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ORIGINAL ARTICLE

Near-infrared spectroscopy in the assessment of cerebral

oxygenation at high altitude
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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 PaO, measurements.
Cerebral hypoxia may be more relevant than PaQ,. 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 PaCO, 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.
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Introduction

Death from cerebral hypoxia induced by ascent to high
altitude was described as early as 1874, when three bal-
loonists lost consciousness at 23000 feet and two of
them died [1]. Wheel-well passengers are the modern
equivalent, and a similar mortality has been reported of
stowaways from flights up to 39000 feet [2]. Today,
high-altitude cerebral edema is a rare but still potentially
fatal syndrome reported in trekkers, mountaineers, work-
ers, and military personnel {3], especially when time has
not been allowed for acclimatization. Symptoms of the
more benign self-limiting syndrome of acute mountain
sickness (AMS) with headache, anorexia, nausea, and
vomiting also probably result from cerebral edema. Why
individual susceptibility to high-altitude cerebral edema
and to AMS is so variable is unknown. PaO, tends to
be lower in those individuals suffering from AMS [4],
perhaps as a consequence of a poor ventilatory response
to hypoxia {5] or as a result of a ventilation-perfusion
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mismatch. The lower PaO, may, in those circumstances,
be the direct cause of reduced cerebral oxygenation. Al-
ternatively, increased capillary permeability [6] in re-
sponse to a given degree of cerebral hypoxia may be
greater in susceptible individuals. Changes in cerebral
blood flow [7] and intracranial pressure [8] are unlikely
to be prime factors in the pathogenesis of cerebral ede-
ma. Measurements of cerebral oxygenation would there-
fore contribute to our understanding of the mechanisms
involved.

The introduction of reflected near-infrared light spec-
troscopy allows continuous, noninvasive monitoring of
cerebral oxygenation. The technique was first described
in adults in 1991 [9] and has already developed wide-
spread clinical applications [10,11]. The aim of this field
study was to investigate the effect of acute exposure to
altitudes up to 4700 m on cerebral oxygenation and to
relate these changes to the development of AMS.

Subjects and methods

Twenty healthy, nonsmoking subjects (17 males, 3 fe-
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, PaCO, 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. PaO, was measured in arterialized
capillary blood in all subjects at 2770 m. Peripheral ox-
ygen saturation (SpO,) 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 CO, and Pe’ CO, at 1-min intervals.

CEREBRAL REGIONAL OXYGEN SATURATION
(I'SOz)

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 plc, 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
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time was set at 120 seconds. Measurements were made
of oxygenated hemoglobin (HbQO,), deoxygenated he-
moglobin (HbDQO,), and total hemoglobin. Cerebral re-
gional oxygenation (rSO,) was derived from (HbO, +
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 f-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 rSO, 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 SpO, was greater (23%)
compared with the fall in rSO, (8%). At 4680 m, a sig-
nificant correlation occurred between rSO, and SpO, (r
= 0.74, p < 0.001). The rise in r1SO, and SpO, on the
second day at 4680 m was not significant. PaO, mea-
sured at 2770 m did not correlate with the corresponding
cerebral HbO, or 1SO, but correlated with SpO, (r =
0.52, p < 0.05).

CARBON DIOXIDE

End tidal CO, and PaCO, 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). 1SO, was not
correlated with corresponding measures of PaCO, 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
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Fig 1.

The fall in peripheral oxygen hemoglobin saturation (SpO, mean * SD, open circles with dotted line) and cerebral

regional oxygen saturation (rSO, mean * SD, squares and thick solid line). The route profile is shown (triangles and dotted

line).

correlate with rSO, or SpO, measurements at 4680 m.
Cerebral AMS scores tended to be higher as rSO, fell
(r = =041, p > 0.05 < 0.1; Fig 2). At high altitude,
subjects on medroxyprogesterone had higher rSO,
(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
CO, throughout the expedition except on the second day
at 4680 m, when there was no difference from subjects
on placebo.
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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 rSO, mea-
surements were recorded on the two separate occasions
before ascent. Sensitive responses occurred foliowing
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Fig 2. The relationship of rSO, 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 — 0.59%, r = —0.41, p > 0.05 < 0.1).



202

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 SpO, and the
smaller fall with increased altitude. Increased altitude re-
sulted in an overall fall in cerebral HbO,, a rise in ce-
rebral HbDO,, and a small rise in cerebral total Hb. The
fall in HbO, corresponded with the observed fall in
SpO,, with the inverse being shown in the HbDO,. The
greater variation in HbO, was possibly due to changes
in hematocrit occurring with changes in hydration. rSO,
is a derived figure (HbO,/total Hb X 100) and therefore
takes into account changes in hematocrit. Changes in
SO, can follow changes in arterial or venous saturation,
altered proportions of blood within the arterial, capillary,
or venous 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 rSO, at altitude was less than the fall in SpO,.
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].
SpO, fell as expected with increased altitude. Few
problems were experienced with poor signals once the
subject’s hand was warmed adequately and protected
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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 rSO, and SpO, after 24 hr at
high altitude was not significant, but we would have ex-
pected further rises as acclimatization occurred.

Measurement of rSO, 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 rSO, 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 rSO,
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 1SO, was less marked than the
fall in SpO, 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.

Acknowledgments

We are grateful for financial support from The Mount
Everest Foundation and the Arthur Thomson Trust and
for the loan of equipment by Professor John Coote, BOC
Group, Johnson and Johnson Medical Ltd, the Norfolk
and Norwich Hospital, and Queen’s Hospital, Burton.
We gratefully acknowledge the extensive contributions
of The Birmingham Medical Research Expeditionary
Society in the writing of this article.

References

1. Tavel E Die Auswirkungen des Sauerstoffmangels auf den
menschlichen Organismus bei kurzfristigem Aufenhalt in
grosser Hohe. Helv Physiol Pharmacol Acta, suppl 1.
1943.

2. Veronneau SJ, Mohler SR, Pennybaker AL, Wilcox BC,
Sahiar E Survival at high altitudes: Wheel-well passen-
gers. Aviat Space Environ Med. 1996;67:784-786.

3. Ward PM, Milledge JS, West JB. High altitude cerebral
edema and retinal haemorrhage. In: High Altitude Medi-
cine and Physiology. 2nd ed. London, UK: Chapman &
Hall Medical; 1995:412-418.

4. Birmingham Medical Research Expeditionary Society
Mountain Sickness Study Group. Acetazolamide in control
of acute mountain sickness. Lancet 1981;i:180-183.



Cerebral oxygenation at altitude

10.

11.

12.

13.

. Moore LG, Harrison GL, McCullough RE et al. Low acute

hypoxic ventilatory response and hypoxic depression in
acute mountain sickness. J Appl Physiol. 1986;60:1407-
1412.

. Lewis DM, Bradwell AR, Shore AC, Beaman M, Tooke

JE. Capillary filtration coefficient and urinary albumin
leak at altitude. Eur J Clin Invest. 1997,27:64—-68.

. Jensen JB, Wright AD, Lassen NA et al. Cerebral blood

flow in acute mountain sickness. J App! Physiol. 1990;69:
430-433.

. Wright AD, Imray CHE, Morrissey MSC, Marchbanks RJ,

Bradwell AR. Intracranial pressure at high altitude and
acute mountain sickness. Clin Sci. 1995;89:201-204.

. McCormick PW, Stewart M, Goetting MG, Balakrishnan

G. Regional cerebrovascular oxygen saturation by optical
spectroscopy in humans. Stroke. 1991;22:596-602.
Kirkpatrick PJ, Smielewski P, Lam JMK, Al-Rawi P. Use
of near-infrared spectroscopy for the clinical monitoring
of adult brain. J Biomed Optics. 1996;21:363-372.
Williams IM, Mortimer AJ, McCollum CN. Recent de-
velopments in cerebral monitoring—near-infrared light
spectroscopy. An overview. Eur J Vasc Endovasc Surg.
1996;12:263-271.

Hackett PH, Oelz O. The Lake Louise concensus on the
definition and quantification of altitude illness. In: Sutton
JR, Coates G, Houston CS, eds. Hypoxia and Mountain
Medicine. Burlington, VT: Queen City Printers; 1992:327—
330.

Baumgartner RW, Bartsch P, Maggiorini M, Waber U,

14.

15.

16.

17.

18.

19.

20.

21.

203

Qelz O. Enhanced cerebral blood flow in acute mountain
sickness. Aviat Space Environ Med. 1994;65:726-729.
Mchedhishvili G. Arterial Behaviours and Blood Circu-
lation in the Brain. New York, NY: Plenum Publishing
Corp; 1986.

Portnoy HD, Chopp M. Hydraulic model of myogenic au-
toregulation and the cerebrovascular bed; the effects of
altering the systemic arterial pressure. Neurosurgery.
1983;13:482-498.

Williams IM, Vohra R, Farrell A, Picton AJ, Mortimer AJ,
McCullum CN. Cerebral oxygen saturation, transcranial
Doppler ultrasonography and stump pressure in carotid
surgery. Br J Surg. 19;81:960-964.

Smielewski PJ, Whitfield PC, Czosnyka M, Menon D,
Pickard JD. An observational study of near-infrared spec-
troscopy during carotid endarterectomy. J Neurosurg.
1995;82:756-763.

Owen-Reece H, Elwell CE, Wyatt JS, Delpy DT. The ef-
fect of scalp ischaemia on measurement of cerebral blood
volume by near-infrared spectroscopy. Physiol Meas.
1996;17:279-286.

Grubhofer G, Lassnigg A, Manlik E Marx E, Trubd W,
Heismayr M. The contribution of extracranial blood oxy-
genation on near-infrared spectroscopy during carotid
thromboendarterectomy. Anaesthesia. 1997;52:116-120.
Evans PD. Non-invasive Optical Measurement of Oxida-
tive Metabolism and Haemoglobin Parameters in Tissue.
Swansea, UK: University of Wales; 1997. Thesis.
Henson LC, Calalang C, Temp JA, Ward DS. Accuracy of
a cerebral oximeter in healthy volunteers under conditions
of isocapnic hypoxia. Anesthesiology. 1998;88:58-65.



