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ABSTRACT

Aim To investigate changes in colour discrimination as
a result of chronic hypoxic exposure induced by extreme
altitudes (above 8000 m) during an expedition to Mt
Everest.

Methods Colour discrimination thresholds for tritan,
protan and deutan axes were measured extensively in
two male participants (four eyes) during an expedition to
Mt Everest, using a quantitative, computer controlled
psychophysical colour vision test (modified version of the
Cambridge Colour Test). The tests were carried out over
a period of 54 days at altitudes of 1300 m, 3450 m,
4410 m, 5060 m, 5300 m, 6450 m, 7200 m and

8000 m.

Results Colour vision tests 1 week before and 6 months
after the expedition indicated normal colour
discrimination in both participants. With increasing
altitude, colour discrimination thresholds were found to
rise, predominantly for the tritan (blug) axes in both
observers. Deutan (green) thresholds were minimally
elevated at high altitude, whereas protan (red) was
altered in one observer. Tritan colour discrimination
thresholds decreased as a function of time spent at

a given altitude and normalised upon return to low
altitude.

Conclusions Chronic hypoxia induced by high altitude
exposure transiently affects colour discrimination, in
particular tritan axis discrimination. Decreased tritan
discrimination is partly reversible upon physiological
adaptation to high altitude and completely normalised
upon return to low altitude.

INTRODUCTION

Hypoxia has been implicated in the development of
ophthalmological diseases such as diabetic reti-
nopathy, central retinal artery occlusion and glau-
coma, and is also known to affect visual functions
including colour vision.'™ Indeed, the issue of
changes to colour vision due to hypoxia in healthy
individuals has been investigated since the early
part of the last century, under laboratory condi-
tions as well as during exposure to high altitude;
however, studies have been equivocal regarding
whether changes occur and, if so, the nature of
these changes.*”® Previous studies used a variety of
acute and chronic hypoxic exposures and methods
for analysing colour vision including colour
matching (anomaloscope), colour ordering (desa-
turated D1 panels, American Optical HRR plates,
the Farnsworth—Munsell 100-Hue test) and colour
discrimination (Mollon—Reffin-Minimalist test).? ~°
Some studies have reported declines limited to the
red—green chromatic axis, while others have found
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a greater decline in the tritan axis.” ® 7 7% To clarify
these issues, we investigated the effects of prolonged
high altitude hypoxia on colour vision, by using
a highly sensitive colour discrimination test during an
ascent to Mt Everest. The test, based on the
Mollon—Reffin-Minimalist test, enabled accurate
testing of discrimination along the tritan, deutan and
protan axes in an unbiased fashion. To determine the
effects of long-term exposure and adaptation to high
altitude, colour discrimination was tested repeatedly
over a period of 54 days at various altitudes on the
mountain. To our knowledge, these are the first
detailed measurements of this kind up to 8000 m.

MATERIALS AND METHODS

Subjects

Two healthy subjects (male, ages 32—observer A and
46 years—observer B) took part in the experiments
on Mt Everest in 2008. They were accustomed to
living at 11 m above sea level (Philadelphia, Penn-
sylvania) and were experienced mountaineers (over
20 years’ experience each), including numerous
high-altitude ascents; neither had reported any high-
altitude-related illnesses such as high-altitude
pulmonary oedema or high-altitude cerebral oedema
in the past. An ophthalmic screening prior to the
expedition was performed, and neither subject had
been objected to any kind of eye surgery prior to the
field study; normal funduscopic examination, ocular
movements, pupillary reactions and visual acuity
were assessed (observer A: refractive error: right eye
—0.5, 0, 0 with best-corrected vision: 1.25 and left eye
—0.75, —0.25, 35° with best corrected vision 1.6;
observer B: refractive error: right eye —6.5, 0.5, 90°
with best-corrected vision 1.0 and left eye —6.0, 0, 0
with best-corrected vision 1.0). No ophthalmic or
other medical prescriptions were taken throughout
the study period, but acetylsalicylic acid and ginkgo
biloba (each 100 mg od) were used. These two drugs
are known not to interfere with colour vision.
During the summit push, supplementary oxygen
was used for the night at Camp3 (7200 m) and
above. Oxygen flow varied from 0.5 to 2 I/min.
Overall, due to adhering to a conservative acclima-
tisation protocol (see ascent profile in figure 1), both
climbers acclimatised well. Clinical signs or symp-
toms of subacute or acute mountain sickness, high-
altitude pulmonary or cerebral oedema were not
encountered.

Material

Colour vision was tested using a computer-
controlled discrimination test which was presented
on a calibrated (Spyder2Pro, Datacolor, Lawrence-
ville, New Jersey) LCD screen (Eee PC, 8 bit colour
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Figure 1 Overview of the timeline of altitude exposure and altered colour thresholds on Mt Everest. Overview of an ascent to high altitude above

8000 m on Mt Everest (black line), where colour discrimination thresholds along tritan, deutan and protan axes (blue, dotted green and red lines) were
determined at different high altitude points over a period of 54 days with the highest measurement taken at 8000 m for each observer A and B. The
colour discrimination threshold for tritan increased significantly with altitude gain and correlated well with the degree of high-altitude exposure and
a subsequent drop in oxygen saturation. The oxygen concentration drops rapidly to about 8% at 8000 m compared with 21% of oxygen at sea level.
Note that as both observers used supplemental oxygen above 7200 m, the oxygen concentration scale shown for a given altitude does not accurately
reflect the actual oxygen saturation of observers above this altitude. Colour vision for deutan (both observers) and less for protan (only observer A) was
minimally decreased at high altitude compared with baseline. Control measurements were taken 1 week before (shown as day —7) and 6 months after
(shown as day 180) the expedition, showing normal colour vision thresholds in all three axes. AE*uv refers to the mean chromatic difference between
background and figure, and is calculated by the CIE (1976) colour difference formula AE(L*u*v*).

resolution, 1024X768 pixel spatial resolution; ASUS Tek
Computer, Taiwan). The laptop was placed in a dark tent, and
tests were performed with no further illumination source. To
ensure uniform testing conditions, the laptop was warmed up to
body temperature during the dark adaptation time in the
sleeping bag, and subjects viewed the stimuli from a distance of
80 cm. Colour vision was tested using a modified version of the
Cambridge Colour Test (Cambridge Research Systems,
Rochester, UK).*

Stimuli

The stimulus consisted of the letter ‘C,” presented on a multi-
coloured background, whereby the mean chromaticity was
achromatic with CIE UCS coordinates: u'=0.1977, v'=0.4689.
The colour of the test-figure was varied along one of three
chromatic axes and defined as the tritan-, protan- and deutan
confusion lines (u'v' coordinates of their respective converging
points: tritan: u'=0.257, v'=0; protan: u'=0.678, v'=0.501;
deutan: u'=—1.217, v'=0.782). Both figure and background were
composed of dots of different sizes and luminance (ranging
between 2 and 16 cd/m?) with identical mean size and lumi-
nance for figure and background. Therefore, the figure was only
discriminable from the background by means of chromatic
contrast. The luminance of the dots varied randomly from trial
to trial. Colour discrimination was quantified by determining
discrimination thresholds, which were defined by the least
discriminable chromatic contrast between figure and back-
ground. The thresholds were computed in units of the CIE
(1976) L*u*v* colour space.ls To determine each threshold, 117
different contrasts (Cp.x=0.07 units, C.;,=0.002 units) were
presented in a decreasing order in steps of 0.001 units. Alto-
gether, 352 different stimuli were presented, each within a 3's
time interval. All stimuli were generated and presented using
a custom-software developed in C++.

Experimental procedure

Each session commenced with dark adaptation for 30 min
followed by a 10 min adaptation to the background used in this
study. The subjects’ task was to indicate the orientation of the
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gap of each presented figure ‘C’ (left, right, up, down), by
pressing one of four arrow cursors on the laptop. The average
duration of each test was 15 min; one session (four tests) was
completed after 1 h for both observers as each eye was tested

separately.

Control measurements were taken in Philadelphia 1 week
prior to and 6 months after the expedition. The first measure-
ments at elevated altitude were taken in Kathmandu (1300 m),
and the following measurements were performed at 3450 m,
4410 m, 5060 m, 5300 m, 6450 m, 7200 m and 8000 m over
a period of 54 days according to the ascent protocol.

During the expedition, the mountaineers wore UV protection
sunglasses (Julbo, Williston and Opticus, Boulder, Colorado)
during daytime. Experiments were conducted with well-rested
subjects at least 4 h after sunset.

Data analysis
The discrimination thresholds were calculated by determining
the least discriminable chromatic contrast between background
and figure, for each colour region and for each confusion line.
The cut-off was defined as the threshold just prior to three
consecutive false responses. Chromatic contrast was calculated

using the CIE 1976 AE*uv colour difference formula.'

Statistical significance was set at p<0.05. SPSS version 16.0
for Windows (SPSS, Chicago, Illinois) was used for statistical
analysis of correlation (Pearson r) and linear regression ().

RESULTS

Discrimination along all three colour axes prior to and 6 months
after the climb on Mt Everest was found to be within the
normal range (observer A: tritan 0.0078, SD*0.00084, deutan
0.003, SD=0.0013, protan 0.0032, SD=*0.00084, n=>5; observer B:
tritan 0.012, SD=*0.0012, deutan 0.009, SD*0.0027, protan
0.0118, SD=0.0015, n=5). These values served as a baseline
for comparison with discrimination recorded at increasing

altitudes.

To understand the effect of high altitude on colour discrimi-
nation over the course of the expedition (54 days), the thresh-
olds for each observer were calculated and compared with
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the climbers’ ascent line on Mt Everest. Figure 1 clearly
demonstrates how tritan but not protan and deutan discrimi-
nation correlates with the climbers’ exposure to high altitude. At
1300 m on day 1, only observer A (figure 1A) showed a minimal
increase in the tritan threshold compared with control tests, but
at an altitude of 3450 m on day 3, both observers showed
obvious changes in the tritan axis, which became even more
apparent with further altitude gain. As the climbers descended
from Camp2 at 6450 m to 4300 m on day 23 to recuperate and
acclimatise, the colour vision threshold for tritan mirrored the
climbers’ descent and dropped. The second peak in the tritan
axis was reached at the second acclimatisation step to Camp3 at
7200 m. During the following rest period to regain strength for
the summit push between day 32 and 41 at 5300 m, the tritan
threshold again dropped only to reach its absolute peak at
8000 m despite the use of supplementary oxygen. Upon descent
to low altitude, the threshold for tritan dropped quickly, and
measurements taken 6 months after the expedition were within
the normal range. The changes seen for deutan and protan did
not behave in the same manner during the ascent to high alti-
tude. Deutan and protan threshold levels were overall elevated at
high altitude compared with control measurements in observer
A (figure 1A), but never to the same extent as tritan. In contrast
to tritan, no elevated thresholds were visible for either deutan or
protan at measurements taken at 7200 m and 8000 m during the
summit push with the use of supplementary oxygen. Observer B
(figure 1B) showed very little or no changes in deutan and protan.

To describe the effect of high altitude on colour vision, all first
measurements after arriving at a new altitude between 1300 m
and 8000 m were taken into account. Figure 2A, B shows the
discrimination thresholds for all altitudes tested during the

ascent to Mt Everest for each observer separately. A logarithmic
decrease in tritan discrimination with increasing altitude is
observed (Pearson correlation for tritan: observer A: r=0.95,
p<0.0001; observer B: r=0.93, p=0.001). Tritan discrimination
further decreased even with the use of supplementary oxygen at
highest altitudes tested. In contrast, protan and deutan thresh-
olds did not correlate with altitude gain per se (Pearson corre-
lation for deutan: observer A: r=0.02, p=0.97; observer B:
r=0.06, p=0.89 and protan: observer A: r=—0.07, p=0.86;
observer B: r=0.23, p=0.58). Calculation of linear regression
coefficients (figure 2C) confirmed a strong correlation between
altitude increase and tritan thresholds (2 linear=0.82) and
no correlation between altitude increase and protan (r’
linear=1.64 E) or deutan (r? linear=0.025) thresholds for
observer A and B.

To determine the overall changes of colour vision at high
compared with low altitude, two high-altitude levels (5300 m
and 6450 m) were chosen to perform multiple tests. As described
in figure 3A, tritan thresholds increased significantly for both
observers at 5300 m and 6450 m compared with control
measurements  (tritan: observer A: p5300 m=0.02 and
p6450 m=0.001; observer B: p5300 m=0.01 and p6450 m=0.02).
Deutan and protan changed significantly in observer A (deutan:
p5300 m=0.002 and p6450 m=0.001; protan: p5300 m=0.001
and p6450 m=0.01) at both altitudes compared with control.
Observer B showed a similar trend of increase in deutan at
5300 m, which reached statistical significance at 6450 m
(p6450 m=0.03) compared with control. No significant change
for the protan axis was seen in observer B.

To evaluate the effect of physiological adaptation (acclimati-
sation) to high altitude on colour vision changes, the threshold
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Figure 2 Correlation and regression analysis of colour discrimination and altitude. (A, B) The threshold for tritan discrimination is increased
significantly ((A) observer A; (B) observer B) with increasing altitude in contrast to deutan and protan. The first measurement taken at a given altitude
from 1300 m to 8000 m is shown. Interestingly, despite the use of supplementary oxygen at altitudes of 7200 m and 8000 m (marked by an asterisk)
the threshold for tritan increased in both observers, whereas deutan and protan remained at the same level or even dropped. Observer A: Pearson
correlation r for tritan=0.95, deutan=0.02 protan=—0.07; observer B: Pearson correlation r for tritan=0.93, deutan=0.06 protan=0.23. (C) Linear
regression comparing colour discrimination in regard to altitude gain shown for tritan, deutan and protan for both observers. Linear regression for tritan
correlates well with altitude gain (r? linear=0.82). Deutan (r? linear=0.025) and protan (r? linear=1.64 E-5) showed no such correlation.
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Figure 3 Bar graph demonstrating temporal changes in colour discrimination due to acclimatisation. (A) Colour vision changes at 5300 m and
6450 m compared with control where iterative testing was performed over time for observer A and B. Tritan thresholds increased significantly for both
observers at 5300 m and 6450 m; deutan and protan thresholds changed significantly in observer A compared with control measurements. Observer B
showed a significant increase in the deutan threshold at 6450 m, a trend at 5300 m and no change in the protan axis. *Statistically significant changes;
p<0.05 (n100m=>5, n5300m=>5, n6450m observer A=4 and n6450m observer B=3). (B) Colour discrimination along the tritan axis at altitudes of
5300 m and 6450 m compared with controls for both observers over time spent at respective altitudes. The first measurement was taken when
altitudes of 5300 m or 6450 m were reached for the first time and revealed the highest threshold for tritan. Over time, as the mountaineers
acclimatised, the thresholds for tritan decreased in both observers. Deutan and protan did not show a drop in thresholds over time (data not shown).
One measurement was taken per subject on the respective days. Only one observer performed measurement D: 6450 m day 18.

levels measured for each axis at 5300 m and 6450 m were compared with L or M cone pathways.'® Changes in colour
compared over time. As described in figure 3B for tritan, the first ~ discrimination along the tritan axis are found early on in
measurement after arriving at an altitude of 5300 m and 6450 m common retinal diseases such as diabetes or in less common
revealed the highest threshold for tritan in both observers.  hereditary eye disorders—for example, autosomal dominant
Consecutive testing on days 1, 2, 12 and 25 at 5300 m and days optic atrophy.?’"?? S cones may be particularly sensitive because
1, 10, 16 and 18 at 6450 m showed a decrease in the tritan of their relatively low abundance: only 5—10% of all cones are S
threshold over time as the observers acclimatised. Deutan and ~ cones.”® Hypoxia decreases the maximum response rate of all
protan did not show a decline of thresholds over time (data not cone pathways equally; however, as the number of S cones is
shown). limited, their absolute responses might become undetectable at
earlier stages compared with the more redundant L or M cones.*
DISCUSSION While hypoxia-induced cone dysfunction is likely to be the cause
Here we show that colour vision changed due to the effects of  for decreased colour vision, other factors may play a role: the use
high-altitude hypoxia during a mountaineering expedition above  of sunglasses required to prevent high-altitude UV light damage
8000 m on Mt Everest. We used the Cambridge Colour Test, may result in a long-lasting chromatic adaptation to middle- and
which proved to be a reliable and highly sensitive tool to detect long-wavelength stimuli, which in turn may attenuate the
these changes. Important differences between discrimination — potential effects on deutan and protan at high altitude.?> 2°
along the different colour axes were observed: the decrease in Indeed, it would be important to rigorously investigate the
tritan discrimination correlated well with increasing altitude existence and mechanism(s) of adaptation of chromatic
and was found to be partly reversible upon adaptation to high  threshold due to the prolonged stay at high altitude in larger
altitude. Overall, changes in deutan and protan were minimal studies. Additionally, we cannot rule out involvement of the
compared with the changes seen in tritan, indicating that tritan higher-order neurons involved with processing of colour vision.
is predominantly altered at high altitude. Indeed, we are currently designing experiments to test these
High-altitude hypoxia can trigger changes in colour discrimi- possibilities. We are aware of the age difference of the two
nation. Previous studies have reported changes along the tritan mountaineers. Older age can contribute to higher thresholds in
axis for simulated or high-altitude hypoxia using various colour the tritan axis, and indeed observer B (age 46) yielded slightly
vision tests and testing conditions, which is consistent with our ~ higher scores for all three axes at low and high altitude.'*
findings.” ® ¥ Interestingly, tritan discrimination shadowed the However, both observers’ revealed concordant measurements
line of ascent of both observers. It is important to point out, over time and altitude. It is important to mention that in
that tritan discrimination continued to decrease despite using contrast to previous studies at high altitude, all tests were
supplementary oxygen during the measurements taken at performed under mesopic conditions, as illuminant changes have
7200 m and 8000 m. This is not surprising in view of recent data to be taken into account at high altitude.?”
that oxygen saturation is not completely restored even using We conclude that high- and extreme-altitude hypoxia
supplementary oxygen above 7200 m.'® We hypothesise that adversely affects colour vision predominantly along the tritan
this decrease would potentially be even higher at extreme alti-  axis. These data have important implications for patients where

tudes without supplementary oxygen, as oxygen saturation  hypoxia is noted clinically and for optimising the choice of
drops dramatically at these extreme altitudes.'” *° colour used in displays of devices such as compasses, altimeters

What causes this decrease in colour vision at high altitude and and global positioning system receivers that are often critical for
predominantly in the tritan axis? Evidence regarding the aviation and mountaineering situations where hypoxia may be a
predominant effect of chronic hypoxia on discrimination along confounding variable. We suggest that physiological adaptation
the tritan axis suggests a selective vulnerability of S cone to high altitude by proper acclimatisation helps to reduce this
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deficit in blue discrimination and that all colour vision changes
seen at high altitude are reversible and transient in nature upon
descent to low altitude.
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