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ABSTRACT

Objective: To investigate the association of optic nerve
sheath diameter (ONSD), as a correlate of intracranial
pressure (ICP), with acute mountain sickness (AMS).
Design: Longitudinal cohort study of mountaineers from
sea level to 6400 m.

Setting: Mount Everest (North side).

Participants: 13 mountaineers (10 men, 3 women; aged
23-52 years) on a British expedition to climb Mount
Everest.

Interventions: ONSD was measured ultrasonically,

3 mm behind the globe using B scans recorded with an
OTI-Scan 3D scanner (Ophthalmic Technologies, Canada).
Serial binocular scans were recorded at sea level, and
2000, 3700, 5200 and 6400 m. All ONSDs were
measured by a blinded observer.

Main outcome measures: ONSD, AMS score (using the
Lake Louise scoring system), heart rate, and oxygen
saturation levels.

Results: All results were analysed by regression analysis
with adjustment. ONSD was positively associated with
increasing altitude above sea level (0.10 mm increase in
ONSD per 1000 m, 95% CI 0.05 to 0.14 mm) and AMS
score (0.12 mm per score, 95% Cl 0.06 to 0.18 mm);
further associations were found with resting heart rate
(0.29 mm per 20 beats/min, 95% CI 0.17 to 0.41 mm)
and oxygen saturations (0.20 mm per 10% decrease, 95%
Cl 0.11 to 0.29 mm).

Conclusions: ONSD increases at high altitude, and this
increase is associated with more severe symptoms of
AMS. Given the linkage between ONSD and ICP, these
results strongly suggest that intracranial pressure plays an
important role in the pathophysiology of AMS.

Despite the fact that acute mountain sickness
(AMS) has been recognised as a specific condition
since the early 20th century, the mechanisms
underlying its development remain unclear." AMS
occurs in about half of lowlanders after rapid
ascent to altitudes >2500 m,” and is characterised
by headache, nausea, vomiting and fatigue. Owing
to the similarity between the symptoms of AMS
and those of raised intracranial pressure (ICP), it
has long been suggested that the symptoms of
AMS may be caused by raised ICP.° The only
certain way to determine ICP is by direct
measurement of intraventricular or subdural pres-
sure. Studies using these direct measures in both
small and large animals have shown that ICP
increases significantly at higher simulated alti-
tudes.”® Direct measurement of intraventricular
or subdural pressure is clearly not practical or ethical
in an ambulatory healthy human population. An
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alternative is to measure cerebrospinal fluid pres-
sures (CSFp), usually by lumbar puncture, which
correlates strongly with ICP.” The evidence for raised
CSFp in people with AMS is limited. Two studies at
simulated high altitude showed raised CSFp in
people with moderate to severe AMS * ® but another,
more recent, study showed no difference in CSFp in
those with mild to moderate AMS.” No study to date
has satisfactorily measured ICP and AMS under field
conditions of hypobaric hypoxia.

This study set out to explore the association
between ICP and AMS at increasing altitudes in
humans, using a new, non-invasive ultrasound
method to measure optic nerve sheath diameter
(ONSD). This technique has been described
recently as a safe and reliable method to assess
ICP." "' The optic nerve sheath is continuous with
the dura mater, and CSF usually communicates
freely between the intracranial space and the optic
nerve.”” Using B-scan ultrasound of the eye, it is
possible to determine the ONSD, which has been
shown to have a linear correlation with ICP.""
This technique has been used successfully to
identify raised ICP in children with hydrocepha-
lus,'* and in patients with head injuries in the
emergency room'" '* and the intensive care unit."”
The measure has been shown to have good
interobserver and intra-observer repeatability,”
and portable equipment is available that allows
measurements to be taken in remote settings,
including at high altitude. The aim of this study
was to measure ONSD at different altitudes above
sea level, as a correlate of ICP, in a cohort of
mountaineers attempting to climb Mount Everest.

METHODS

The experimental protocols were approved by the
Oxford Tropical Research Ethics Committee (Ref:
015-06 "Investigation of Intracranial Pressure at
High Altitude”). Informed consent was obtained
from all participants.

Study subjects

A cohort study of 13 mountaineers (all white
Europeans; 10 men, 3 women; aged mean age 34.3
(SD 8.2) years, range 23 to 53) recruited from a
British expedition climbing the north side of
Mount Everest (March-June 2006). Seven subjects
(4 men, 3 women) cycled from the Dead Sea
(400 metres below sea level) to Everest base camp
(EBC; 5200 metres; fig 1) between December 2005
and March 2006, before their ascent of Everest. The
remaining subjects ascended to EBC by road,
10 days after arrival in Kathmandu, Nepal (from

183

yBuAdoo Ag paroslold 1senb Ag 20z ‘0T Mdy uo /woo"wg wslg//:dny woly pspeojumod "800Z Arenuer 8 uo 98Z5¥0°2002" wsl/9eTT 0T St paysiignd 1su1) :psN suods (g


http://bjsm.bmj.com/

Figure 1
north side of Mount Everest, seen here from the road to Everest base
camp, 5200 m.

In total, 13 subjects were studied during their ascent of the

1600 to 5200 metres). The ascent profile of both groups to EBC
is shown in fig 2.

Optic nerve sheath diameter measurements

Serial ultrasound B-scans of both eyes were made using a
portable OTI-Scan 3D B-Scan with a 12 MHz probe
(Ophthalmic Technologies, Canada). Scans were recorded at
2000 m, 3700 m, 5200 m and 6400 m (by AIS, except AIS’s own
scans, which were recorded by CGO). Scans at sea level were
recorded 3 months after return to the UK. Each scan was
recorded 12-24 hours after arrival at each altitude up to 5200 m.
After arrival at EBC, subjects followed individual altitude
profiles, and scans at 6400 m were made within 72 hours of
arrival at this altitude.

Subjects were examined in the supine position. The probe
was placed lightly over each closed eyelid using an aqueous
contact gel. Eye structures were imaged in order to align the
optic nerve directly opposite the probe. This was achieved by
ensuring that the posterior aspect of the lens was visible in the
scan. A continuous recording of the scan was made (typically
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Figure 2 Altitude ascent profile of climbers and cyclists from
Kathmandu (1300 m) to Everest base camp (EBC 5200 m). Data
collection points are indicated with arrows. Subjects followed individual
ascent profiles between EBC (5200 m) and the final data collection point
(6400 m).
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30 seconds) and all the scans were analysed on return to the UK
by an observer (DSM) blinded to any identifying information.

ONSD was measured 3 mm behind the globe in each eye, and
the average of three measurements was recorded. A distance of
3 mm was used because changes in ONSD with ICP are greatest
at this level." The quality of each scan was graded by the
blinded observer, who documented the posterior lens as present
or absent and graded definition of the optic nerve sheath border
from 1 to 3, (1, very good; 2, good; 3, poor).

Other measures

At each altitude, AMS was assessed using the Lake Louise
subjective scoring system,”’ and resting heart rate and oxygen
saturations (Nonin Onynx Pulse Oximeter; Nonin Medical Inc,
Plymouth, Minnesota, USA) were also recorded. No restrictions
were placed on the medications that subjects were taking, and a
record of these was made. A self reported assessment of height
was also obtained.

Statistical analysis

The association of ONSD (mean of three readings taken per
scan) with (1) altitude above sea level, (2) AMS score, (3) resting
heart rate and (4) oxygen saturations were examined using
generalised estimating equations in Stata (Stata/SE V.9.2 for
Windows, StataCorp LP, College Station, Texas, USA). This
regression analysis (using the XTGEE command) allows for
repeated measures in the same person. ONSD appeared to be
normally distributed. Analyses were adjusted a priori for age,
gender, right and left eyes, assessment of scan quality and
whether the ocular lens was visible in the scan or not, and for
three subjects who had returned to 6400 m after an earlier
climb. Associations 1-4 were examined by categories of the
exposure variable, for altitude (sea level, 2000 m, 3700 m,
5200 m and 6400 m), AMS score (with scores =4 combined)
and quintiles of resting heart rate and oxygen saturations. The
assumption of linearity appeared appropriate throughout, and
the exposures were also fitted as continuous variables for
altitude (change in ONSD per 1000 m), heart rate (per 20 beats/
min, as sample SD 18 beats/min), oxygen saturations (per 10%
increase, as sample SD 11%), and as a linear term for AMS score.

Adjustment for exposures 1-4 in the same regression model
was examined to see if the associations observed were altered.
However, findings were interpreted cautiously because these
variables are strongly correlated (absolute values for sample
correlation coefficients ranged from 0.38 to 0.71), which can
lead to unstable estimates of effect.

Between-eye differences in ONSD with altitude were
examined, but showed no appreciable association and are not
reported further. Logistic regression analyses (adjusted for sex)
were also used to examine whether measurements of ONSD at

Table 1 Summary of the measures taken at each altitude

Resting HR  Oxygen
Altitude Subjects, n ONSD (mm)* AMS score, (beats/min), saturations (%),
(m) (men) mean (SD)  mean (SD) mean (SD) mean (SD)
0 13 (10) 4.69 (0.46) 0 (0) 57 (5) 97.0 (0)
2000 13 (10) 4,89 (0.68) 0.6 (1.4) 70 (11) 95.4 (1.1)
3700 12 (9) 491 (0.48) 1.6 (1.1) 77 (11) 87.6 (2.5)
5200 13 (10) 5.20 (0.66) 2.8 (1.3) 89 (20) 74.8 (8.3)
6400 10 (9) 5.31(0.75) 2.6 (1.9) 96 (10) 71.3 (6.4)

AMS, acute mountain sickness; HR, heart rate; ICP, intracranial pressure; ONSD, optic
nerve sheath diameter.
*ONSD mean of right and left eyes for the sample.
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lower altitudes (2000 m and 3700 m), predict AMS scores at
5200 m (presence of AMS being defined as a score =3).

RESULTS

Table 1 summarises the measures taken at each altitude. ONSD
(expressed as the mean of right and left eyes) and mean resting
heart rate both increased at higher altitudes. AMS scores were
greater with increasing altitude, reaching a maximum at
5200 metres. Oxygen saturations fell with increasing altitude.

ONSD measurements were recorded on all 13 subjects up to
5200 m, with the exception of 3700 m, for which one subject
was unavailable. ONSD measurements were recorded on 10
subjects (9 men) at 6400 m. Although there were only three
women in the study, ONSD was on average 1 mm smaller (95%
CI 0.7 to 1.3 mm, p<0.001) in women compared with men.
This is likely to reflect the gender difference in stature; on
average, men were 20 cm (95% CI 12 to 27 cm, p<<0.001) taller
than women. In adjusted regression analyses, an increase of
1000 metres in altitude was associated with a 0.1 mm increase
in ONSD (95% CI 0.05 to 0.14 mm) (table 2, fig 3a). Time at
altitude before measurement (from 24 to 72 hours at 6400 m),
use of medications (carbonic anhydrase inhibitors and/or
analgesics), and whether subjects climbed to the summit of
Everest (six subjects, including AIS and CGO), had no
appreciable effect on the association between altitude and
ONSD (all p>0.2). A positive association with ONSD was
observed for Lake Louise AMS scores (table 2, figs 3b and 4). At
5200 m, three subjects had an average ONSD >6 mm. One of
these subjects developed high-altitude pulmonary oedema, and
another developed high-altitude cerebral oedema on further
ascent to 6400 m (ophthalmic ultrasound images from this
subject are shown in fig 5).

A strong association with heart rate was also found, showing
an ONSD that was 0.3 mm wider for each 20 beats/min
increase in resting heart rate (95% CI 0.2 to 0.4, table 2, fig 3c).
This corresponded with an inverse association between ONSD
and oxygen saturations (table 2, fig 3d) that appeared to plateau
at levels <80%; there was insufficient power to formally test
this apparent deviation from linearity. The effects of altitude,

AMS, and oxygen saturations on ONSD were attenuated to the
null in a model containing all primary exposures. This was not
surprising considering the strong associations between variables.
However, the effect of resting heart rate remained statistically
significant in this model, with a 0.2-mm wider ONSD (95% CI
0.04 to 0.41, p =0.018) for each 20 beats/min increase in heart
rate.

Although a 0.1-mm increase in ONSD at 2000 m and 3700 m
increased the risk of an AMS score of =3 at 5200 m, the 95% CI
for these results are wide and compatible with no effect (1.2,
95% CI 0.9 to 1.6; 1.7, 0.9 to 3.0, respectively).

DISCUSSION

We were able to perform external B-scan ultrasound of the eye,
allowing measurement of ONSD in a cohort of mountaineers
attempting to climb Mount Everest. We have shown for the
first time that ONSD shows a graded increase with altitude, and
that this increase may begin at altitudes as low as 2000 m.
ONSD and AMS symptoms were also strongly associated,
showing a marked dose response, suggesting that ONSD not
only increases on ascent to progressively higher altitudes, but
that this increase may accompany the development of AMS.
Previous studies have showed that ONSD is strongly associated
with ICP, and therefore the results support the hypothesis that
AMS may be a symptom of raised ICP.

In interpreting our results, it is important to understand the
relationship between ONSD and ICP. The use of B-scan
ultrasound for ONSD measurement was first reported by
Hansen and Helmke," a development that substantially
advanced the clinical utility of ONSD measurements for non-
invasive ICP assessment. These authors showed in 12 subjects
that serial B-scan ultrasound measurements of ONSD were
responsive to changes in CSFp during intrathecal infusion
tests."” Although CSFp is not a direct measure of ICP, a recent
study has suggested that it is a very reliable measure of ICP.” A
near-linear correlation was found between CSF pressure and
ONSD (r = 0.86), although this relationship was not as good at
extreme pressures.'" Although the linear relationship was
maintained in all 12 people in that study, the degree of change

Figure 3 Change in mean optic nerve A B
sheath diameter (ONSD) with (a) altitude 587 5.8
(metres), (b) as a correlate of intracranial 5.6 56
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Figure 4 Average optic nerve sheath diameter (ONSD) and acute
mountain sickness (AMS; scored using the Lake Louise Scoring system)
at each data collection point (vertical error bars represent +/- standard
error of the mean).

in ONSD per mmHg CSFp varied greatly between them (0.019
to 0.071 mm/mmHg). The correlation of ONSD with intraven-
tricular ICP monitoring has only been examined in a small
number of studies," ** ** and because of the invasive nature of
measuring ICP, this has only been carried out in a limited
number of heterogeneous patients. However, such studies
support the findings of Hansen and Helmke" that changes in
ONSD allow relative, but not absolute, changes in ICP to be
gauged.

One of the major strengths of our study was the longitudinal
nature of the design, allowing within-person repeated measures
of ONSD, at altitudes ranging from sea level to 6400 m. The
analytical approach took account of ONSD variations both
within and across individuals. Hence, the observed associations
are not diluted by variations in ONSD across different people, as
each person acts as their own control. This improves the
statistical power of the associations seen with ONSD. A blinded
observer was used for all ONSD measurements to remove
observer bias, and we believe that the quality of our measure-
ments of ONSD was further enhanced by a continuous
recording, using MPEG files, of the ocular scans performed,
which allowed the observer to select the maximum ONSD. The
use of a high-resolution probe (12 MHz versus 10 MHz used in

Figure 5 Ophthalmic B-scan ultrasound
images at sea level (optic nerve sheath
diameter (ONSD), 4086 mm) and

5200 mm (ONSD, 6.57 mm) in a subject
who developed high-altitude cerebral
oedema on arrival at advanced base
camp (6400 m).

Sea level

)¢

3.02 mm
4.86 mm <— ONSD
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Table 2 Change in ONSD by Altitude, AMS score, heart rate, and

oxygen saturations

Altitude Mean ONSD* (95% CI) p Value
0 4.67 (4.45 to 4.89) Ref
2000 000 4,90 (4.67 to 5.13) 0.12
3700 700 4.95 (4.72 to 5.18) 0.06
5200 200 5.18 (4.96 to 5.41) <0.001
6400 400 5.31 (5.03 to 5.60) <0.001
Per 1000 metre 0.10 (0.05 to 0.14) <0.001

AMS score
0 4.75 (4.58 to 4.91) Ref
1 5.12 (4.87 to 5.37) <0.01
2 5.10 (4.85 to 5.35) 0.02
3 5.24 (4.92 to 5.57) <0.01
4+ 5.29 (5.01 to 5.56) 0.001
Per unit AMS score 0.12 (0.06 to 0.18) <0.001

Resting heart rate (beats/min)+
1st quintile (56, 47 to 59) 4.67 (4.43 to 4.91) Ref
2nd quintile (65, 60 to 71) 4.79 (4.56 to 5.03) 0.47
3rd quintile (77, 74 to 81) 4.96 (4.72 to 5.20) 0.10
4th quintile (89, 82 to 95) 5.22 (4.98 to 5.47) <0.01
5th quintile (106, 96 to 130) 5.34 (5.10 to 5.59) <0.001
Per 20 beats/min 0.29 (0.17 to 0.41) <0.001

Oxygen saturation (%)
1st quintile (67, 56 to 74) 5.23 (4.98 to 5.48) Ref
2nd quintile (79, 75 to 82) 5.25 (5.01 to 5.50) 0.90
3rd quintile (86, 83 to 89) 4,97 (4.74 to0 5.21) 0.13
4th quintile (94, 90 to 95) 4.88 (4.59 to 5.16) 0.06
5th quintile (97, 96 to 97) 4.70 (4.51 to 4.90) 0.001
Per 10% increase —0.20 (—0.29 to —0.11) <0.001

AMS, acute mountain sickness; HR, heart rate; ICP, intracranial pressure; ONSD, optic
nerve sheath diameter; Ref, reference value.

*Allowing for repeated measures in the same individual, and adjusted for age, sex,
right and left eye, assessment of scan quality, whether the ocular lens was visible in
the scan, and for three people who had returned to 6400 metres after an earlier climb.
+Numbers in parentheses in first column are mean, range.

earlier instruments; Ophthalmic Technologies, Canada) resulted
in images of superior quality, allowing the observer to identify
the optic nerve sheath more readily. Although the statistical
power of the findings was improved by taking repeat measures
in the same subjects, the study involved only 13 people, thus
larger numbers are needed to verify the apparent linear
associations observed.

Our results are in keeping with studies on both large and
small animals, which have shown raised ICP at simulated
altitudes,*° but contrast with a recent study that used CSEp as a

3.05 mm
6.57 mm +<— ONSD
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proxy for ICP and failed to show CSF pressure increases at
simulated altitudes.” The reason for this discrepancy may be
because subjects were exposed to relatively short periods of
normobaric hypoxia, and were motionless in a supine position,
a posture associated with lower levels of ICP. Furthermore, no
challenge was given to assess CSEp reserve capacity.

In addition to the associations found of ONSD with altitude
and AMS, we also found strong associations between ONSD
and resting heart rate, and between ONSD and oxygen
saturations. This is not surprising as heart rate and oxygen
saturation are strongly dependent on the partial pressure of
oxygen at any given altitude.” Interestingly, however, when all
parameters were compared together, the strongest association
was found between heart rate and ONSD. Heart rate has been
shown to correlate with severity of AMS* and several studies
have suggested that sympathetic activation is important in the
pathophysiology of AMS.**” The strong relationship between
heart rate and ONSD may reflect this, and higher heart rates
may offer a more objective measure of AMS severity.

Although our findings suggest that ICP is important in the
pathophysiology of AMS, we are unable to establish causality.
ICP may represent only one factor in a multifactorial process. It
is of interest that at 6400 m, where subjects had spent a much
longer time at altitude, we saw a further increase in average
ONSD, whereas AMS symptoms decreased (fig 4). It is possible
that, after extended periods at altitude, people develop a degree
of tolerance to consistently raised ICP. The reason for individual
susceptibility to AMS has been a long-standing conundrum in
high-altitude physiology. It has been showed that the brain
swells during periods of sustained hypobaric hypoxia; however,
the degree of swelling does not correlate with AMS severity.”*™
Ross hypothesised that people with a smaller intracranial and
intraspinal CSF capacity would be less able to buffer brain
swelling, and would subsequently develop AMS due to raised
ICP.*" Supporting this hypothesis are several reports of people
with impaired cerebrospinal buffering capacity due to space-
occupying lesions, who have developed symptoms of raised ICP
when exposed either to altitude® * or to the hypobaric hypoxia
of commercial aircraft.* Conversely, there is a lower incidence
of AMS in older people,” who have been shown to have a
greater CSE-to-brain volume.” In our study, the three subjects
with ONSD >6 mm at 5200 m all had increases in the region of
1.5 mm compared with sea level. These three subjects (all male)
may have a reduced ratio of CSF-to-brain volume, thus
predisposing them to raised ICP on ascent to altitude.
Although we are not able to quantify their ICP from ONSD
measurements, Hansen’s paper' gives us an indication that
ONSD increases of this magnitude may represent ICP increases
>20 mm Hg. Although speculative, if we are seeing ICP
increases of this magnitude at 5200 m, and ICP continues to
increase on ascent to higher altitudes, it is likely that ICP plays
an important role in the significant mortality we see in
mountaineers climbing mountains such as Mount Everest
(8850 m).”

We have shown that ONSD measurement is a simple and safe
technique to use in the difficult environment of a high-altitude
expedition to Mount Everest. Although measures of ONSD
were not predictive of AMS higher on the Mountain, ONSD
showed a strong, graded association with altitude, AMS score,
resting heart rate and oxygen saturations. Further studies with
larger numbers examining ONSD in the clinical setting and at
altitude are needed. Repeating our study under controlled
conditions in a larger cohort, with the addition of manoeuvres
to change ICP such as hyperventilation, change in posture and

Br J Sports Med 2008;42:183—-188. doi:10.1136/bjsm.2007.045286

What is already known on this topic

» Raised intracranial pressure (ICP) has been suggested as a
possible cause for acute mountain sickness (AMS), but the
association has been difficult to study because of the invasive
nature of ICP measurement.

» Animal studies have shown increases in ICP at simulated
altitudes, but limited human studies have given conflicting
results.

» B-scan ultrasound measurement of optic nerve sheath
diameter (ONSD) has been shown to correlate with ICP and
can be used to study ICP at high altitude.

What this study adds
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» We were able to successfully measure ONSD in climbers from
sea level to 6400 m.

» ONSD increases significantly at high altitude and this increase
is associated with symptoms of acute mountain sickness
(AMS).

» Our study suggests that intracranial pressure may play an
important role in the pathophysiology of AMS.

increased levels of carbon dioxide (to increase cerebral blood
volume) would help to elucidate the relationship between ICP
at altitude and AMS. Studies specifically examining the effect of
exercise and therapeutic interventions (such as dexamethasone
or oxygen) on ONSD would also be of considerable interest.

Our findings, even in this small study group, are robust and
significant, and given the evidence of the linkage between ONSD
and ICP, we suggest that ICP is raised with increasing altitude and
that this increase is associated with more severe symptoms of
AMS. B-scan ultrasonography of the optic nerve sheath offers a
new non-invasive technique for measuring ICP, which has many
possible applications both at sea level and high altitude.
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