic drive is i precondition to cerebrovascular 
sensitivity tc sildenafil. This is the first lime that PDE5 
inhibition has been aemonstraieo to afiec; cerebral oxv- 
senation (both unacciimatiz.ec anc acclimatizefl subjects 
and cerebral blood flow (acclimatized subjects i. Possible- 
explanations for the unmasking of this cerebral response 
at altitude may be the priming effect of increased levels 
of local NO within the cerebral vascular bed consequent 
upon hypobaric hypoxia, or perhaps hypoxic up-regul- 
ation of hitherto indiscernible PDE5 at altitude. The role 
of NO priming has yet to be explored with respect to 
PDE5 inhibition, but experimental evidence showing loss 
of protection by ischaemic preconditioning when cNOS 
and nNOS (neuronal NOS) knockout mice are exposed 
to focal cerebral ischaemia suggests an important role for 
NO in the cerebrovascular response to sildenafil [21].

Although the potential role of PDE5 inhibition in the 
treatment of pulmonary hypertension has been high 
lighted previously, the present study demonstrates the 
wider influence of sildenafil on the cerebral vascularure.

Under conditions of high-altirudc- hypoxia, sildenafil 
has a positive influence on cerebral oxygenation and an 
attenuation of cerebral blood flow. However, our present 
study was not designed to establish any therapeutic bene 
fit from improved cerebral oxygenation. The mechanism 
by which these effects take place is not currently known 
and will need to be investigated further. These findings 
may influence our knowledge of PDE5 localization and 
direct further studies towards a potentially therapeutic 
role for PDE5 inhibitors in the management of cerebral 
hypoxia.
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Objective.—To perform a pilot study exploring the prevalence of acute mountain sickness (AMS)
in adolescents on ascent 10 altituae and evaluating whether this age group is capable cf self-assessment 
of AMS using the Lake Louise scoring system.

Methods.—Twelve teenagers aged 15 to IS years old If girls) traveled for 21 days between 2400 
and ?500 m. Each member of the expedition completed & Lake Louise self-assessment questionnaire 
on £ daih' basis. Group leaders i.nonmedical) were informed about any subject with a score of '•• or 
more. Appropriate treatments were then initiated. Detailed analysis cf data was undertaken on return 
to the UK.

Results.—There was !00°,c completion of 252 questionnaires. Eleven of the 12 subiecis (91.7°/o'.i 
had symptom scores greater then or equal to ~:. consistent with & diagnosis of A.MS, on at least one 
day (range. G-S). Symptoms of AMS were more common in the female group members if = .04];.

Conclusions.—AMS seems to be a common problem among adolescents. There are increasing 
numbers of adolescents traveling to high altitudes, and there seems to be a lack of information aboui 
the prevalence of AMS in this age group. Motivated adolescents seemed capable of self-monitoring 
for AMS using the Lake Louise questionnaire. Combined with an appropriate ascent profile and 
support, we feel this approach may contribute to safety in the mountains and merits further study.
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Table 1. Daily Lake Louise acute mountain sickness (AMS) scores for the group (n = 12)
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the 5355 adults he also studied. s However, children may 
be more susceptible to the syndrome because its preva 
lence seems to decrease with increasing age. 3 - 5 There is 
also evidence that although AMS among adolescents is 
less common than in children, it may be more common 
than in adults. 10 Pulmonary edema also seems to be 
more common among children ascending to high alti 
tudes Vi'ith a recent or active viral respiratory illness ; 
A death from high altitude pulmonary edema in a 15- 
vear-old was reported. 11 but we suspect there may be 
oiner deaths cr serious events thai are currently net for 
mally reported.

It was the purpose of this pilot study to explore the 
prevalence of AMS in adolescents at aliitude and to as 
sess the practicality of using the self-assessment Lake 
Louise questionnaire in this age group.

Methods
Twelve teenagers aged 15 to 18 years old (5 girls) trav 
eled for 21 days between 2400 and 5500 m. The mean 
age of the subjects was 16.1 years. All members of the 
group were fit and healthy with no underlying medical 
conditions and normally resided at 100 to 200 m. None 
of the group had previous exposure to high altitude. 

The group traveled by air from the UK. arriving in

Cusco (2250 mj on day j and spent 4 days at 3000 ic 
3500 m acclimatizing. The group then trekked the Inca 
Trail to Machu Picchu (4 days) climbing to 4200 m. 
After a rest day in Cusco. the group trekked for 10 days 
around the peak of Ausengate. The group then ascended 
to a maximum height of 5500 m before returning to 
CUECG (Table 1 i.

SYMPTOMS AND SIGNS OF AMS
f- er e'• ev.ir.g. eacr. rr,err:rer c: the expedition com 
pleted a _£Ke l_cuise self-assessment questionnaire. - 
This was collected and scored b~\ a single investigator 
(C.H.K.j. Group- "leaders (nonmedicai) were informed 
about any person with a score of 3 or more. Treatment: 
descent, or both were then initiated. No prophylactic or 
therapeutic drug treatment for AMS was used during the 
expedition. Detailed analysis of data was undertaken on 
return to the UK.

STATISTICS

Statistical significance was assessed by unpaired r-tests. 
regression analysis, and Wilcoxon signed rank tests 
(StaiView for Windows. Abacus Concepts Inc. Berkley. 
CA). F values <.05 were considered significant.
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Table 2. Lake Louise active mountain sickness (AMS) scores by sex (n = 12)

Imrav el at

Male 1
Male 2
Male 3
Male 4
Male 5
Male 6
Male 7
Male total
Female 1
Female 2
Female 3
Female 4
Female 5
Female total

Headache
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1

3
7
0
•"*
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~
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Dizziness

4
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5
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0
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£
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Activity

2
9
0
4
0
8
^
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^

11
S
6

14
44

AMS score

19
28

8
14

0
20
•}-;

12 i
24
34
53
4:
51

207

*G1T. gastrointestinal tract symptoms

Results

All 12 subjects completed the daily questionnaires, as 
requested, over the 21-day expedition (252 question 
naires: 100% completion).

In this study. 11 of the 12 subjects had symptom 
scores greater than or equal to 3 on at least one day (after 
a recent increase in altitude and with an associated head 
ache) consistent with a diagnosis of AMS (91.7%). The 
subjects had a score of 3 or more on 43 days of a pos 
sible 252 days (17.1%). However, onset, duration, and 
severity were variable (Table i). During the trip, 3 of 
the subjects (all female) had to be carried by horse be 
cause of fatigue, and 1 of the subjects had to be taken 
down the mountain to & lower altitude because of AMS 
(Lake Louise symptom score of"). The time course of 
AMS svmptoms in this age group lasted 2*. to 48 hours. 
The range of days when z subject had i score cf I- or 
r'lOre v-, as C ic S. Tne AMi scores correiateo v. itr. c 
recent gain in altitude (Tabie ; •.

Table 3. Days with AMS score greater than or equal to 3 by 
sex (n = 12j

Male 1
Male 2
Male 3
Male 4
Male5
Male 6
Male 7
Male total

1
3
1
2
0
2•3

13

Female 1
Female 2
Female 3
Female 4
Female 5

Female total

4
<;

8
6
7

30

*AMS, acme moumian sickness.

AMS was more frequently reported in the female 
members of the group. Over the 21-day expedition, the 
7 male subjects had scores of 3 or more on 13 days, 
whereas the 5 female subjects had a score of 3 or more 
on 43 days (F = .041). There was no difference in the 
incidence of headache (p = .15). dizziness (P = .28). 
or gastrointestinal symptoms (P = .08). The female sub- 
lects suffered more from poor sleep (P = .043) and c 
reduction in overall activities (P = .043) (Tables 2 and 3 i.

Discussion

With increasing numbers of adolescents traveling to high 
altitudes, more information about AMS in this age grout 
is required. The largest published series 10 date that 
looks at morbidity in youth expeditions to developing 
countries has noted a huge increase in the numbers of 
£ociesce;'!t£ undertaking adventurous travel. : ~ lr, ! cc t. 
9-1: > ouiig people ira^eieo abroad with & major •_}•-. 
companv: 4 vears later, the number had increased tc 
2460. ^ The study was a retrospective review of the 
medical records of those that traveled in 1996. There 
was no specific assessment of AMS, but some infor 
mation relating to the condition was available. Eighty- 
six percent of the individuals who traveled above 2500 
m suffered from headaches, and this appeared more of 
ten in younger travelers.

Although resident populations at high altitudes in 
clude adolescents, travel to high altitudes by lowland 
adolescent sojourners is often for the first time. They 
usually have little or no previous experience with such 
travei. so susceptibility to AMS is unknown. Supervi 
sion is usually by nonmedical group leaders. Objectives.
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which may be entirely appropriate for most of the group, 
may not be suitable for those individuals more suscep 
tible to AMS. There are also potential risks associated 
with group travel. Because the youth travelers are often 
below the age of consent, and their parents or guardians 
are usually not present at high altitudes with them (un 
like with children), difficult decisions about drug pro 
phylaxis or treatment must be made by the expedition 
organizers. Perhaps by increasing the awareness of 
AMS. both among the adolescents and the tour organiz 
ers, it may be possible to reduce such potential risks.' 5 

In 2001, a Consensus Statement on behalf of the In 
ternational Society of Mountain Medicine suggested that 
the prevalence of AMS in children was similar to that 
in adults. 6 Yaron et al 16 found no difference in the prev 
alence of AMS at a moderate altitude (3109 m) in pre- 
verbal children and adults. However, a recent publication 
looked at AMS in a small number of children, teenagers. 
and adults after an acute ascent by road to 3500 m ; 
where one night was spent, and then a day trip to 4400 
m. !0 The prevalence of AMS was 100°/c in the children 
(n = 6). 50% in the teenagers (;? = 10'), and 11% in the 
adults (n = If'j. There is evidence that the prevalence 
of AMS seems to decrease with age. In a study of 615 
subiects aged £ to 51 years old ascending to the pro 
spective shelters on Cotapaxi (4800 m'i and Chimborazo 
(5000 mi. the prevalence of AMS was more frequent in 
the 8- to 22-year-old group (P < .OiU" in a large study 
of 558 children (aged 9—14 years old), the authors found 
AMS in 28% of them after ascent to 2835 m. However, 
it should be noted that 21% of the same group of chil 
dren had symptoms traveling to a camp at sea level, 
suggesting the nonspecific nature of the symptoms. Girls 
tended 10 have more headaches, dizziness, shortness of 
breath, and insomnia. !t

The Lake Louise acute mountain sickness scoring sys 
tem was z consensus agreement thai was introduced &i 
:- research toe", h" 1991 in an attempt tc standardize as 
sessment cf AMS. ; - Given the nonspecific nature c-i The 
svmptoms. s;gns. and laboratory findings, there is no 
gold standard for the diagnosis of AMS. In particular. 
whereas the questionnaire is a relatively sensitive tool, 
specificity can be variable, and false positives can be 
problematic.

This is the first report of self-assessment of AMS in 
adolescents. Despite no previous experience of either 
travel to altitude or the scoring system, the subjects 
found the scoring system to be quick and easy to leam, 
use. and interpret. They were able to determine from 
their assessment what members in their group had AMS, 
and they were then able to alert their group leaders so 
appropriate action could be taken. The AMS prevalence 
of 91.7% is higher than previously described in adults. 3 - 5

This may be caused by the small sample size or the 
particular ascent profile used in this study, or this per 
centage may represent a true higher prevalence of AMS 
in this age group.

Lake Louise AMS scores increased with recent sig 
nificant ascent in altitude (Table 1). There is also evi 
dence that after a period at altitude, subjects did accli 
matize satisfactorily. From day 13 to day 18, there was 
a decrease in the Lake Louise scores, although the sub 
jects continued to ascend, reaching the summit at 5500 
m. As the group became more acclimatized, symptom 
scores reduced. This confirms observations published 
elsewhere. 1 - Although none of the subjects was very ill 
with AMS. this condition remains a potentially serious 
condition . :c

In this study. AMS was found to be more common in 
the female group members (Table 2). This observation 
could have several explanations. First, this could be true 
to form, and female adolescents may have a higher sus 
ceptibility to AMS. Girls in this age group may be more 
truthful in the reporting of mild or minor symptoms than 
boys. Alternatively, girls in this age group may have a 
higher background incidence of many of the symptoms, 
such as headaches. Fitness might affect the perception 
of the reduction in normal activities. No attempt 10 cor 
relate AMS scores with menstrual cycle was made 
There is evidence of a difference between sexes in tne 
reporting of musculoskeletal injuries. Female marine 
corps recruits were 1.72 times more likely to report their. 
than male recruits (95% CL 1.29-2.30).21

Further information comparing the prevalence and se 
verity of AMS in both adults and adolescents on similar 
ascent profiles is currently being sought. If the preva 
lence between the two age groups is similar, then we can 
be reassured that adequate attention is paid to graduated 
ascent in adolescents and that there is awareness of the 
disease so travel a; high altitudes remains reasonably 
safe. H c v- e~. e-. r. the adolescents have an increased pre'. - 
sience cr se-, err; ;:" AMS compared w ith the aduhs 
then the safen of using adult ascent profiles in adoles 
cents needs to be seriously questioned.

Adult studies demonstrate a variable susceptibility to 
AMS, and it seems likely that this is the case among 
adolescents. A blanket approach to the prevention of 
AMS in adults is not widely accepted, so understandably 
there are concerns about a similar approach among teen 
agers and those organizing their expeditions.

Conclusion

This study demonstrates that a motivated group of ad 
olescents is capable of self-monitoring for AMS using 
the adult Lake Louise questionnaire. The Lake Louise
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scoring system should be used to complement rather 
than replace standard techniques (such as alert leaders 
enquiring after students who appear unwell, who fail to 
come to meals, or who are late into camp). The scoring 
system is no substitute for common sense and experi 
ence; however, its simplicity, the involvement of the ad 
olescent in self-assessment, and the increased level of 
awareness of the condition in both the individual and the 
group are likely to improve safety. Combined with an 
appropriate ascent profile and experienced support, we 
feel this approach may contribute 10 safer travel in the 
mountains and merits further study.
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NEAR INFRA-RED SPECTROSCOPY AND 
ARTERIAL OXYGEN EXTRACTION AT ALTITUDE

Christopher B Wolff . "Neil Richardson. Oliver Kemp and Christopher Imray.

1. ABSTRACT

The ratio of oxygenated to total haemoglobin (Hb). rSO !: obtained by near infra-red spectroscopy 
(NIKS), includes both arterial and venous blood of the region explored. The relationship of arterial oxygen 
extraction. E. and saturation. SaO: . to rSO; can be expressed, for normally functionins tissue. as'E = 
i.39(l-rSO:/SaO:). Cerebral E is constant below 5000 m at which the calculated valuers reduced. The 
decline in E corresponds to SaO; values below 90% (approximately'). The oxygen extraction of brain, liver 
muscle and kidney have been examined with NIRS and found to be reduced at 5000 m. E is constant for al! 
altitudes beiov* 5000 m for brain. Iher ana muscle but is elevated ai intermediate altitude (2400 m") for the 
kidney. Cerebral oxygen extraction is constant for the lower levels cf exercise and. if the calculaiec 
extraction value assumptions still hold at lower SaO: values, reduced at intermediate altitudes for the hishev 
work rates. The present study confirms constancy of oxygen extraction and hence the ratio of oxveer 
delivery to oxygen consumption (1/E). when working within physiological limits, and appears to show 
where those limits lay and. to some extent, show how matters change beyond ordinary physiolosica] limits.

1. INTRODUCTION

Cerebral oxygen delivery is sustained at the same value as at sea level at moderate altitude (Wolff. 2000: 
Wolff Barry and Collier. 2002). The product of middle cerebral artery velocity (MCAV) and arterial 
oxygen saturation (SaO;) is also constant at the same value as at sea level for moderate altitudes but is 
reduced at 5000 m after relatively rapid ascent (Wolff and Imray. 2004). Since both oxygen delivery 
(cerebral blood flow. CBF, times arterial oxygen content. CaO2 ) and MCAV times SaO2 agree on

" Applied Physiology, Block 9, Si Thomas's Hospital, Lambeth Palace Rd., London, SEi 7EK, UK.
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constancy at moderate altitudes it is assumed that MCAV times SaO: is proportional to. and a surroeate for. 
oxygen delivery. The constancy of MCAV times SaO 2 is illustrated in figure 1 A. from Wolffand Imray 
(2004). The reduced value at 5050 m and also, a value taken at sea level in subjects breathing 12.5% 
oxygen, are also illustrated in figure 1 A. On the right, figure 1 B. the 'DO: ' values at SaO-> below around 
90% are the same reduced values (5050 m and 12.5% at sea level).
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Figure ]. Cerebral oxygen delivers' as a percentage of the sea level value (mean of two \alues). A regression line has been fitted to 
values at all altitudes other than 5050 m in A i C) and its slope is not significant i equation: DO:'/osea = 102 - 0.01 >: altitude). The 
5050m point (c) and the one recorded at sea level on 12.5% O: (•) show reauced oxygen delivery, in B DO: values are plotted 
agams; S&O-. Reproduced from Wolffand Imray 120041 - with permission.

Wolff and Imray (2004) showed that there was a relationship between SaO; . the ratio (p) of arterial tc 
\ : enous volume in the area sampled b> near infra-red spectroscopy (NIRSj. oxygen extraction (E) and the 
N1RS derived ratio of oxygenated to total blood (rSO2 ) in the region of interest:

rSO: = (SaO; .p + SaO2 (1 - E)) / (p + 1)) Equation 1

3. ANALYTICAL METHODS

h was shown in Wolffand Imray (2004) that p and E were unaltered at recorded altitudes below 5050m. 
corresponding with the constancv of oxygen deliver} illustrated in figure 1 A. The equation relatins rSG: . 
SaC-. P arjQ £ oerivec in Voiffand imra; (2004) has been re-arranged here ic give an equation for E

E = (p - i)( 1 - rSO: / SaO: ;. Equation

In the range where E and p are unchanging (lower altitudes) substitution for p can be made from the 
independent estimate made by McCormick, et a). (1991). They found that the arterial volume. Va. was 28% 
of the total blood volume. Va -i- Vv. where Vv is the venous volume. This gives Va/Vv = 0.39 = p. The 
present paper illustrates how this estimate of E changes with hypoxia.

4. RESULTS

4.1 Cerebral oxygen extraction - comparison with oxygen delivery

The values for rSOi and SaO: from Wolffand Imray (2004) and from an slow ascent to high altitude in 
Nepal (Chamiang base-camp; 5000 m, Medex 2003) have been entered into equation 2 to obtain values of
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E (assuming a value for p of 0.39). E has then been plotted against altitude (figure 2. left panel) and, also. 
against arterial oxygen saturation (figure 2. right hand panel).

The constancy of the values for cerebral oxygen extraction for all recorded points breathing air below 5030 
m (and with SaO: above 90%) correspond with the findings for of oxygen delivery shown in figure 1. 
There is constancy of E. just as for DO;, for the lower altitudes and higher SaO: values, and reduced values 
for E for the highest altitudes (5050 and 5030 m) and lower SaO, values (below 90%).
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Figure 1. Cerebral oxygen extraction, calculated from E = 1 39 (1 - rSCVSaO-) is shown here versus altitude on the left and against 
SaO; on the right The points are for ihe same altitudes a: are shown in figure ! (from Wolf."end Imray. 2004. sea level. 2400. 3549 
and 5050 m and at sea level breathing 12 5 c,c O:) with the addition of the mean value from £ slower ascent to 5030m in 2003 (Medev. 
2003 Chamiang base camp).

The extra value obtained from the slow ascent to Chamiang base camp at 5030 m ("Nepal. 2003) shows a 
reduction in oxygen extraction, less severe than that seen for the very similar altitude (5050 m). but the 
latter was for a rapid ascent. Where oxygen extraction values are plotted against SaO: they are constant 
above SaO; 90% but fall linearly below that, the highest of the reduced points being from the slow ascent tc 
5030 m.

4.2 Oxygen extraction of brain, liver, muscle and kidney

Values of rSO- and SaO; have been obtained (source'') from the brain, liver, resting thigh muscle and 
kidney at sea level. 2400 m and 5050 m (table I). Oxygen extractions have, again, been calculated from E = 
1 "o (i . rSO-..'SaO-') and appear in the lower section of table 1. E has beer; expressed as a percentage of the 
sea level value. E%. and values are illustrated in figure '-. plotted against altitude on the left and SaO; on 
the risht.
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Fi°ure 3 Oxyeen extraction, expressed as a percentage of the sea ievei value, for brain, liver, resting
obtained at sea=level. 2400 m and 5050 m. For brain, liver and muscle oxygen extraction was much th
but for the kidney oxyeen extraction was higher. Oxygen extraction, according to the equation E = 1.39 (I - rSCWSaO:.). is expressed
& & percentage of the'sea level value. It is reduced at 5050 m for all four organs
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Since, either E or p may have changed at the higher altitude (5000 m) and lower SaO: (-73%) the values 
calculated for E may be incorrect. However, they are unlikely to be normal. End tidal PCO2 is also given in 
the table (EtCO:) for comparison with other altitude studies. The end-tidal PCO2 in the table for 5050 m. 
29.4 mm Hg (acute ascent) is higher than in the study of Wolff et al (2002, Everest base-camp) where mean 
PCO; was 26.2 mm Hg (± 0.57: SEM). arterial PO: 43.6 mm Hg. The subjects were longer acclimatized 
probably accounting for the lower PCO: .

Sea
2400m
5050m

SaO: EtCO; Cer rSO-,

98.8 37.4 69
94.6 36.4 68.2
72.6 29.4 62.1

Cerebral
Fractional
E=1.39(1-rSO2/SaO2 )

Sea Level
2400m
5050m

0.42
0.39
0.2

Hep rSO:

74.3
TO <-, 
I +.. ;

65.8
Hepatic

0.34
0.32
0.13

Ren rSO:

75.6
69.7
68.4

Renal
0.33
0.37
0.08

Sk. M rSO2

73.1
70.3
63.1

Muscular
0.36
0.36
0.18

Table 1. Measured values of SaO;. End tidal PCO; (EtCCh. mm Hg). Cerebral rSO : (Cer. rSO;) : Renal rSOi (Ren. rSO:) and resting 
skeletal muscle rSO; (Sk. M rSOiV Measurements were made at sea level 2400m and 5050 rr. The lower section shows the value; 
obtained for oxygen extraction, expressed in fractional form again tor each organ, calculated from tile equation given on the left

4.3 Cerebral oxygen extraction - effects of exercise and individual variation at rest

Cerebral oxygen extraction has been calculated (.using equation 2) for rest and the full range of exercise at 
150 m 'sea lever. 3610 m, 4750 m and 5260 m. The results are illustrated in figure 4. left panel against 
percentaee of VO;M»s (maximum exercise), right panel against oxygen consumption (VO;) and, in figure 
^A asainst SaO- (%"). For 150 m E% fell progressively with increasing exercise intensity (figure 4); for 
hisher altitudes all showed a fall up to 50% VO2MB1 then a rise towards the resting E value for the higher 
levels of exercise.

50

100 1 2 3 

VO2(Lmin-1)

Figure 4 Cerebral oxygen extraction expressed as a percentage, for exercise between rest and VO2 ,rax. The exercise studies have been 
undertaken at ISO m. 3610 m, 4750 m and 5260 m. Each point represents the average of f subjects. Values are plotted against percent 
of VCW on the left, SaO2 on the right.

The values of E in exercise are also plotted against SaO: in figure 5 A. The lower SaO, values (mid range of 
exercise for all attitudes above sea level - lowest at VO2 max for sea level) correspond with the lowest 
value* for E (fisure 5A) but E values are a little higher than the trend shown in figure 2 (right hand panel).
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which are reproduced in figure 5A (open squares).

Variations due to individual differences for resting subjects at sea level and 5030 m (slow ascent to 
Chamlang base-camp) are shown in figure SB.
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Figure 5 A Values of cerebral E ( c/o) from the exercise study, for all altitudes and levels of exercise intensity, plotted against SaO; 
( « 1 with, for comparison, mean resting values i. C-') from section «. i above (figure 2. right) E Resting values of cerebral E (%i 
measured at sea level (London (and after slow ascent to 5030 m (Chamlang base-camp) show-ing variability between subjects.

5. DISCUSSION

Reductions in oxysen extraction for brain and aijo for i;ver kidney and muscle at the highest altitude; - around 5000 m. according tc
the equation, could be in error if large changes occurred in either oxygen consumption or the ratio of the NiRS sampled volume c-:'
arterial blood tc venous blood occurred The consistency and parallel nature of cerebral oxygen extraction and oxygen delivery with
arterial oxveen saturations below 90% suggest a progressive pattern of deterioration of function once outside the physiological range
(SaO 2 90%: figures 1 and 2).
The increased renal extraction for the modest altitude shown in figure 3 is compatible with sustained glomerular filtration and hence
renal VO-. with a reduced renal arterial oxygen content The ratio of oxygen deliver;' to metabolic rate is therefore reduced and this
mean e there is greater oxysen extraction. The lowered tissue oxygen tension is the cause of erythropoietin secretion and hence the
erythropoietic response
The reduced cerebral oxysen extraction extraction in the middle range of exercise (figure 4) appears largely compatible v. ith the;
tendency, once outside the physiological range of SaO: to fa!! as saturation ia!!s However, tne value? a; each arterial saturation appeE
to be £ I'ittie higher (figure 5) than those at rest (figure 2. and 5A).
Fisure ft shows the rsnge of variation of resting individuals both at sea level and aitituce
~.~t n-ese'V e ;jc-- suEtestf consistent constate'- cf ox-> ger, extraction when SaG; is \~ the normal 'rn> sioiogical" range (above aroun;
cO'-t"-'except !'orth«k1cne) , ar,G progres;;--e rec-L.cv.c-- u: cxvger, fviracucr. :';• icverSs-".-. •-•aiues ;\ •< possible tnt res: iimr.:
oepeno rather on oxygen content since ail supjecis of tne present studies ^ere ncrnu: sc";cct;. ne-.te rresurnac!: hsNing r.c-r-.r.i.
haemoglobin values.
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advanced training taking place follow 
ing acquisition of a CCT [6). Does this 
not imply that the CCT will lead to a 
permanent post that is closer to the 
European 'specialist' model than the 
more autonomous UK consultant post 
of today? I believe it does, and if this is 
the case, the concerns about the lack of 
experience at the end of training are less

specialist mode!important as 
becomes a reality.

Whatever the nature of the future 
specialist grade, it is essential that the 
speciality does not allow training time 
to be eroded further. The great chal 
lenge is to ensure that good models 
of training are developed around 
EWTD-compliant rotas. I do not 
think this is the case at present K 
the implementation of the EWTD has 
been precipitate in many instance: 2nd 
its eftect on training has vet to be fully 
determined .

A. Totniinsvr, 
University Hosruai ct" 
North Staffordshire. 
Scokc-cin-Trem ST4 6QG. UK 
E-mail: andv.tomlinsoniS 
doctor?. org.uk
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Airway alert information 
following difficult intubations

We read with interest the 'Difficult 
Airway Society guidelines for the man 
agement of the unanticipated difficult 
intubation" (Henderson ct al. Anaatlu-sin 
2004: 59: 675-694). We wish to draw- 
attention to the importance of follow- 
up after difficult intubation. This pro 
cess ought to involve counselling the 
patient and taking measures to prevent 
similar incidents in the future. We 
believe the airway alert form, intro 
duced by Barren et al. [1], is an import 
ant tool that can be used to provide the 
necessary information tc clinical staff in 
relation to future anaesthesia for the 
patient. Furthermore, the need for such 
information IE doubly important in a 
case of unanticipated difficult intuba 
tion. 131 order to aim to optimise future 
airwav management. However, previ 
ous studies have shown that follow-up 
cf difficult intubation is not wider.' 
practised [1,21. "\Ve provide sJl cur 
patients who are Cormack & Lehane 
Grade 3 or 4 on direct iaryngoscopy 
with an airway alert form and include 
the following information: pre-opera- 
t]ve airwav assessment: ease ol face mask 
ventilation: de.'cnjrnor, of findings ar.c 
grade cf the direct JaryngcscopiC vie'-v: 
equipment/manoeuvre that iaiiec tc 
achieve intubatior,: equipment/man 
oeuvre that successful!''' achieved intu- 
t'ltior.: east c: exti'<'c.at:c:".: sre.-ia 
postoperative airw;v care recruireiv.ems. 
and future plans.

An abundance of useful informaticn is 
available on the Difficult Airway Society 
\vebsite (http://www.das.uk.com).

K. Chandradci'a
S. M. Chosh
Queen Mary's Sidcup NHS Trust
Kent DA14 6LT, UK
E-mail: chandra.chandradeva@
qms.nhs.uk
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Another double 'tails-up' 
capnograph

\Vc were interested to read the recent 
correspondence about a double 'tails-up 
capnograph trace caused by a leak in the 
sampling iine during positive pressure 
ventilation (Rassam t'l al.. Annesiliefia 
20<»4: 59: 1034-5). We noticed a simitar 
trace during spontaneous respiration. As 
part of a research project investigating 
respiratory control, healthy volunteers 
received varying concentrations of car 
bon dioxide through a standard '40%,' 
Venturi mask Ontersurgical. Woking- 
hrjm. UK). The gas mixtures were 
delivered to the Ventun device 2; 
in j.mij- '. which is the same flow r:L te 
when used in z clinical situation for 
o*vge;-. therapy. A Datex-Ohmeca 
Capnomac UltimE (Datex-Ohmecia. 
HeismKi. Finland) measured inspired 
and expired carbon dioxide anc v.'a ; 
connected to a personal computer for 
data logging. Carbon dioxide was sam 
pled from within the subjects' nostrils.

The double "tails-up' capnograph was 
noticeable in all volunteers when we 
Y'*erir ctjivcrrinc 8V-u carbon cicxide 'sec 
F:c "; .. During this pan oi the experi 
ment the volunteers were hyperveru;- 
iating significantly and had raised their 
r.imute volume bv approximate!--' four 
:::"cr :-,crr::a! The dcut:c 'taiis-v.-;'

G;cx:de was dtliverec. r.nc net ncticec 
at lower inspired ieveis. whcv. the 
inspired carbon dioxide concentration 
was lower than the subjects' end-tidal 
carbon dioxide.

Our explanation for this trace is as 
follows: at the start of inspiration 
(Fig. 1, point a) the inspired carbon 
dioxide trace rapidly rises to match the 
carbon dioxide delivered by the Venturi 
device. As the inspiratory flow rate then 
increases above the flow rate delivered 
by the Venturi device (point b) air is 
entrained around the mask, and the 
inspired carbon dioxide concentration 
falls. Towards the end of inspiration the

2005 Blactwel! publishing Ltd S7



Correspondence Anaesthesia, 2005, 60, page: 94-10;

V1 \ i / V

Figure 1 The double 'taiis-up' cspnocrraphy tract, seen with S% inspired CC; . For r,n cxpisnntior. 
of points a—«- see text.

mspiratory flow rate falls and the pro 
portion of entrained air decrease;, 
resulting in the inhsieo concentration 
returning towards that delivered by the 
Ventun (point c). The down stroke 
(point d) represents exhalation from 
the anatomical dead space, which 
contain; some of the carter: dioxide 
containing mixture that is inhaled. The 
end-lids! carbon dioxide level (point e': 
remains significantly lower than that 
delivered by the Ventun device becsuse 
the total carbon dioxide delivered is 
insufficient to raise alveolar carbon 
dioxide further (due to dilution with 
entrained ambient air). We believe the 
variability in the height of the peaks of 
tier: tail may be explained by the 
carnograph response time Deine insuf 
ficient, in these conditions oi marked 
hvpcrventiiaticr.

He-' :r :'n:; veie' ar.r tc ciinica.' v-rac- 
ncc- Gutsier i csreiuli'-- controlled 
research environment there arc ie\v 
reasons to deliver extra carbon dioxide. 
However this trace does illustrate the 
limitations of the 'fixed performance' 
Venturi mask during hyperventilation. 
A similar trace for supplemental oxygen 
could easily be imagined in a critically 
ill, acidotic patient who is hyperventi 
lating. In this scenario, the patient 
would receive considerably less oxygen 
than expected, which may have import 
ant clinical implications.

K. Pattinsvn
University of Oxford
Oxford OX 3 9DU, UK
E-mail: kyletsp@postmaster.co.uk

C. 7mray
Univcrsiry Hospitals Coventry and 
Warwickshire NHS Trust 
Ccventn- CV2 2DX. UK

Effect of injected epinephrine 
on the end-tidal carbon dioxide 
concentration

Increased end-tics! carbon dioxide 
concentration (EtCOVi has been repor 
ted in patients with phaeochromocy- 
toma undergoing adrenalectomy (Asai 
&: Shingu, Anaesthesia 2004; 59: 830-1) 
and was attributed tc increased catc- 
chciamjne release curing mam;:untie?: 
of the tumour, resisting ;;•; a nyper- 
metaboiic state and increased earner: 
dioxide production. An identical in 
crease :-:-. ErCC : car aisr ccci-;- :' 
epjnev-hr:;'.!: a: c ccncer.:'.T.::;:-. c: . .:' 
2 : ^'OiK :« iniected intc the nssa! 
muccss of patient: nnoergcing gc-era: 
anaesthesia for nasai surgery. The 
EtCO2 increases transiently, in most 
of cases by about 1 kFa, accompanied 
by an increase in heart rate and biood 
pressure. The increase in EtCO ; can be 
attributed, as in cases of phaeochrom- 
ocytoma. tc the resulting hypermeta- 
bolic state and increased carbon 
dioxide production.

Z. Tabboush
M. Diab
Kingdom Hospital
Riyadh 11671, Saudi Arabia
E-mail: Zafer(2;cyberia.net.)b

'Low' femoral vein puncture

Dr Wilson and colleagues have des 
cribed their experience in ultrasound 
guided 'low approach' femoral vein 
cannuiation (Anaesthesia 2004; 59: 
725). While 1 agree with the possible 
benefits suggested by the authors, I have 
reservations about marking the course 
of femoral vein and then attempting a 
'blind puncture'. A far safer technique ss 
tc puncture the vein under direct 
sonographic guidance. Beginners can 
use the biopsy guide attachment device 
supplied bv the manufacturers while 
more experienced operators can per 
form the punctures without needing 
this. The technique is simple and can be 
easily mastered. While Dr Wilson and 
colleagues have never hit the artery. 
there is no guarantee that such an event 
v.-ouio not occur in future as the 
technique they are using is 'blind . 
Inadvertent arterial puncture in mid- 
thigfi region can cause profuse bleeding 
ss there is nc bony point against which 
the aner can be compressed tc achieve 
haemostasis.

i-ost Graduate Institute of Medic;.. 
Education £\ "Research 
Chandigarh. India- 16001 2 
E-mail: fatakshay@y2hoo.corn

Continuous paravertebral block 
for thoraco-abdominai 
oesophageal surgery

TV.c v;".c cf pariverteb"! bJcckid? :':- 
r-;?ic;:e"?.f.'. e analge:;,'. lev pat:cr:: 
undergoing unilateral surgica: proce 
dures of either the thorax or abcomer,. 
including thoracotomy. choiecystecto- 
my and nephrectomy is well established 
[1]. In thoracic surgery a paravertebral 
catheter can be placed under direct 
vision at the time of thoracotomy and 
local anaesthetic can then be infused 
postoperatively. We reviewed 20 
patients who had undergone such a 
procedure where postoperative anal 
gesia was provided by a continuous 
paravertebral infusion and patient con 
trolled analgesia with intravenous, mor 
phine. Intraoperatively, the patients 
had received fentanyl (1-2 (ig.kg"'}, a
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CASE REPORT

A novel treatment for symptomatic carotid dissection
T Joseph, N Kandiyil, D Beaie, C Tiivas, C H E Imray

Postgrad Mec1 J 2005;81:e6 (http://www.postgradmedj.com/cgi/content/full/81/958/e6). doi: 10.1136/pgmj.2004.029421

C arotid dissection is a rare but significant cause of 
stroke. The neurological damage in such cases it mainh 
attributable to thromboemboiism. 1 Current treatment 

includes supportive therapy and amiplaielet agent either 
alone or with amicoagulauon. This is not supported by 
randomised irials^ but if is logical. Presence of microeinboli in 
cerebral circulation is a risk factor for ischaemic stroke after 
transient ischaemic attack (TlA)-' and transcranial Doppler 
examination (TCD) can detect them in middle cerebral artery 
circulation." Controlling microemboli improves the outcome 
in recurrent TIA and after carotid endarterectormv * We 
found this strategy effective in the treatment of a sympto 
matic carotid dissection unresponsive to anticoagulation.

We report a case of carotid artery dissection treated 
successfully by controlling microemboli from the dissected 
artery and discuss its validity.

CASE REPORT
A 45 year old, right handed man presented with a severe left 
sided headache, fluctuating weakness, and numbness in his 
right arm. He also had temporary loss of vision in his left eye 
and ciysphasis. Ke reported z twisting movement of his neck 
eight days before- this. In the past he hsd migraine and he- 
was hypertensive.

Physical examination confirmed expressive dysphasif,, 
mild weakness- of his right arm muscles, and impaired 
sensation. Kis. pulse was regular and his biood pressure was 
normal.

He had normal blood parameters including lipids. Aspirin 
and clopidogrel were started after confirming multiple low 
attenuation areas in the ieft frontoparietal cortex on z 
computed tomo.aram. A duplex scan of carotid arteries 
showed norms! e.vtracrsniai arteries but there was. high 
resistance waveform, consistent with distsl obstruction 
suggesting subintimai dissection ifigii.This was confirmed 
by maenctic resonance angiozram (figs 2 and '-•}. Therefore 
hepsrin infusion "'as started.

•10S? •• •

Figure 2 MRl ot iefi inlernai carotid artery with the site of diss&cticn c: 
the base of skuli.

He continued to have fuiciuaiing neurological s-ymptcni: 
oespite adequate antkoaguialion. This prompted a TCD that 
showed microemboli in his left middle cerebral artery i.ViCA/ 
circulation at a rate of 46 per hour. Thus a thromboemboiic 
stroke secondary 10 carotid dissection was diagnosed.

Further treatment WE? discussed between rndiologisu. 
neurologists, ana vayculsr mraeons. We decided to controi 
microemboii with De>:tran therspy based on iocai experience.

AbbrevioKons: TIA, tror.iien- iscr-iaemic attack; TCD, transcronico; 
Doppier examination; MCA middle cerebral artery

Figure ! Wave terms rrorr, aupie> 
scar, cf Iefi carotid system. The let; l-<c> : 
shcw; the waveform on presentation 
suggestive of distal obstruction. On the 
right half normal waveform from c 
repeat scan is shown and this suggests 
re-canoiisation of the dissected 
segment.

www.postgraa'meai.ccn
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Figure 3 Reconstruction of the carotid system and the focal reduction in 
diameter of left internal carotid artery, suggestive of dissection.

He was given Dextran 40 as per the local protocol". The 
fluctuating neurological symptoms settled and a repeat TCD 
showed no microemboii. Hepsrin infusion was stopped 
immediately. Dextran infusion was stopped after eight days. 
The patient recovered fully and was discharged receiving 
treatment with aspirin 150 mg and clcpidosre! 75 nig. 
Coumarin was not given for fear of bleeding.

He was readmitted two weeks later with recurrent 
symptoms. Computed tomography showed no imraa-aniai 
bleed and TCD scan detected microemboli in left the MCA. 
Dextran infusion improved his symptoms once again ^and 
stopped the microembolisation. Ke was jziven warfarin 
uaraei 1NB 2-3; on discharge. Repea; Ltupic-j. showed 
resolution of the nigh resistance waveform, indicating re- 
canalisation (fig i i.

DISCUSSION
The incidence of spontaneous carotid artery Dissection is <:.,- 
j/iOOOOO nc: ve?.;-; Th« accounts for 2% of ischaemic 
l'.-,^,...- ru i ; r_ --ourse neopie carotid artery dissection causes

^ , , r -r—~ ;~ ,-;^ ~t-,,-,r ic ^^,:-,^l ii- 1-m I" <*rvpc f.nrup to 20% 01 SIVOKL;. ijji. IU^GC-.^ .. - M —. ... -.•••-- ----- «
peaks in the fifth ciecsde.

rac'O'-* ••iich a: se--eri'.N oj stenosis caused, siie oi vnc 
o^fcncn "sno e--:;cr.: o: colizieraii influence the dinics! 
r>iciure ana prccno-. Within ', month after me direction uv 
io £0% Mtienis develop focsi neurological deficit. Tne lone 
te^ni proanosh is good, with re-canalisation of the arten. 
Earlv psthocenesis of neurological deficit in carotid dissec 
tions i< unclear but 90% of infarcts are attributable to 
thromboembolic events rather than reduced flow. Medical 
treatment includes anticoagulation with hcparin followed by 
coumarin or solely antiplatelct agents.'' Surgery or endo- 
vascular approach is considered in unresponsive patients.

TCD assesses velocity of flow in MCA and detects transient 
microemboiic signals in it. Mollina ei a! found microemboli in 
13 of 28 acute'dissections. Six of 13 with emboli showed 
neurological deterioration, whereas only 1 of 15 without 
emboli deteriorated.' Microemboli are a frequent phenom 
enon after acute stroke, and continue for some days. These

microemboli are a sienificsm independent predictor oi earl- 
ischaemic recurrence- in patient; with stroke or T!A.' A 
similar association between stroke ami microemboii i i 
established from studies on patients wiih significnni csroiiu 
sienosis and after carotid endartereciomy. postoperative 
microemboii are usually platelet aggregates generated by 
the exposed thrombogcnic vessel wall. These aggregates, may 
develop into occlusive thromboemboli causing infarcis. A 
similar mechanism may explain symptoms after carotid 
dissection. TCTD directed Dextran treatment to control 
microemboli after carotid endanerciomy and in patients 
with recurreni T1A is shown to be effective in preventing 
neurological events." ' Therefore the same treatment strategy 
was offered for this patient.

Dextran is a polysaccharide used mainly as a volume 
expander. Dextran with molecular weight below 60 000 
inhibits erythrocyte aggregation by increasing the electro- 
negetivity of the cells, li also changes the electrical potential 
of the endothelium. Dextran inhibits platelet aggregation in 
v-jtvo and adcnosine diphosphate induced aggregation in \-i\-r-. 
It is believed to suppress factor Vlll aciivity by an effect on 
von Willibrand factor. Clots formed in the presence of 
dextran are lysed easily and Dextran increases the anti- 
piasmin activity. Dcxtran induced haemodilution leading 10 
reduced viscosity and passive dilatation of microvessels 
attributable to the colloid osmotic effect adds to its 
effectiveness in thromboprophylaxis. The exact dosing and 
timing of administration are still not clear. A dose of 1.5 g/kg 
bod}' weight is considered safe. Side effects include cardiac 
overload, haemorrhagic complications, anaphylacioid reac 
tions, and renal dysfunction.'

The treatment of this patient was an act of desperation 
helped with backeround knowledge of TCD directed De.xtran 
therapy to control microemboli. While we agree that the 
combination ol c.niipiateki agents together with the elfea oi 
already infused heparin before the introduction of intrave 
nous Dextran does compound the temporal relation notcr, 
with the clinical improvement and disappearance of mien • 
emboii on ihe ilrsi occasion, it is worth noting thai me 
improvement was mainiamed despite stopping the heparin 
and this temporal correlation was reproduced on re- 
admission. Because most infnrcts in carotid dissections are 
attributable 10 thromboemboli it may well be reasonable to

* 20 ml bolu< followed by a continuous infusion at o rate of 20 ml/h ond 
increments of 20 ml/h until microemboli are controlled or to o maximum 

of 100 ml/h.

recommend TCD examination in symptomatic cases, of 
internal carotid artery dissection tc identify those r^ueni; 
wbc are ci risk iron: :ii.croenii>oii Controliiii^ ihc micro- 
cmt'Gi] v-'itn Dextrin 40 iriiuSiCT; seems 10 gi v c "("irnicuic,! 1; 
Tjvotection, particularly ^-'ner: adequaie heparinisEtion foils, ic 
centre! svniDioms. ss nnppenen ni this case.
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Monitoring intracranicJ pressure 
perfusion and metabolism
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Key points
The intraventricular drain is 
considered to be the most 
accurate way of measuring 
intracranial pressure.

Intracranial pressure
monitoring is not without
risks.
Jugular bulb oximetry is a
us«rul second-line monitorfor
refractory intracranial
hypertension.
Transcranlal Doppler cz.n
provide much useful
information about cerebral
perfusion.
Understanding the limitations
of any monitoring device is
crucial to its effective use.
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Cerebral monitoring is important for manage 
ment of severe head injury, h is also used in 
subarachnoid haemorrhage, stroke, intracereb- 
rai haematoma, meningitis ; encephaiopathies : 
hepatic failure, after neurosurgery and in 
patients undergoing carotid artery surgery. This 
article provides an overview of cerebral monit 
oring techniques available in clinical practice.

intracraniai pressure 
measurement

The normal level of mean miracraniai pressure 
(ICP) in a resting healthy aduh in the hori 
zontal position IE '— 10 mm Hg. The normal 
ICF is pulsatile and reflects the cardiac and 
respiratorv cycles. Fourier analyses give three 
different "slow" waveforms (Table 1 1. An 1CF 
> I f mm HE i; considered pathclogicai- 
although ihis varies with the condition. Treat 
ment would be instituted ai a lower ICP in a 
patient with benign intracranial hypertension 
than one with an acute severe head injury. A 
number oi studies have shown that prolonged 
elevation of ICF carries a poor prognosi; anc 
treatment of elevated ICF decreases Kcrtain;. , 
in head injured patients, levels >2(j mm Hg are 
usual]'' treated. An ICF monitoring device is 
•::\-~. me carlies: niet.!:GC ;c ceic^' .- ;i:rc:^-

The Era;n Trauma 
chnicai guidelines

expancing haemaioma 
Foundation publishes 
regarding ICP monitoring."

Derived values from ICP and its waveform 
give useful information:-"

(i) estimation of the pressure-volume 
compensatory reserve of the brain can be 
calculated by correlating the amplitude of 
the ICP pulse waveform with the mean 
ICP: and

(ii) the cerebrovascu'Uir pressure-reactivity 
index is calculated by correlation of the 
ICP response to slow spontaneous 
changes in arterial blood pressure. This 
can be used to assess disturbances of cereb 
ral autoregulation.

ICP is usually measured with devices placed 
in a ventricle, subdural space, subarachnoid 
space or directly into the brain parenchyma." 
The risks associated with these methods of ICP 
measurement include infection, haemorrhage, 
incorrect position, malfunction and obstruc 
tion. Clinically significant infection and haem 
orrhage is rare.

The gold standard for ICP measurement is the 
intraveniricular catheter, which is traditionally 
inserted through, a right frontal burr hole intc 
the lateral ventricle. Placement can be difficult 
if the ventricle is either displaced or com 
pressed. The intraveniricular catheter can bc- 
used ic remove cerebrospinai fluid iCi'K 
and administer drugs (e.g. antibiotics.. ;• 
may, be connected to either a saline manometer 
or a transducer. The reference point for the 
transducer is the foramen of Munro as this is 
close 10 the centre of the head. For ease the 
external auditory meatus is often used. If the 
head position is changed the transducer nvus" 
De rcposilior.to . L se cl the '.r;trtfver;tncui£.r 
catheter is complicated by infection wnr. 
quoted riites of 3—5';.:. Blockage may be over- 
*e:r.e r fjv.sh!::g the system: repute fiushir.;:

increase the risk of ini'ection. The use of anr.- 
bioiic impregnated catheters may lower the 
infection rate.

Intraparenchymal monitors

The Camino transducer uses a fibreoptic cable 
to direct light to a miniature displaceabie mir 
ror at the catheter tip that is placed in brain 
tissue. ICP distorts the mirror and the reflected 
light intensity is transduced into pressure. This 
system is not dependent upon a saline-filled 
catheter. Codman have produced a microchip 
sensor placed at the end of a flexible nylon tube. 
ICP changes the resistance within the sensor 
and this is reflected as a voltage change. 
These sensors are inserted into the brairi



ure, pernjsicn ar\c r^e^

a bit* '•• The waveforms seen on the ICF trace " fi'sli1 : 2 Effects of altered Sjv c<

A iplawau)
wives

B waves

C waves

Associated wirh

Cerebral vasodilatalion
Reduced cerebral compliance
Changes in respiratory

pattern
Blood pressure and sysicmic

vj.somotor lone

Amrilitude

50-200 mm He

•• 50 mm Hi'

<20mm HE

Duration

5-20 min

1 minuic

--J5 s

Lo\\ i>.,, 1. Increased cerebral oxygen extraction 
Systemic hypoxit 
Reduced cerebral blootf flow 
Increases ICP

2. Increased cerebral oxygen demand 
Seizures 
Pyrexia

High .LV. „. 1. Abnormally high cerebral blood flow floss of sutoregulation; 
2. High ICP causing shunting of blood pas! capillary bed;

through a. small burr hole via a 4 mm screw. They are considered to 
be almost as accurate as the ventricular dram, and have relatively 
low rates of infection and haemorrhage. They are particularly 
useful when the ventricles are inaccessible because of compression 
from raised ICP. The main disadvantages of this type of system 
are: (i) they cannot be recalibrated in vivo; (ii) they measure loc 
alized pressure, which may not be reflective of global ]CP; 
(iii) therapeutic CSK drainage is not possible: and (iv) they ma; 
be subject to drift when used for long periods.

Subdural pressure transducers are the ieafi invasive and ivjos; 
easiiv placed of the ICP monitor; described in this review. The 
dura is pierced and as the hollow device fills with CSF, the pres 
sure; equalize, and this closed fluid filled tubing transmits the 
pressure to a transducer. The rates of infection and haemorrhage 
are low. but the device is considered less accurate and there may 
be problems caused by occlusion with debris and misplacement. 
It is not possible to remove CSF with this device.

Sar oui Gxirnetr:

The jugular bulb is a dilatation ct" the internal mauler vein ms~ 
below the base of the skull, h receives blood dircctiv from the 
h-<=;:-.: j-nes?urerr>cn; ~ f. oxygcr.Eiicr of this Kiood give? an estima 
tion ofcerebTs; o:-.yaer. consumpuo". The inierriai juguls;- •• e;r. :: 
cannuiated in 'n retrograde direction with a catheier containing a 
spectrophotometric fibreoptic probe and a lumen for aspiration cf 
blood. Infrared light at three wavelengths measures haemoglobin 
concentration and oxygen saturations. J The position of the cath- 
eter lip should be confirmed by a lateral x-ray, the ideal position is 
above the disc between the first and second cervical vertebrae 
and close to skull base. This approximates with the level of the

mastoid air cells.
In the uninjured brain, reduced cerebral oxygen delivery (e.g. 

arterial desaturation) causes an increase in cerebral blood flow 
resulting in improved oxygen delivery (autoregulation). In 
patients with brain injury, autoregulation may be deranged and 
ihe cerebral vasculature may be unable lo compensate for chan- 
eing oxygen requirements. The normal jugular saturation (Sjv,,; ) 
ranges from 55 to 71%, a figure that is lower than mixed venous 
saturations, reflecting the greater cerebral oxygen extraction 
compared with the rest of the body.

5Ti,,: if dependant upon arterial oxygen saturation, cerebral 
biood flow and cerebral metabolic rate. A.< long as the first two 
factors remain constant, the 5jvlh varies with cerebral oxygen 
uptake. Significant increases and decreases of 5jv0l are associated 
with poorer oxttcomc (Table 2).

.Siv,,. monitoring is mainly used in the management of severe 
head injury, it confirms the deleterious effects a low cerebral per- 
i'usion pressure, and reflects the effect? of imerventiona! therapies. 
For example, hypcwentilstion is used to acutely reduce ICP. bu 1. 
car, lead to critical cerebral vasoconstnctio.n and ischaemia. 5jv0 - 
rricnitonng can be used to define how much hypcTventilation car. 
r>e safely used. Si'- 1 ,-.- monitoring can also be used to optimize 
cerebral perfusion pressure: 70 mm Hg is considered optima! 
ftui ii mav foe possible lo lower this aim. mrniini/.ing the 
administration of vasopres^ors. if adequate cerebral oxygenation 
is confirmed.

Unfortunately the merits of Sjv,,. monitoring are limited ir; 
difficulties in obtaining accurate readings and in their interpreta 
tion. Frequent recalibration is required and protein build-up &\ 
catheter tip causes further error. If the catheter tip is not correctly
•pcsn!onec. accurnc\ will be affected by significant contamination 
with scalp and facia! blood. Too rapid aspiration of a blood sample 
rnav also ieao to inaccuracy as this may lead to contamination with 
extracerebrsl blood. The 5jv,.,. reflects global rather than reeioniil 
c.-.• ceiir.ucn. c~iC r:.=.- re afi'ecieo b> K number of •- tinairJes oti'it:
•Li'if.i. cereOrij] o.-;^. ger. uptaxs. Its reie\'ance ;o focal iniuf. fnc _i; 
be Questioned. As the monitor is invasive its insertion rnav let-.o 
to local complications. Because of these limitations the Brair. 
Trauma Foundation only recommends Sjv,,- monitoring as a 
second-line device to help guide the treatment of raised ICP 
refractory to standard treatment.

Transcraniaf Doppier ultrasonography
Transcranial Doppier (TCD) is a non-invasive ultrasound-based 
technique used to measure blood velocity in the cerebral arterial 
system .* Measurements are usually taken from the middle cerebral 
artery, although any major branch of the Circle of Wjllis or the 
basilar artery can be assessed if an appropriate 'window' can be 
found. A pulsed 1 MHz signal is transmitted through the temporal 
bone to a depth of 5-6.5 cm. Initially the beam is focused at a depth 
of 5 cm; the depth of focus is then varied to optimize the signal.



The signal is reflected by the solid components of blood (mostly- 
red blood cells) and is distorted according 10 the Doppler shift 
principle: the change,in wavelength is recorded in the same probe 
thai delivers the signal. A waveform is displayed, which gives 
information on systolic, diastolic and the mean blood How velocity 
(FVmcari ).

The FVmcan is a weighted mean that lakes into account the 
different velocities of formed elements in the biood vessel and 
has a normal value of ~55 cm 5 ; m the middle cerebral artery. 
The shape of envelope from peak systolic flow to the end diastolic 
flow with each cardiac cycle is known as the waveform pulsatiliiy. 
This pulsatility reflects the distal cerebral vascular resistance, 
providing there is not any stenosis or vasospasm and thai 
blood rheology and pressure remain constant.

The main uses of TCD in anaesthesia and critical care are:
1. To differentiate between vasuspasm and hyperaemia in 

patients ir;V/7 suharachnviti haemorrhage ana bruin injury. TCD 
is used for diagnosis of and differentiation between high 
velocity states such as cerebral vasospasm or hyperaemic (hyper- 
perfusion syndrome). The Lindegaard ratio is the flow velocity 
of the middle cerebral artery divided by ihe velocity measured 
ir. the extracrania! internal carotid artery. A high flow velocir-, 
(> ] 20 cm £" ; ) in association with a Lindegaard ratio of <5 implies 
hvperaemia. A Lindegaard ratio >:• is likely to imply vasospasm.

2. Dettrininaiiun of ncJeciiiiicy ol coiiuiernl circulation durinf 
carotid surgerv. In order to perform a carotid ena'anerectomy. 
it is necessary 10 cianip the common, internal and external carotid 
arteries. At this point the adequacy of cerebral perfusion to the 
ipsilateral middle cerebral territory needs to be assessed. If there is 
an adequate collateral circulation through the Circle of Willis then 
no farther action needs to be taken. However, if there is ar. 
inadequate eolialeraj supply '.hen i; shunt needs to be inserted 
before -i hypoperfusicr, stroke occur;. TCD is one of ; 
number of modalities thai can be used to assess the adequacy 
of the cerebral collateral circulation. A fall t<: one-third to half 
c-f baseline is generaih .re>. ;c recv-ire snvr,: insertier.. HaMnt 
inserted the shunt it is possible to use TCD to confirn". the 
restoration of flow, and that the shunt is serving its intended- 
purpose.

3. TCD can be also be used to monitor patients who have suffered 
strokes or transient ischaemic attacks arising from the carotid 
artery'1 Immediately after such an event, microemboli can be 
detected in the middle cerebral artery, and the number of micro- 
emboJi (the embolic load) is related to the risk of further embolic 
events. Microemboli are also seen after carotid endanereciomy, 
and a sain a high microembolic load is associated with an increased 
incidence of stroke. TCD can be used 10 detect these emboli, and 
can monitor the efficacy of antiplateiel agents which have been 
shown to both reduce the embolic load and reduce the incidence of 
stroke following carotid surgery.

A Estimation of perfusion pressure: the pulsatility index 
(PI) gives an estimation of cerebral vascular resistance. PI = 
(FV 5VCsloIic - FV dJa5lolic " / FV mearj . The normal value for the

PI ranges from 0.6 to 1.1 and has been shown to correlate with 
cerebral perfusion pressure.

Near-infrared cerebral spectroscopy

Near-infrared cerebral spectroscopy (N1RS) is tised as a non- 
invasive monitor of brain oxygenation. 8 A forehead sensor shines 
infrared light through the surface layers of the brain and the light 
that re-emerges is sensed by « dual detect or system. One detector is 
placed approximate!) '- cm from the light source, and the other 
~4 cm from the light source . The detector closer to the light source 
is assumed to detect reflected light that has passed through more 
scalp and subcutaneous tissues whereas ihe light detected bv The 
distal detector would have a greater component of scalp, subcu 
taneous tissues and brain. The difference of the signals is assumed 
to represent a reading from the brain tissue ~2.5 cm below the 
surface. A computer algorithm based upon the Beer-Lambert law 
is used to display concentrations of oxygenated and de-oxygenated 
haemoglobin. The monitor aims to give a real-time, non-invasive 
display of cerebral oxygen levels, and has been shown to correlate 
weli with jugular bulb saturations in healthy volunteers under 
conditions of isoc.f.pnic hypoxis. Unfortunately the monitor is 
•subject ic significant error. 1 Currently, cerebral N1RS remains 
an interesting research toe-:, with its place in clinical practice 
still being evaluated

invasive brain tissue oximetry

Two commercially available sensors are available which measure 
brain oxygen levels directly. One device (Licox) is a polaroersphic 
Ciark electrode, the other CNeurotrend) is a multi-parameter 
sensor that measures temperature. Po^. Pco^ and pH using a 
fibrecp.ic probe: tissue oxygen levels are measured by a phenom 
enon known as "fluorescent quenching". These devices cs.n meas 
ure iocai changes in regional oxygenation that would not be 
noticed using jugular cxirneuy. and some centres are now using 
these ce-- ice; ar r-cr: ~ :" 2 —.".": !f.n-occ! m or: no- ring techyiiciie 
Gesc.~-i.~SC i'clc:-

Microdialysis is achieved via a line coaxial catheter that is 
inserted into the brain. The catheter has a dialysis membrane on 
its outer surface and low flow rates of dialysis fluid are passed 
through the catheter using a pump mechanism. Vials of fluid arc 
removed every 10-60 min allowing the measurement of concentra 
tions of substances in the cerebral extracellular fluid. Fluid is laker, 
to a remote machine for analysis although continuous on-line ana 
lysis is now possible. Althoxigh the concentration of any substance 
that will pass across the dialysis membrane can be measured, the 
following substances are currently of interest in the injured brain:

(i) energy related metabolites (glucose, lactate. pymvate.
adenosine, xanthine); 

(if) neurotransmitters (gluiamale. aspartale. GABA);



(iii) markers of tissue damage (glycerol. potassium, cytokines):
and 

(iv) exogenous substances (drugs).

Elevation of the lactate/pynwate ratio is associated with 
derangements in metabolism after severe head injury, and is 
considered to be a useful marker of tissue ischaemia. Currently, 
rmcrodialysis is used as a research tool

Multimodality monitoring
Continuous monitoring of more ihar; one parameter can help 
overcome some of the limitations of each method described. An 
example would be using Sjv0, monitoring lo heip tailor therapy 
based -upon 1CP, another example would be using 5jv0; with 
TCD monitoring to help differentiate between the ischaemic and 
hyperaemic phases of head injury. The assumption is that ihe 
measurement errors from different monitors \vill occur at dif 
ferent times with the different monitors. Unfortunately mvihi- 
modality monitoring incurs greater costs ;n equipment, 
manpower and time, and further increases the complexity of 
treatment
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What does cerebral oximetry measure?

Editor—We feel that the recent paper by Yoshitani and colleagues' 
raises important issues. They demonstrated that, in patients 
undergoing elective hip anhroplasty. nomnovolaemic haemo- 
dilution caused no change in jugular bulb saturations (Sj 0 .) but 
decreased cerebral saturations (5c,-,j when measured with t 
cerebral oximeter (INVOS 41 DOS/ Two explanation? were 
offered for the unexpected disparity in readings. First, the) 
postulated that subtle changes in regional SCf., might not be 
revealed with the global measure provided by Sj c .. Second, they 
proposed thai changes in near infrared path length induced b> 
haemodilution could affect the Sc 0 , readings.

We feel the interpretation of the results deserves a more detailed 
appraisal. The INVOS 4100S gives a single readout for regional 
cerebral oxygen saturations using an algorithm based upon the 
Beer-Lambert law. In this study, both subject groups showed no 
chanse in Sjo. but z decrease in Sc r,.. The disparity in readings could 
be consistent with £ svstematk error. We suspect the algorithm 
incorporated within the INVOS 41 DOS may not take into account 
the fail in haemoglobin concentration. The fail in oxygenation. 
index has actually been found to correlate with blood loss in 
healthv volunteer?-"

Cerebral oximetry does not take inic account changes in the 
relative proportions of blood in the arterial or venous part of a 
capillary bed. The proportion of arterial blood in the cerebral capil 
laries had been estimated at 289c.:" Hypoxis can induce change? in 
the cerebral arterial to venous volume ratio" and it would not be 
unreasonable to assume that other factors may also affect the cereb 
ral arterial to venous volume ratio. A change in the relative pro 
portions of arterial and venous blood in the cerebral capillaries mey 
alter cerebral oxjrnetry readings without ^ 'real' effect on cerebral 
tissue oxygenation.

We have previously expressed concerns'" about the interpretalior, 
of cerebral oximeiry m 'c clinical setting, and Yoshitanfs paper has 
rjitF-d E most important issue concerning the effect of haernodiiu- 
tion'upon the readings. A change in 5c,.. conic be suribuiabie ic- 
manv factors. In the clinical setting, changes in Sc,-,. shouic be 
inierpretec with caution, particularly when there is significant 
blond iOS;

K. T. S. Pattirisor : '
C. H. E. Imray"-
A. D. Wright-
\Oxford, UK
'Coventry, UK
''Birmingham, UK
* E-mail: kyle.paliison@nda.ox.ac.uK

Editor—We wish to thank Pattinson and colleagues for their 
comments in our recent article and are pleased to take this 
opponunitv to reply. We demonstrated that there was a 
discrepancy between 5J0. and 5c0 , values dunng normovolaemic 
haemodilution 1 and two possible explanations were offered (as 
above) Patiinson and colleagues5 have suggested that our 
result* deserve a more detailed appraisal and that various factors 
mav have an effect on Sc 0 , values. Validation of near infrared 
spectroscopy measurements has noi been established.

In our study, we demonstrated that there was a significant 
correlation between haemoglobin concentrations and 5c0; values.

The results indicated haemoglobin concentration had a significant 
effect on 5c, ; . values. Kurth and colleagues'1 suggested that there 
was s significant negative correlation between haemoglobin con 
centrations and optical path length in an experimental model. We 
believe that optical path length had a strong effeci on Sc,,, values. 
As suggested above, the algorithm incorporated in the INVOS 
41 DOS might not take into account the fall in haemoglobin con 
centration. The algorithm is not open for scrutiny (SomaneticE. 
Troy. MI. USA). If a modified Beer-Lambert law. in which 
optical path length should be constant, was incorporated in 
INVOS 4100S, prolongation of optical path length would cause 
enhancement of changes in Sc,.,.. Therefore, if optical path length 
became longer with haemodilution, there would be in 
overestimation of changes in Sc0,.

Previous studies have demonstrated that various factors, such as 
haemoglobin concentrations, exiracrama) blood flow and changes 
in cerebral arterial to venous blood volume ratio had an effect on 
near infrared spectroscopy measurements 7"9 However, it was dif 
ficult to evaluate the degree of effects of such factors on Sc,,. values. 
We have only investigated the effect of haemoglobin concentration 
on Sc e . values. However, we need to evaluate the degree of effects 
cf other factors on Sc0 . in the near future.

K. Yoshitani'" 
M. Kawaguchi
Osaka. Japan
'"E-incil: nkneii(§ima.biglobt.nt.jp

I Yoshitani K, Kawaguchi M, Iwata M, et al. Comparison of changes in 
jugular venous bulb oxygen saturation and cerebral oxygen satura 
tion curing various of haemoglobin concentration under propofol 
ano sevoflurane anaesthesia. BrJ Anoesth 2005; 94: 341-t

"i Torelia F. Cowiey R. Thornilley MS, McCollum CN. Monitoring 
blGcc loss with near infrared spectroscopy. Comp 6iocf>em Fhysic' 
f- ,V,o! Inifgr Phreic/ 2002: I 32: 199-203

I- McCcrmick PW, Stewert M.G. Goetting MG, Bclakrishnsn G. 
Regions! cerebrovascular oxygen saturation measured by optical 
scecf-csccpy ir. humans. Stroke 1991: 22: 596-602

< .^c:F C£. i^.rsv CHE. r-c'-Tjuonin^ c- anerici cnc vencu: >'C ^r--t: 
in we ci'eir. unoer nypcxit ccnoitic";. Aoi £>.c A'iec tic: 20C;; E4C

E Fauinson K, Clutton-Brock T, Imray C. Validity of near-infrarec 
cerebral spectroscopy. Ancesthesio 2004; 59: 507—6

6 Kurth CD, Uher B. Cerebral hemoglobin and optical pathlength 
influence near-infrarec spectroscopy measurement of cerebral 
oxygen saturation. Anesth Anolg 1997; 84: 1297-305

7 Kishi K, Kawaguchi M, Yoshitani K, et al. Influence of patient variables 
and sensor location on regional cerebral oxygen saturation meas 
ured by INVOS 4 100 near-infrared spectrophotometers.J Neurosurg 
Anesthesiol 2003; 15: 302-6

8 Germon TJ, Young AE, Manara AR, Nelson RJ. Extracerebral 
absorption of near infrared light influences the detection of 
increased cerebral oxygenation monitored by near infrared 
spectroscopy. J Neural Neurosurg Psychiotry I99S; 58: 477-9

9 Watzman HM, Kurth CD, Montenegro LM, Rome j, Steven JM, 
Nicolson SC. Arterial and venous contributions to near-infrared 
cerebral oximetry. Aneslhesiology 2000; 93: 947-53
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Oxygen administration can reverse neurological deficit

'F.dilor—We read wnh interest Sioneham iind Martin's receni 
report' describing two patient 1.' who became neuroiocicallv 
obtunded during awake carotid surgery. Thcv found thai 
administration nf oxygen lOOf'i ihrough 2 tichi-tiiiing anaesthetic 
face mask and circle-breathing system reversed the neuroiosicai 
deficits, so ihat surgery could be completed without the need 
lor shunting.

T\vo common iTiechanisrns cause neurological dchcils during' 
carotid surgery: cerebral hypoperiu.sion, which JK usuallv 
reversible; and macro-eniboliz-aiion, which is often irreversible. 
Most patients, undergoing loco-regional carotid surgery, will 
tolerate the cross-clamp phase without difficulty, however, in 
those palienus who do become obtunded. a clear strategy needs 
to be agreed in advance by both anaesthetist and surgeon. We 
handle deficits that occur within the firsi 91; >. bv dcclamping ihc 
artery and allowing the deficit 10 recover. The operation is then 
continued under general anaesthesia and the carotid shunt can 
be inserted in a controlled fashion. A deiicii thai occurs more 
than 9(i s after cross-clamp, bin before the carotid arterioiomv 
iihii'i clamp for 5 mini, is' relatively siraignilorvvard lo manage 
Ciurnps are lemporariiv reieasec. normal r;CL>roiG£ v restored, 
damps arc then reapplied ailowine a shunt to be inserted before 
the rjauem becomes oblundec s second time. The mosi difficult 
si;i!siifivi. and that described in Stnneharn and Maj'iiii'j report' ij 
when the patient deteriorates after the arierioiomy has: beer, 
made, as clamp release is no longer an option. In ihis situation. 
the patient often begins: to deteriorate in a fairiy subtle fashion. 
then develops mild focal neurological deficits, before finally 
becoming profoundly obtunded. These subtle ncurojogical 
changes should be picked up at an early stage and the options 
'-'\ phariTiucoli.'iSical^ augmenting the blood pressure or increas 
ing the Fi,,. are Hkeiv to be beneficial Vf the deterioration m 
cerebral i unction : s «lov,'. this, implies only u modest inihaianc-t 
between the regional cerebral oxygen delivery (rCOD'i and rc- 
ciorisi cerebral oxygen consumption irC'OCi. Any suaiegy that 
rTl T"T''.?s ;'CO?~ >' r ueL re.c:>f ^ rCOC il'ic.'-- reverse ihr cleric:'.. /; ^L 
eiv. :-., i >••.' -''ess,.;'!-' are mr-O'".. 1.-,. oeierr--r,ar.is of rCOT. 
Cerebral iliT'iCiio'" is Liiitri'vC: I:'' nvpo'-i... '^rrcr. f- : _ i< accre;—ec. 
:. ?5 rvr r.i i'or!Tiai. complex task pcrlonTiancc ;s aitcrcd: at >A 5'> 
short term memory is impaired: at 5()'/l judgement is aiterec_: 
unconsciousness occurs with fl rj . between 30-40% of normal."

Stoneham and Martin 1 did not measure P^,-,-,. at the time the 
paiieni was obtunde-d, but they speculate thai that there might 
be 10^'c decrease in ventilation leading to an increase in Pa<•„. ol 
up to 0.5 kPa. causing a right shift in the oxygen dissociation curve, 
improving rCOD. The effect of P&m , on rCOD lo the hypoxic 
'normal" brain ai altitude has been studied and suggests other 
mechanism?, also come into play. 4 " A rise in Pzr>.,. causes an 
increased rate and depth of respiration, increased cerebral blood 
(low. and righl shil'l of the mygen dissociation curve. These mech 
anisms improved rCOD, and this was confirmed with near infrared 
cerebral spectroscopy. Interestingly there appears to be a syncr- 
cistic effect with a combination of supplemental oxygen and carbon 
dioxide sivins the larcest improvement in both Paa . and cerebral 
cnynenalion. There, are animal data suggesting the hypoxic hyper- 
carbic hrain h less susceptible to hyposic neuronal damage lhan 
the hypoxic hypocarhic brain.

Thest: case reports give imporiani insights into thi' options a.s 
to how 10 manage patients with hypcipertusion deficits diirinc 
loco-regional carotid stirgen 1 . Further studies inio the manipula 
tion oi cerebral rrxygen delivery during caroiici endariereciomy are 
indicated. Clinical meajuremeni of the balance beiween rCOD and 
rCOC is difficult, as patients undergoing awake carotid surgery 
rare!) have jugular vcnou.1-. iinc' ii'iscrtcd. Ccrdiral near inli^rci.! 
spectroscop)". whilst hiving limitations in terms of absolute 
measurements, may give continuous non-invasive assessments 
of I he rCOO-rCOC balance.

C. H. t. Imray" 
A. J. Thacker 
M. K. Mead 
Cmtnlry, UK

Editor—As the increase in oxygen carrying cspaciiy achieve:.; b; 
the aiiministraiion of oxygen !()(><"•;• with a close-lining anae.sihenc 
tact.' musk in a. patient with a normal haemoglobin and who is no: 
desaturaled iJfa,., <• 0.00310: is ininiscule. hov, might these 
neurological deficits have been reversed?' By inducing an acute 
lipici shift? if EC. what was the trigger' Free radical^ If so. might, 
adverse effect? hsve been iletecieu had a prospective study beer; 
performed m which the nevirocognuive tests used in ,;n eariie: 
study in your iuniiutioi.' -.vx-ie conducted prcoperutivcly ar.^ 
?. months later"

"Detailed cognitive assessment, using a battery of test>. show .- 
some impairment in a; many as SO'*- of patients [having open hear; 
surgery! al the time they are discharged from hospital, which per 
sists in around a quarter of them at six months'/ As neurocosnir,\ t 
imp airmen I in patients undergoing conventional and off-pump cor 
onary artery bypass grafting in your institution were- similar it was 
'speculated that the effects of surgical injury and anaesthesia might 
bf. ns important ;.s th( use of cavciopulnionKry typts= in causinc 
impairrr.er,;' r.yr.err.vii' migm Or :-. Cua?; oe-pi^e ihc.sc '.V-.T. v.,^t 
repori< ''

In a paiienl who develops an cxLradurul haeinaioirm i\fiev a hetu 
iniurv. miic- concussior may be followed by i lucid inte:"'t; after

_
tnese ;v.-.-, ease report t.> fs',dtncf. in s-uppor. o: the view 
increasing F,,.. ic i.O uunnt c::rono anen suraer. i 
beneficial. There arc man}' possible csuscs of secondary brain 
injury in these circumstances.

'The introduction of routine mtraopcrativc shunting and 
patch closure (in your institution], as well as allowing 
surgical trainees to perform supervised CEAs. has not affected 
perioperal'ive morbidity and monaliiy rates or long-term out 
come'.' Your results' 0 appear, however, lo fall far shori of those 
rouiinely achieved in the VS." This difference, if real, could he 
technical. If so, using awake carotid surgery in reduce the need for 
shunts is unlikely to be a satisfactory solution. The difference might 
aliemalJvely or additionally be a reflection of differences in the 
standards of anaesthetic practices in the UK and US.

Is menial functioning during awake neurosursery, including 
intiacranutl revascularizalion. u reliable proxy for metabolic 
monitoring'? l: I suspect not because it has required detailed 
cognitive assessment to reveal the extent of the impairment EUev 
cardiac surgery and many neurocogniijve disturbances appearing

1 ruMcr.e '• ;hr British jr>iiTn;;i ol Anr,CMi:c^iij Aii ;
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after head injuries and brain surgery mighi have been 
avoidable events. 1 '

R. G. Fiddian-Green 
F.-muii: rifht

Editor — Thank you for the opportuniiy to reply 10 correspondence 
about our recent ease vepori concerning cerebral rvxygenalion 
during awake carotid surgery. 1 ] am not aware of specific evidence 
supporting Imray and colleagues" differential approach to the 
management of cerebral hypoxia after cross-damping depending 
on the speed of onset of llie symptoms For patients. developing 
neurolosic-al deficits within 90 s of cross-elrivnpms;. (Uher vasc-tila:- 
ieams would chovse to keep the paiicnt -iwake and 10 insen <i shurn 
eicctively. keeping general ar,i\esthtsia as a 'lust option'. We use a 
trial cross-damp period of just 2 min. as most neurological deh'cns 
prescn; \vni-. in tnai time.'" Others do not use ;•. trial cross-clamr. 
period at all, proceeding directly to urieriotomy after crois- 
ciampinj! iDr R. Tel ford, personal comm\mical.ionj.

The /'a,-,,. data that Imray and colleagues refer to are very 
interesting. One can only speculate about hew important this was 
as a contribuiion to the improvement in cerebral osygenation in our 
case report. Whatever the cause. I agree that non-invasive cerebral 
o\irneir> mny provide the easiesi techmoue of furiher investigation 
Our pilot studies vising cerebral oximeiry so far do suggest thai 
cerebral oxygens! ion is improver! by supplemental oxvgenaiior,.

The thread of TJv Fiddian-Grecn's letter is more difticul; to 
follow. He believes thai standards. In anaesthesia and surgerv ir. 
the L'K fall below those of the USA. He reaches this, conclusion ty 
comparing surgicai dais from Oxford going back to the mid- ! £70.-
•.\ilh eurrent daia from the USA. in faci. over 75 '.i. of carotid
-urge- >n Oxford ;s now performed awaKc Routine shunting 
hi 1. 1 ' neen abandoned. using the awake patient '.-' n-urnkigicu: 
>tatc as the prime indicator of the need for shunting. Evcrsiur. 
i-ndartcrcctomy. without patch ciosuic -,s now pcrfomicd by the 
majority of our surgeons.

Dr Fiddian-Green considers the increase in oxygen-carrying 
capacity of the blood when changing ihe Fl.,: from 0.? to 1 0 to 
he •miniscule". Simple calculations (as: detailed in the discussion 
section of our report 'i sho\v thai the increase was. in fact an unex 

^S of me iota! oxygen content — which could well !-s\ c 
c slgnif.cant impact in • fci-n of neurons close to the:- 
uic ihreshoid.
mus; he cauliov.s conipanng cerebral hypoxia after carotid 
i!r!!r'ir>!.- vilh ihc cognitive inipairnierii ihai occurs m'ter car-

Imray CH. Wslsh S, Clsrke T. et of. Birmingham Medical Research 
Expeditionary Society. Effects of breathing air containing 3% carbon 
dioxide, 3£% oxygen or ?. mixture of 3% carbon dioxide. 3£ c/c 
oxygen en cerebral and peripheral oxygenation zt ISO IT, anc 
3^55 m. On Sci iLono'i 2003: 104: 203-10
Imray CH, Brcarey S. Clarkt T, et of. Cerebral oxygenation zt high 
sltituoe and the response to carbon dioxide, hyperventilation and 
oxygen. The Birmingham Medical Research Expeditionary Society. 
Gin Sci (Land) 2000; 98: 159-64
Simon RF, Niiro M. Gwinn R. Brain acidosis induced by hypercsrbic 
venciiction actenuEting focsl ischaemic injui~y.JPJiorm £xp Ther I 993: 
267: 1426-3!
Fat:'i-i<cr. K. Ciucton-BiJ oci< T. Imray C. Validity of near-infrarec- 
cereci-ii spectroscopy. Anoesihesic 200-1; 59: 507-6 
FiCGij.n-Grecn RG. eLetter re: Taggart D. About impaired mind: 
and closed hearts. Br «edj 2002; 325: I 2S5-6 
Fiooiin-Greer, F.G. eLecter re: Khaw KS, Wang CC, Mg=n Kee 
WD. Fsnj CF, and Rogers MS. Effects of high inspired oxygen 
fraction during elective Gaesarean section under spinal anaesthesia 
on maternal and fetal oxygenation and iipid peroxidation. BrJ An 
oesth 2002; 88: 18-23
HussEin T, Senaratine JW. Green FR, Collin j. Hands L. Morris PJ 
Vascuiar surgic^i society cf grest britain and ireland: tvventy-chree 
vesrE ci experience ci carctid endarterectomy. br j Sur^ 1995; fit. 
tSG
Ccwr.r, JA. Jr. C'imick JE, Thompson BG. Stanley JC, Upcnurch GP. 
Jr. Surgeor volume a: an indicator cf outcomes after carotid 
er-Gcrterectcmy: an effect independent of specialty practice anc 
r,csci«.i volume, j Am Coil Surf 2002; 195: 814-21 
Fiooiari-Green RG. eLetter i-e: Cicsnyka M, Fickard JD. Monitcnn = 
anc interc-.'etaticr: of inLracraniai pressure.J NJeuroi Neurorur^ Pf\- 
crnctiv 200^; 7H: £13-2!
Ficcian-Green RG. euetter re; Smith n. Editorinl i: Neuroc:-it:c^ : 
c^re- nas n come of age? 5r j Anoesth 20CK; 93: 7S3-S 
Lawrence FF, Alves JC, Jich3 D, Bhirangi K, Dobrtn PE. incidence, 
timing, and causes of cerebral ischemia during carotid endarterec- 
tcmy with regional anesthesia, j Vosc Sorf 1996: 27: 325-34: dis- 
ciissicn 335-7

^.piria: endoscop> for chronic sciatica

1C

i-s each cRse 's different The cerewai symptom 
c:iro!id endtnereciomy- neveior •-•en :-.c-oitl;- — ;-. .•erebrc.vuic-uia.r 
iK-ctdeni is evolving before one's very eyes. We are nol advocaung 
llie administration of oxygen 1 00r;r to all patients — rather, ihi* 
beeomes an addition to the anaesthetist's armamenlarium in the 
management of this fascinating but challenging group of patients.

M. D. Smneham
Oxford
E-mail: nuirk..il<nieliani<@ntUi.m.u<:.uk

! Sioneham MD, Martin T. Increased oxygen adminisiration during 
-twke carotid surgery can reverse neurologies/ deficit following 
carotid cross-clamping. 6r J Anocstri 200S; 94: 5S2-5

2 Stoneham MD. Warner O. Blood pressure manipulation during 
swske carotid surgery to reverse neurological deficit after carotid 
cross-clamping. BrJ Anoesth 2001; 87: 641-^1

3 ElEss JP, Gibson GE. Consequence? of mild grade hypoxis. Adv 

Neuro/ 1979; 2: 225

^leru:; ;ro :r,;n.;; endoscopic niaccmcn! of steroic were found ir. K 
effective .r, paiiciiis ^'itii s.cisiic a of b- i S. months. Superior, bui n> ; 
significant'}' superior resultt were found in the caudal epiour-n 
croup. The conclusion musl be ihal pulling a paiicni thrrsngl'i itie 
longer, more tincomtonahle, more costly and potentially more 
ha/.ardous procedure of spinal endoscopy is difficult lo justify 
on syrriptomalic grounds. We would; tentatively accept this 
conclusion, hut wish to emphasize some important caveats.

We refer particularly to a prospective observational study/ iv.-o 
prospective case series. " two retrospective evaluations-"' f' and n 
randomr/ed double-blind controlled trial,' which have shown posi- 
nve resulls with spinal endoscopy in palients wilh chronic low-hack 
pain with radiculopalhic leg pinri who had previously obtained. 
inadequate pain relief with traditionally placed caudal or lumbar 
cpidural steroids. The reasons for this discrepancy are relevant io 
those who nisiidce these patients, or. a day-to-day basis*.

Firstly. ui'i ol these siudies'"' involved different populations 
from ihosc ol the Ditshheid and eoliea^Lies' study where no pjtienis. 
had undergone hack surgery and mean symptom duration was
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The CARESS Trial
To the Editor:

"We read with interest the report by Markus et al of the 
CARESS trial, 1 in which duaJ antiplatelet therapy resulted in 
more effective control of microembolic signals (MESs) than 
single antiplatelet therapy. There was an associated reduction in 
the prevalence of transient ischemic attacks (TTAs) and strokes.

Immediately after a T1A or stroke, there is a rise in transcranial 
Doppler (TCD)-detected MESs. Those patients who continue to 
experience embolization are at greater risk of another neurolog 
ical event.2 Markus et al "emphasize the importance of operating 
urgently in patients wherever possible." However, a recent 
systematic review of the risks of carotid endanerectomy in 
relation to both the clinical indication for and timing of surgery 
has shown that urgent carotid surgery carries a much higher risk 
(19.2%, 95% Cl 10.7% to 27.8%) than elective surgery (OR 3.9, 
95% CT 2.7% to 5.7%; ?<0.001; 13 studies).'

Recurrent or crescendo TIA patients represent a particularly 
high-risk group. It is possible to stop both emboli and further 
symptoms in these patients with TCD-directed intravenous anti- 
platelet agents, the dose being increased incrementally until the 
MESs cease. Consequently, it is possible to influence the timing 
of surgical intervention, allowing patients to undergo carotid 
endarterectomy safely on the next elective list,* avoiding the 
risks associated with urgent or emergency surgery-' or the risks 
associated with delay in patients whose MESs persist despite oral 
antiplatelet therapy. 1 2

MESs are surrogate markers for the risk of future embolic 
events. The pharmacological efficacy of therapeutic interven 
tions can now be assessed rapidly, noninvasively, and inexpen 
sively. TCD emboli detection appears to offer an important 
advance that enables optimal integration of medical therapy and 
timing of surgery.

Christopher H.E. Imray, MB,BS, FRCS, DiMM
Daniel J. Higman, MB,BS, FRCS, MS

Colette Marshall, MB,BS, FRCS
Consultant Vascular Surgeons

Coventry and Warwickshire County Vascular Unit
University Hospitals Coventry and Warwickshire NHS Trust

Coventry, United Kingdom

1. Markus HS. Droste DW, Kaps M, Larrue V. Lees KR. Siebler M. 
Ringelstein EB. Dual antiplatelet therapy with clopidogrel and aspirin in 
symptomatic carotid stenosis evaluated using Doppler embolic signal 
detection. Circulation. 2005:111:2233-2240.

2. Sliwka U, Lingnau L, Stohlmann WD, Schmidt P. Mull P, Diehl RR, 
Noth J. Prevalence and time course of microembolic signals in patients 
with acute stroke. Stroke. 199728:358-363.

3. Bond R, Rerkasem K, Rothwell PM. Systematic review of the risks of 
carotid endarterectomy in relation to the clinical indication for and timing 
of surgery. Stroke. 2003:34:2290-301.

4. Lennard NS. Vijayasekar C, Tiivas, Chan CWM. Higman DJ. Imray 
CUE. Control of emboli in patients with recurrent or crescendo transient 
ischaemic attacks using preoperative iranscranial Doppler-direcied 
Dextran therapy. Br J Surg. 2003;90:166-170.
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A Systemic Review of the Risk Factors for 
Cervical Artery Dissection

To the Editor:
We read with interest the review by Rubinstein et al 1 on risk 

factors for cervical artery dissection. In a case-control study, we 
had analyzed the role of recent infection on cervical artery 
dissection. 2 This study was referenced by the authors; however, 
our main findings were not correctly cited by the authors. In 
univariate analyses, recent infection and high-social status were 
significantly more common, and smoking was significantly less 
common in patients with cervical artery dissection (CAD) than in 
patients with cerebral ischemia of other origin. In conditional 
logistic regression analysis, infection within 1 week (odds ratio. 
2.87; 95% Cl, 1.18 to 7.00) and high-social status (odds ratio, 
6.54; 95% CI, 1.88 to 22.7) remained significantly associated 
with CAD. Because coughing, sneezing- and vomiting that often 
occur during infection could explain the association between 
CAD and acute infectious disease, we systematically assessed the 
frequency of these mechanical factors. Recent cough, sneezing, 
and vomiting tended to be reported more often by CAD patients 
(60.5%) than by control patients (41.4%: P=0.06). In multivar- 
late analysis, infection within 1 week, (odds ratio. 2.42; 95% CI. 
1.01 to 5.8: /> =0.046) but not cough, sneezing, or vomiting (odds 
ratio. 1.60: 95% Cl. 0.67 to 3.8: P=0.29). was associated with 
CAD. This indicates that mechanical factors during infection do 
not explain the association between CAD and infections.

Therefore, the data given by Rubinstein et al 1 in the abstract 
and the text regarding infection are not correct and require 
revision together with conclusions in their review. From our 
study and the results by Guillon et al.3 so far recent infection has 
to be regarded as a risk factor for cervical artery dissection. 
Furthermore, high-socioeconomic status may be another factor 
that is associated with the risk of CAD. although this certainly 
requires additional investigations.

Rubinstein et a) 1 mentioned the possibility of a selection bias 
in our study. Our case-control study 2 was not part of a 
population-based register: however, it was based on consecutive 
patients in both groups. Given the fact that almost all of the 
younger patients with cerebral ischemia in the catchment area 
are treated in the University Center, the risk of selection bias can 
be rated as very' low. In summary, 2 well-performed case-control 
studies found an independent association between recent infec 
tion and CAD that was not explained by factors such as 
mechanical stress to cervical arteries.-5

Armin J. Grau, MD, PhD 
Florian Buggle, MD

Department of Neurology
Klinikum der Stadt Ludwigshafen a.Rh. Bremserstr 

Ludwigshafen, Germany

\. Rubinstein SM. Peerdeman SM, van Tulder MW, Riphagen I, Haldeman S. 
A systemic review of the risk factors for cervical artery dissection. Stroke. 
2005;36:1575-1580.

2. Grau A. Brand T. Buggle F, Orberk E, Mytilineos J. Werle E. Conradt C. 
Krause M. Winter R, Hacke W. Association of cervical artery dissection 
with recent infection. Arch Neural. 1999:56:851-856.

3 Guillon B. Berthet K, Benslamia L, Bertrand M, Bousser MG. Tzourio C.
"" Infection and the risk of spontaneous cervical artery dissection: a case- 

control study. Stroke. 2003;34:e79-e81.

Response:
We would like to thank Drs Grau and Buggle for their interest 

in our article. They raise 2 important issues.
Their fust objection may have to do with clarity of the text. We 

are not suggesting that the weak association refers to the relationship 
between dissection and the mechanical factors associated with 
infection, such as coughing, sneezing, or vomiting, but rather, the 
association between infection and dissection, even when these 
mechanical stressors are controlled for. Therefore, our article also 
agrees with the authors that recent infection may be an important 
risk factor, which is an association noted by others. However, this 
association may not be very strong. High socioeconomic status may 
also be an important risk factor and perhaps a subject for additional 
study; however, we did not identify any case-control studies that 
have confirmed this relationship.

Regarding the second point, case-control studies are notori 
ously sensitive to selection bias. Our objection was not whether 
patients were selectively identified (ie, consecutive), but rather 
that the control group chosen (ie, cerebral ischemia) may be 
inappropriate. Quite simply, controls must be a representative 
sample of the study base and must have an equal chance to 
develop the target disease as the cases. If not, it is a case of com 
paring apples with oranges. The mechanism of cerebral ischemia is 
quite clearly different from dissection, and we suggest that the risk 
factors may also differ (eg. '\ascular risk factors"), which is why we 
proposed that healthy subjects might be a more suitable control. 
Otherwise, this may result in a potential overestimation of risk.

Note: This article was originally published online as a "sys 
temic review." However, this was a typographic error and should 
have read, "a systematic review."

Sidney M. Rubinstein
Saskia Peerdeman

Maurits van Tulder
Scott Haldeman

Insitruie for Research in Extramural Medicine
(EMGO Institute)

VU University Medical Centre
Amsterdam, The Netherlands

Transcranial Doppler and Carotid
Artery Disease Strokes: More Than

Just Risk Stratification
To the Editor:

Two important studies addressing the role of transcranial 
Doppler ultrasound (TCD) microemboli detection and stroke pre 
vention have been published recently. 1 -2 Markus and MacKinnon 1 
studied 200 patients within 3 months of a focal neurological 
event. Their study demonstrated that the presence of microem- 
bolic signals detected during 1 hour of TCD monitoring was an 
independent predictor of future stroke and transient ischemic 
attack (TIA). Two major implications were proposed, first that 
TCD emboli detection could be useful for risk stratification in 
patients with carotid stenosis and, second, that the technique 
could be used to assess the efficacy of antithrombotic therapy. In 
the recently published Clopidogrel and Aspirin for Reduction of 
Emboli in Symptomatic Carotid Stenosis (CARESS) trial, 2 dual 
antiplatelet therapy (aspirin plus clopidogrel) resulted in more 
effective control of microembolic signals than single antiplatelet 
therapy (aspirin alone). There was an associated reduction in the 
subsequent prevalence of TIAs and strokes.
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Similar conclusions were drawn by the authors of both studies, 
in particular those patients with recent symptoms and emboli 
should be operated on urgently "wherever possible." However, a 
recent systematic review of the risks of carotid endarterectomy in 
relation to both the clinical indication for and timing of surgery 
has shown that urgent carotid surgery carries a much higher risk 
(19.2%; 95% Cl, J0.7 to 27.8) than elective surgery (odds ratio, 
3.9: 95% Cl, 2.7 to 5.7; P<0.00): 13 studies). 3

Immediately after a T1A or stroke, there is a rise in TCD- 
detected micoembolic signals. Those patients who continue to 
embolize are at greater risk of an additional neurological event." 
Recurrent or crescendo T1A patients represent a particularly 
high-risk group. It is possible to stop both emboli and additional 
symptoms in these patients with TCD-directed IV antiplatelet 
agents, with the dose being incrementally increased until the 
micoemboli cease. Consequently, it is possible to influence the 
timing of surgical intervention, allowing patients to undergo 
carotid endarterectomy safely on the next elective list.5 avoiding 
the risks associated with urgent or emergency surgery 3 or the 
risks associated with delay ft in patients whose microemboli 
persist despite oral antiplatelet therapy. 1 -2^

In the study by Markus and MacKinnon. 1 the time between 
index event and assessment was considerably >72 hours in most 
of the subjects examined. This leads to the conclusion that some 
reported strokes could have been prevented. We believe that 
earlier assessment would show a stronger beneficial influence of 
TCD-directed antithrombotic therapy followed by surgery when 
necessary. Microemboli are surrogate markers for the risk of 
future embolic events. The pharmacological efficacy of thera 
peutic interventions can now be assessed rapidly, noninvasively. 
and inexpensively. TCD emboli detection appears to offer an 
important advance enabling the optimal integration of both 
medical therapy and the timing of surgery, and the technique 
should be more widely available.

Kyle T.S. Pattinson, BM, FRCA
Nuffield Deparrmenl of Anaesthetics

University of Oxford, John Radcliffe Hospital
Oxford, United Kingdom

Christopher H.E. Imray. MB, BS, FRCS
Coventry and Wam>ickshire County Vascular Unit 

University Hospitals Coventry and Warwickshire NHS Trust
Coventry, United Kingdom
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Response:
Like Pattinson and Imray, we agree that Doppler embolic 

signal detection shows great promise in identifying patients with 
symptomatic carotid stenosis at high risk of early recurrent

stroke. This group of patients may well benefit from more 
aggressive antiplatelet therapy. It is also possible that the use of 
the technique, combined with more aggressive antiplatelet ther 
apy to reduce emboliz,ation in active embolizers, could allow 
carotid endarterectomy to be delayed in some patients.

However, based on considerable current evidence, patients 
with stable symptomatic carotid stenosis should be operated on 
as soon as possible. It has been clearly shown from analysis from 
the ECST and NASCET trials that the stroke risk in the first 2 
weeks is very high. 1 The metaanalysis that the authors quote 
showed no difference in the odds of stroke and death after early 
carotid endarterectomy for established stroke compared with late 
surgery. 2 The excess risk was only seen in the smaller group of 
patients with unstable symptoms, ie, progressing stroke or 
crescendo transient ischemic attacks (TIAs). Therefore, in the 
majority of patients with a single ischemic T1A, or stroke with 
small infarct. current evidence suggests that carotid endarterec 
tomy should be performed as soon as possible. In the more 
unstable patient with progressing symptoms, crescendo TIAs. or 
a large infarct, transcranial Doppler may well be useful in 
guiding treatment to allow stabilization before elective surgery, li 
may also be useful in guiding treatment in patients with stable 
symptoms and T1A or minor stroke in the many units worldwide 
where endarterectomy cannot be performed immediately as a 
result of logistic and resource issues.

In addition, before recommending its widespread implementation, 
some caution is required. Ideally, it should be shown in a large clinical 
study thai this approach, when implemented on a widespread clinical 
scale, does allow stroke to be prevented. This will depend not only on 
the ability of embolic signals to predict stroke, as we have recently 
demonstrated, but also on the ability of clinical units to reliably 
implement the technique, including evaluation for embolic signals in 
real time. Current research studies, such as the 2 cited by Pattinson and 
Imray.3 -4 have used assessment of die presence of embolic signals at & 
later date by a single experienced observer on data stored on digital 
audkxapes.

Hugh S. Markus. FRCP
Si. George's Hospital Medical School 

London, UK
Andrew MacKinnon. MRCP

St. George's University of London 
London. UK
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Use of Quantitative Magnetic Resonance
Angiography to Stratify Stroke Risk in
Symptomatic Vertebrobasilar Disease

To the Editor:
The recent article by Amin-Hanjani and coworkers 1 was 

interesting, but we believe that there are several flaws in their 
algorithmic approach. The authors erroneously conclude that 
distal blood flow reduction, especially in the basilar artery as 
demonstrated by phase contrast-quantified MRA (QMRA) and
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Abstract

Background-

Innominate artery stenoses are often asymptomatic, but when symptomatic may 

cause major stroke. Optimal treatment of a patient with multiple recurrent TIAs 

arising from an innominate artery stenosis is uncertain.

Methods-

We report the case of a 58-year-old patient with multiple focal neurological 

events in the right anterior circulation associated with TCD detected microemboli 

and an innominate artery stenosis. A staged approach was used. TCD directed 

intravenous antiplatelet infusion controlled the microemboli and symptoms, and 

this was followed by elective retrograde endoluminal stenting of the innominate 

artery stenosis.

Results-

Postprocedure angiography demonstrated satisfactory positioning of the 

innominate stent and there was abolition of the microemboli. The patient had no 

further TIAs over a 4-month period. At 3-months. the CT angiogram and Duplex 

imaging showed a patent innominate artery. Neurological examination was 

normal.

Conclusion-

The successful angiographic and clinical results observed in this case of a 

symptomatic embolising innominate artery stenosis treated with TCD directed 

antiplatelet therapy followed by retrograde stenting contributes to the limited
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literature of management of this difficult clinical scenario. To our knowledge this 

is the first case of a neurological unstable patient with an embolising innominate 

artery stenosis treated in this fashion.
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Introduction
The high prevalence of stroke following an index transient ischaemic attack (T1A) arising 
from an internal carotid artery stenosis (1CAS) ranges between 20% in the first month 1 

and 10.5% within ninety days2 . The risk of a T1A and/or stroke due to embolism in 
innominate artery stenosis is less well documented but the majority are asymptomatic and 

diagnosed coincidentally during routine Duplex, angiographic or magnetic resonance 
angiography (MRA) investigation of the major neck arteries. When symptomatic, 

symptoms are either related to posterior cerebral circulation hypo-perfusion ischemia due 
to a subclavian steal syndrome, or embohc right anterior circulation symptoms. 
Occasionally both sets of symptoms will occur in the same patient.

We present a case report of a patient with a symptomatic innominate artery stenosis with 
multiple cerebral microemboli detected in the right middle cerebral artery (MCA). Both 
the emboli and symptoms were controlled with by a pre-operative transcranial Doppler 
directed antiplatelet infusion prior to retrograde endoluminal stenting.

Case report
A 58-year-old right-handed male patient presented with right-sided visual disturbance, 
pins and needles in his left arm and with an associated headache and dizzy spells. He had 
had these episodes up to 7 times per week within the previous 3 weeks and each episode 
lasted for about 3 minutes. On clinical examination there was a loud right carotid bruit 
and reduced right brachial arterial pressure. Clinical examination was otherwise 

unremarkable. He was an ex-smoker, not diabetic and had lipids within the normal range. 
His medication included aspirin 75mg od and simvastatin 40 mg od.

Three years previously, he was admitted to hospital after a short-lived 'fainting attack' 
from which he had fully recovered. At the time, he was investigated with CT brain and a 

cardiac exercise stress test both of which were normal. A Duplex scan of his neck and a 
CT angiogram performed showed a 70% stenosis of the innominate artery. With no focal 

symptoms, he was started antiplatelet therapy and was followed up routinely by the
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stroke physicians.

On this occasion, following the development of focal symptoms, a carotid duplex using 

an Acuson 128XP/10 (Mountain View, CA, USA) was performed. It confirmed the tight 

innominate artery stenosis, and in addition there was a 50% stenosis of the right internal 

carotid artery (PSV 140cm sec" 1 ) and a mild stenosis of his left internal carotid artery. 

Transcranial Doppler monitoring of the right middle cerebral artery (MCA) was 

performed using a SciMed PC Dop 842 (Bristol. UK) with a 2MHz probe focused on the 

MCA at 5.0-5.5cms. Embolic signals were assessed by listening for the characteristic 

sound and appearance of their spectra, using previously published identification criteria3 . 

There were 4 micro embolic signals in 1 hour of monitoring. The patient was admitted 

and administered a 20mls bolus of Dextran 40 intravenously followed by a continuous 

infusion at 20mls an hour. He had no further symptoms and repeated TCD monitoring 

confirmed no further cerebral microemboli whilst on the Dextran 40 infusion. He 

subsequently had a CT angiogram of his aortic arch, which demonstrated a tight stenosis 

of the innominate artery (Figure 1), but that his internal carotid artery was only 30-50% 

stenosed.

He underwent retrograde stenting of his innominate artery via his right common carotid 

artery 10 days after admission on an elective list. The intravenous anti-platelet agent 

infusion was continued until the morning of surgery. A loco-regional anaesthetic block 

was instilled and the right common carotid artery was exposed in a standard fashion. 

3.500 units of intravenous hepann were administered, and there was no evidence of 

neurological obtundation on trial clamping the distal common carotid artery. The 

common carotid artery was punctured in a retrograde fashion and a hydrophilic guide 

wire used to traverse the innominate artery stenosis. The lesion was predilated and a 

balloon expandable Cordis Genesis stent (Johnson & Johnson) was inserted, and a 

completion angiogram performed. The right common carotid artery was vented via the 

puncture site, flushing out the potential embolic debris following stent insertion. The 

common carotid endoluminal access site was closed surgically, and flow was restored to 

the external carotid and the internal carotid artery sequentially. Post operatively TCD
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monitoring of the MCA artery revealed no microembolic signals. The patient was 

discharged home after 48 hours on clopidogrel 75 mg od and aspirin 75 mg od. The 

clopidogrel was discontinued after one month. On follow up 4 months later he remains 

asymptomatic. A follow up CT angiogram has been performed (Figure 2,3).

Discussion
Cerebral microemboli are a frequent phenomenon following acute stroke, and continue 

for some days, and are a significant independent predictor of early ischaemic recurrence 

in patients with stroke or T1A4 . A similar association between stroke and microemboli is 

established from studies on patients with significant carotid stenosis5 and following 

carotid endarterectomy6 . Postoperative microemboli are usually platelet-aggregates 

generated by the exposed thrombogenic vessel wall. These aggregates may develop into 

occlusive thromboemboli causing infarcts. TCD directed Dextran treatment has also been 

shown been used to control emboli and reducing the risk of postoperative carotid 

thrombosis following carotid endarterectomy6 '.

Pre-operative TCD directed Dextran 40 therapy has been shown to be effective in 

controlling emboli in symptomatic carotid artery stenoses, allowing patients to undergo 

surgery on the next elective list 8 ' 9 and avoiding the higher risks associated with 

emergency carotid surgery 10 . A patient with recurrent focal deficits associated with an 

embolising sub-intimal carotid artery dissection has been successfully treated with TCD 

directed antiplatelet agents' .

Cerebral microemboli appear to be surrogate markers for future ischaemic events and if 

cerebral microemboli persist despite medical therapy, there appears to be an 

approximately forty-fold increase risk of further neurological events 12 . The CARESS 

Trial 13 recently demonstrated that dual therapy controls both microemboli and symptoms 

more effectively than mono therapy. However even in the dual therapy group, some 

patients continued to embolize and remained at significant risk of further events.
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A number of interventions to treat a symptomatic innominate artery stenosis could be 
considered. Open surgery, involving a thoracotomy and bypass of the stenosis is possible 
but is maximally invasive. Various surgical and minimally invasive therapeutic options 
are possible, and when an innominate artery stenosis has caused flow related (rather than 
embolic) symptoms, antegrade stenting via the groin is an accepted approach. Even using 
cerebral protection device, we were concerned about iatrogenic distal embolisation using 
a conventional antegrade approach, particularly whilst the symptomatic lesion was being 
initially traversed with a guide wire. Pre-procedural pharmacological stabilisation of the 
plaque using TCD directed Dextran followed by retrograde endoluminal stenting 
appeared to offer the safest approach to this high risk lesion. It was then possible to 
temporarily achieve distal control of the internal carotid artery with carotid clamps, 
whilst the innominate lesion was traversed and stented, so preventing any embolic debris 
reaching the brain.

Using TCD directed intravenous antiplatelet agents (Dextran 40 or tirofiban). we have 
treated symptomatic embolisation from a sub-intimal dissection of the internal carotid 
artery'', internal carotid artery stenoses 1'''' and an embolismg innominate artery 
Converging lines of evidence suggest embolisation from large arteries which cause focal 
cerebral symptoms can be treated in the short term with TCD directed antiplatelet agents. 
TCD can assist in identifying the patients at higher risk of a subsequent neurological 
event, and the pharmacological efficacy of therapeutic interventions can now be assessed 
rapidly and non-invasively. TCD emboli detection appears to offer an important advance 
enabling the optimal integration of both medical therapy and the timing of any surgical 
intervention in patients with symptomatic large vessel disease.

We believe this is the first report of an embolising innominate artery stenosis treated in a 
two phases using a TCD-directed intravenous antiplatelet agent infusion to control 
symptoms prior to elective retrograde endoluminal stenting of the stenosis.
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Dear Sir,

We read with interest the debate regarding the role of anticoagulation in extracranial 

arterial dissection '"3 . We agree with Norris 1 that artery to artery embolism is the most 

likely cause of stroke, and also agree with Lyrer2 that there is no evidence supporting 

anticoagulation for extracranial internal carotid artery dissection (CAD). Donnan and 

DavisJ make a most important contribution when they differentiate between the use of 

antithrombotic agents and antiplatelet agents in CAD.

The commonest mechanism of stroke in carotid artery dissection is hypothesised to be 

artery to artery embolism 1 . If this hypothesis is correct, then the situation would appear to 

be analogous to transient ischaemic attacks (TIAs) arising from a critical internal carotid 

artery stenosis. Transcranial Doppler (TCD) directed intravenous antiplatelet agents have 

been successful in treating these patients4' 5 ' 6 , both prior to- and following- elective 

surgery. In further support of this hypothesis, we have recently reported a 45 year old 

patient who was successfully treated with TCD directed antiplatelet agents 7 for recurrent 

focal deficits associated with an embolising sub-intimal carotid artery dissection.

Converging lines of evidence suggest that embolisation from large arteries can cause 

focal cerebral symptoms and can be treated in the short term with TCD directed 

antiplatelet agents6 . TCD can rapidly and non-invasively assist both in identifying those 

patients at higher risk of a subsequent neurological event8 , and in assessing the efficacy 

of interventions 5 . TCD emboli detection appears to offer an important advance, enabling 

the optimal integration of both medical therapy and the timing of any surgical 

intervention, in patients with symptomatic large vessel disease. We advocate TCD 

interrogation of the middle cerebral artery (MCA) for microemboli in symptomatic CAD, 

particularly where there are fluctuating neurological signs. TCD directed antiplatelet 

agents could then be used to control cerebral microemboli and symptoms7 . Elective 

surgical or endovascular intervention can then be considered where appropriate.

Downloaded from http://submii-stroke.5hajournslE.org on November 1, 2005



References

1. Extracranial Arterial Dissection: Anticoagulation Is the Treatment of Choice: For 

Norris JW. Stroke, 2005; 36: 2041-2042

2. Extracranial Arterial Dissection: Anticoagulation Is the Treatment of Choice: 

Against. Lyrer PA. Stroke, 2005; 36: 2042-2043

3. Extracranial Arterial Dissection: Anticoagulation Is the Treatment of Choice 

Donnan GA and Davis SM. Stroke, 2005; 36: 2043-2044

4. Lennard NS, Vijayasekar C, Tiivas C, Chan CWM, Higman DJ, Imray CHE. 

Control of emboli in patients with recurrent or crescendo transient ischaemic 

attacks using preoperative transcranial Doppler-di reeled Dextran therapy. Br J 

Surg, 2003; 90: 166-170

5. Imray CHE, Tiivas CAS. Are some strokes preventable? The potential role of 

transcranial Doppler in transient ischaemic attacks of carotid origin. Lancet 

Neural., 2005; 4: 580-6

6. Naylor AR, Hayes PD, Allroggen H. Lennard N. Gaunt ME, Thompson MM, 

London NJ, Bel! PR. Reducing the risk of carotid surgery: a 7-year audit of the 

role of monitoring and quality control assessment. J Vase Surg. 2000; 32: 750-9

7. Joseph T, Kandiyil N, Beale D, Tiivas C. Imray CHE. A novel treatment for 

symptomatic carotid dissection. Postgraduate Med J. 2005; 81: e6

8. Markus HS, MacKinnon A. Asymptomatic embolization detected by Doppler 

ultrasound predicts stroke risk in symptomatic carotid artery stenosis. Stroke. 

2005; 36:971-975

Downloaded from rittp://submil-s!roKe.sha!Ourr,sis.orc on November 1, 2005




