Chapter 2
The Effects of Extreme Altitude on the Eye
and Vision

Thomas H. Mader, David J. Harris Jr., and C. Robert Gibson

In this chapter, we will review the effects of altitude on the human visual system.
In the interest of clarity, we will organize our review based on the anatomic region
of the eye and its contribution to visual change during altitude exposure. We will
describe the ocular anatomic and physiologic changes associated with altitude
exposure and focus on the impact of these changes on visual acuity. When possible,
in order to present some historical prospective, we will also include a brief history
of how and when these altitude-related visual changes became known. We will also
cite examples of how individual patients have been impacted by altitude-related
visual changes.

The Cornea

In the normal cornea, constant functioning of an oxygen- and energy-dependent
pump in the corneal endothelial monolayer is necessary to maintain corneal
deturgescence and clarity. The corneal oxygen supply derives from ambient air,
while the nutrients are supplied by the aqueous humor. If this pump is deficient,
swelling of the corneal stroma occurs first but does not result in significant opacity.
With further endothelial dysfunction, the edema spreads anteriorly into the corneal
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epithelium, causing profound vision loss and even pain. It is well documented that
corneal stromal swelling is an expected physiologic response to high-altitude expo-
sure and occurs as a direct result of hypoxia. A 1996 study done on subjects
with normal corneas at 4270 m on Pikes Peak in Colorado described a statistically
significant increase in peripheral corneal thickness after 72 h of altitude exposure
and a reversal to normal 1 week after return to sea level [32]. In 2007, Morris
described a significant increase in central corneal thickness (CCT) in subjects
exposed to 5200 m in Bolivia [36]. In 2010 Bosch documented an increase in CCT
during a high-altitude ascent to 6300 m in Western China [6]. Specifically, in one
group of climbers, the mean CCT increased from 534 to 563 pm, and decreased
oxygen saturation was found to parallel the increase in CCT. Their findings sug-
gested that, although the exact cause of the corneal swelling during ascent remains
controversial, deficient delivery of oxygen to the aqueous humor may have a role in
determining corneal oxygen levels [6]. In a normal cornea, such changes in corneal
thickness during altitude exposure are not associated with changes in visual acuity
[30]. This is because corneal-derived changes in visual acuity result from either
changes in the curvature of the anterior and posterior corneal surfaces or from cor-
neal opacification [35]. Altitude-related corneal edema thickens the normal cornea
uniformly, perhaps from depressed endothelial function, but does not impact cor-
neal curvature or clarity. Thus, even though large degrees of corneal thickening may
take place during altitude exposure, there is no measureable change in visual acuity
in a normal cornea. This contrasts with corneas that have preexisting anatomic
abnormalities that may predispose them to develop, in addition to stromal edema,
epithelial edema which can then cause corneal opacification during altitude expo-
sure. This was well demonstrated in the 1984 report of a 77-year-old male with low
endothelial cell counts who suffered unilateral corneal endothelial decompensation,
necessitating corneal transplant, following exposure to 3800 m [22].

Surgical manipulation of the cornea may also set the stage for visual changes
during high-altitude exposure. Oxygen to the cornea is thought to be largely sup-
plied by ambient air. As noted above, altitude-related hypoxia causes corneal edema
and a uniform increase in corneal thickness but no change in vision. However, surgi-
cal alteration of the normal corneal architecture may predispose the cornea to
changes in curvature during altitude exposure with resultant visual changes [3, 25—
33, 53-55]. This mechanical alteration of normal corneal structure may impact the
corneal response to altitude following radial keratotomy (RK), photorefractive kera-
tectomy (PRK), and laser-assisted in situ keratomileusis (LASIK) refractive surgery
as well as corneal transplantation.

Effects of Keratorefractive Surgery

RK was performed on millions of active myopic patients during the 1980s and
1990s. The target audience for this procedure was outdoor-oriented young people,
to include high-altitude trekkers and mountaineers, who wanted to enjoy the
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outdoors without the need for glasses. The procedure usually consisted of four to
eight radial corneal incisions in the peripheral cornea made at 90% depth with a
diamond knife, sparing the central 3—4 mm. This procedure caused a steepening of
the peripheral cornea and central flattening, thus decreasing myopia and improving
distant vision. Although some degree of diurnal visual fluctuation occurred follow-
ing this procedure [42], the initial sea level postoperative result was generally satis-
factory. However, a very gradual hyperopic shift in refraction often occurs over
years in patients after RK [42, 52]. While the surgery is rarely performed today,
previously treated patients remain active in outdoor activities and are now aging,
making them perhaps even more vulnerable to the adverse effects that altitude may
have on their surgically altered corneas.

Following the initial success of the procedure, RK corneas were later found to
undergo mechanical changes during altitude exposure leading to changes in vision.
Such visual changes have been well documented in the medical literature [9, 28-30,
32, 33, 49] and were also publicized in the book Info Thin Air [24] and later men-
tioned in the movie Everest. In one of the early cases, a hyperopic shift and corneal
flattening were reported in an RK patient at an altitude of 9000 ft in Aspen, Colorado.
The authors hypothesized that the direct mechanical effects of hypobaria were
responsible for these changes [49]. Later research, performed in the 1990s, strongly
suggested that hypoxia-induced corneal changes were a more likely etiology.
Specifically, in 1995, four corneas that had undergone RK were compared to four
controls after an overnight stay at two different altitudes in Bolivia [28]. The aver-
age increase in cycloplegic refraction spherical equivalent from sea level to 3657 m
was +1.03 £ 0.16D and from sea level to 5183 m was +1.94 + 0.26 D. This study
suggested that the RK cornea appears to adjust constantly to changing environmen-
tal oxygen concentration, producing a new refractive error over a period of 24 h or
more [28]. In contrast, an altitude chamber study in which post-RK subjects were
exposed to a simulated altitude of 3660 m for 6 h demonstrated no change in refrac-
tion or corneal shape [38]. The extended time to produce visual acuity and corneal
contour changes strongly suggests a metabolic origin as opposed to a purely
mechanical, pressure-related, phenomenon. This theory was supported by data
showing the effect of hypoxia on vision at sea level [63]. Forty subjects (20 post-RK
and 20 controls) were fitted with airtight goggles such that one eye was exposed to
anoxic conditions (humidified nitrogen, 0% oxygen), and the other was exposed to
humidified room air. There was a hyperopic shift of +1.24 D and a +1.19 D change
in corneal flattening in RK eyes after only 2 h of exposure to pure nitrogen. RK eyes
exposed to humidified room air had no changes in refraction or corneal contour as
did the normal eyes exposed to either nitrogen or room air. Both RK and non-RK
eyes exposed to pure nitrogen had a significant increase in corneal thickness. All
corneas in this study remained clear. These studies all support the notion that the
RK visual changes documented during altitude exposure result from the effects of
decreased oxygen partial pressure on corneal metabolism and not from the direct
mechanical effect of decreased atmospheric pressure. Furthermore, a 2013 study
noted that although significant corneal stromal edema was documented in 14
healthy subjects after exposure to 4559 m, there was no change in anterior chamber
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geometry [59]. This information suggests that the anterior segment anatomy is
stable during altitude exposure, and the visual anomalies following RK and other
refractive procedures occur solely as a result of corneal changes.

RK alters corneal biomechanics in a distinct manner that, in combination with
hypoxic stromal swelling, leads to the characteristic hyperopic shift that has been
described. The normal corneal stroma is composed of a meshwork of collagen
fibrils extending from limbus to limbus. The collagen fibrils are oriented at various
angles to one another in the horizontal plane. This orientation of fibrils contributes
to maximum corneal strength within the corneal stroma [28]. Radial keratotomy
incisions sever more fibrils that run generally perpendicular to the length of the
radial incisions and leave most radially oriented fibrils intact [28]. Since stromal
collagen does not completely regenerate after RK, a permanent decrease in corneal
strength is predicted [42]. The preservation of radially oriented fibrils and perma-
nent weakening of the circumferential oriented fibrils may lead to an increase in
circumferential corneal elasticity. Therefore, as the corneal stroma expands with
hypoxia, it remains clear [30], but there is a preferential elevation of the peripheral
cornea with central cornea flattening and a resultant hyperopic (farsighted) shift in
refraction. Altitude-induced corneal edema and concurrent corneal flattening usu-
ally occur only after >24 h at altitude and are not associated with acute exposure
[28, 32]. Lid closure during sleep may add to the corneal hypoxia and exacerbate the
visual changes [28]. Therefore the visual deterioration in an RK subject may become
more evident following a night’s sleep at altitude. This may lead to a situation where
a high-altitude traveler with RK may wake up in the morning having to cope with
an unpredictable change in near and far visual acuity [28, 29, 31].

The impact of these RK-related refractive changes on vision at high altitude
appears to be partially dependent on the subject’s age. A younger individual has
greater accommodative reserve than an older subject and may better compensate for
the hyperopic change at altitude. For example, a 20-year-old RK subject was docu-
mented to have a +3D shift in cycloplegic refraction from sea level to 5300 m with
no subjective visual complaints [27]. In contrast, we documented a 46-year-old RK
subject with crisp 20/20 uncorrected distant vision at sea level who experienced an
overnight hyperopic shift at 5150 m that resulted in 20/50 distant vision [28]. He
also suffered marked near vision loss that left him unable to read his watch, assem-
ble a cook stove, or perform other near vision tasks without assistance [28].

Another important variable in predicting visual disability in RK patients with
high-altitude exposure is the postoperative refractive error. An RK climber with
residual myopia at sea level may actually enjoy an improvement in distant visual
acuity with moderate altitude exposure but note decreasing vision with further
exposure to higher altitudes. For example, an RK subject in his 40s with mild myo-
pia at sea level noted an improvement in uncorrected distant vision in Fairplay,
Colorado (elevation 3000 m) because his hyperopic shift at this altitude effectively
negated his myopia [53]. However, this same individual experienced a decrement
in distant vision at 6000 m on a climb in South America and required +1.50D gla-
cier glasses to complete his climb (personal communication, Larry White MD).
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Neal Biedelman, a 38-year-old climber with a post-RK sea level refraction of
—1.00D, safely ascended Mt. Everest without visual difficulty [27]. His lack of dif-
ficulty at extreme altitude was likely due to his baseline myopia and his pre-presby-
opic accommodative reserve. In contrast, a 47-year-old RK climber with excellent
uncorrected vision at sea level also ascended Mt. Everest but experienced poor near
vision and some blurring at distance [33]. Finally, at age 50, Beck Weathers had
excellent visual acuity at sea level but experienced a profound loss of vision while
attempting to climb Mt. Everest in 1996. Unfortunately, Dr. Weathers did not have
a dilated fundus examination after his climb, so it is possible that retinal pathology
may also have impacted his visual change [27].

The unique corneal structural changes associated with PRK, LASIK, and corneal
transplantation may set the stage for a narrower spectrum of visual changes during
high-altitude exposure as compared to RK. Since the late 1990s, PRK and LASIK
have largely replaced RK for the surgical correction of myopia and can correct
hyperopia and astigmatism as well. PRK reshapes the anterior corneal surface using
an excimer laser and does not affect directly the deeper stroma. The Pikes Peak
study of 1996 examined the cycloplegic refraction, keratometry, computed video
keratography, and central and peripheral corneal thickness in six subjects (12 eyes)
who had undergone PRK, six subjects with RK (11 eyes), and nine myopic controls
(17 eyes) during 3 consecutive days at 4300 m [32]. Pachymetry measurements
demonstrated a significant peripheral corneal thickening in all three groups with a
return to normal at sea level. As expected, the RK subjects experienced a significant,
progressive, and reversible hyperopic shift in refraction. Subjects who had PRK and
those with myopia had no change in refraction [32]. It was hypothesized that
although hypoxia caused corneal edema in the PRK corneas, this corneal expansion
was uniform across the area of the PRK, and the shape of the anterior corneal sur-
face remained unchanged. Thus, the visual acuity in PRK patients was stable and
even appeared suitable for aviators [25]. It is interesting to note that in 2008 an
astronaut with bilateral PRKs completed a 12-day Russian Soyuz mission to the
International Space Station. Although changing environmental conditions of launch,
microgravity exposure, and reentry created an extremely dynamic ocular environ-
ment, he reported no visual anomalies [15]. PRK is no longer considered disqualify-
ing for flight personnel in all three military services as well as NASA.

Several studies have examined the stability of post-LASIK surgery corneas dur-
ing exposure to hypoxia [3, 10, 11, 55]. In the LASIK procedure, a thin flap is cre-
ated in the cornea and elevated such that the excimer laser can reshape the
underlying corneal stroma. The flap is then replaced. Nelson and colleagues used
goggles to create an anoxic environment for post-LASIK and normal control eyes
and documented symmetric corneal thickening in both LASIK and control subjects
as well as a small myopic shift in LASIK corneas [37]. There was a trend toward
corneal steepening by keratometry in LASIK subjects, but this was not statistically
significant. Such a small myopic shift in an extreme, anoxic environment suggested
that LASIK eyes should be relatively stable at high altitude. Several case reports
have described variable responses to altitude exposure. White and Boes described
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LASIK climbers with decreased distant vision at altitudes of 5947 m and 6961 m,
respectively [3, 55]. In contrast one LASIK climber noted no visual change during
aclimb to 4850 m [10]. Subsequently, Dimmig and Tabin followed six climbers (12
eyes) during a 2002 ascent of Mt. Everest [11]. All had 20/20 vision or better at sea
level and maintained this visual acuity at the 5380 m basecamp. One climber
reported mild blurring with ascent above basecamp that improved with descent and
two other climbers reported blurred vision at 8180 and 8635 m that also improved
with descent. Five of the six climbers reported no visual changes up to 8000 m.
Three climbers summited the peak (8848 m) with no visual complaints. In sum-
mary, these reports suggest that LASIK appears to be a reasonable alternative to
glasses, contact lenses, or RK for high-altitude exposure. LASIK is also no longer
disqualifying for flight personnel in all three branches of the military and NASA.

Corneal Transplantation

Until about 10 years ago, most corneal transplantation involved the full-thickness
trephination and removal of the central portion of a diseased cornea and its replace-
ment with donor graft tissue. Invariably, eyes with such transplants stabilize with
about a 50% reduction in the number of viable endothelial cells. Although changes
in graft astigmatism and corresponding visual changes are common in the months
following a transplant, the vision gradually stabilizes following removal of sutures.
A 2001 case report described a successful corneal transplant patient who had stable
post-op vision of 20/30 OD with a refraction of plano +2.75 x 030 with all sutures
removed approximately 1-year post-corneal transplant for Fuchs endothelial dystro-
phy [23]. The subject lived at an altitude of 210 m; however, following a 3.5 month
stay at 2800 m, the patient’s distant vision gradually declined to 20/200 with her
spectacles. Manifest refraction was now —6.25 + 3.50 x 055 and best-corrected
vision remained 20/30. Five weeks after she returned to her home altitude, she noted
an improvement in uncorrected vision and a partial reversal of her myopic shift with
a refraction of —3.25 + 2.25 x 050. The authors hypothesized that the relative
hypoxia at 2800 m may have caused localized endothelial cell dysfunction and
increased circumferential hydration along the graft-host junction. This may have
caused an expansion in the peripheral graft with a concomitant central steepening as
demonstrated by the rather prominent myopic shift. This case report serves to fur-
ther illustrate that several varieties of incisional corneal surgeries may predispose
patients to visual changes during high-altitude exposure.

More recently, it has become technically feasible to transplant only the stroma in
cases of corneal stromal disease and only the endothelium in cases of isolated endo-
thelial dysfunction, although some eyes still require full-thickness transplantation.
In general, any patient who has had endothelial transplantation may be at risk of
variable refractive status or even corneal opacification when exposed to hypobaric
hypoxia.
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The Iris and Ciliary Body

While no study has implicated actual dysfunction of the iris at high altitude, abnor-
malities of pupil dynamics have been described [61]. Transient reduction in percent-
age change of pupil size, increase in latency, and reduction in speed of contraction
were found in climbers reaching 4770 m. These changes were attributed to cerebral
effects of hypoxia, but a direct effect on the iris was not considered.

The Trabecular Meshwork

The trabecular meshwork is the primary regulator of intraocular pressure (IOP),
which has been investigated extensively in climbers. No study has found glaucoma
or other abnormalities of IOP control at high altitude. However, one study found
that subjects with higher baseline IOP were at increased risk to develop high-altitude
retinal hemorrhages (HARH) later (see below) [7].

The Ciliary Body

The ciliary muscle controls accommodation of the crystalline lens, while the adja-
cent ciliary processes produce aqueous humor. No abnormalities of either of these
functions have been reported to occur at high altitude. However, as noted above,
age-related impairment of accommodation (presbyopia) can become acutely mani-
fest and problematic in the setting of a sudden hyperopic shift in a person who has
had RK. A decrease in intraocular pressure might be expected in climbers who take
acetazolamide to treat or prevent AMS, but this is unlikely to cause visual symp-
toms. It could theoretically exacerbate retinal, choroidal, and/or optic disc edema,
all of which have been reported at high altitude [4, 13, 17].

The Lens

Acute altitude-induced change in the crystalline lens has not been reported. As
noted above, refractive changes seen in climbers appear to arise solely from changes
in corneal curvature. Indeed, an ultrasonographic study found no change in anterior
segment anatomy at high altitude [59]. Long-term ultraviolet (UV) light exposure
has been shown to have a weak association with cataract formation [50], so it is pos-
sible that the higher ambient UV light at high altitude may hasten the development
of cataracts in climbers who do not use adequate UV protection. For climbers who
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undergo cataract surgery, there is a theoretical advantage in using an artificial lens
which blocks both UV and some blue light in order to reduce phototoxicity to the
retina [16].

The Vitreous

High-altitude vitreous hemorrhage was first reported in three eyes among 1925
subjects exposed to altitudes between 3300 and 5450 m [47]. In another study,
vitreous hemorrhage was the presenting sign of a central retinal vein occlusion
that occurred in a climber presumably while at 5300 m; the diagnosis was not
apparent until return to low altitude, when the hemorrhage cleared [7]. This
climber suffered severe permanent vision loss, but the temporal association of the
occlusion with high-altitude exposure cannot be proven, and causation should not
be inferred.

The Choroid

The choroid is the pigmented vascular layer that underlies the retina. Increased
choroidal thickness has been documented by optical coherence tomography
(OCT) in both eyes of a climber who was symptomatic because of a macular hem-
orrhage in one eye [17]. IOP was not reported, and there was apparently no fol-
low-up after initial evaluation. In essence, this was an incidental finding. As OCT
is increasingly able to measure choroidal thickness, asymptomatic choroidal
edema may be found to be commonplace in climbers. Interestingly, the degree of
thickening in the reported case, 200 pm above the normal 300 pm, was of great
enough magnitude to cause or aggravate a hyperopic refractive shift as seen with
RK at altitude.

The Retina and Optic Nerve

High altitude has been shown to induce numerous functional and anatomic changes
in the human retina since the first description of retinal hemorrhages after high-
altitude flights [45] and of high-altitude retinopathy as a component of AMS [47].
The relatively few concurrent studies of native dwellers at moderately high alti-
tudes, such as Sherpas in Nepal who practice agriculture part of the year at up to
5000 m, have noted the relative absence of these findings (Rennie and Morrissey).
After ascent to extreme altitudes such as 7000 m, vascular abnormalities are seen in
both native and visiting climbers [8]. The anatomical abnormalities will be reviewed
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first, followed by functional deficits which may be caused by a combination of
anatomic and physiologic alterations. The optic nerve is the continuation of the reti-
nal nerve fiber layer and thus will be considered in this section also.

Retinal Vascular Dilatation and Tortuosity

Retinal vascular dilatation and tortuosity have been seen in up to 100% of climbers
ascending to 4000 m or higher ([1, 4, 7, 8, 14, 21, 34, 40, 41, 46, 56, 60]). Because
there are no known short-term or long- term sequelae, it is appropriate that these
findings be labeled a normal physiologic response to altitude. The exact cause is
unknown, but recent work has implicated combination of factors. Specifically,
increased retinal blood flow in response to hypoxia is thought to combine with rela-
tive central nervous system venous obstruction to cause the dilatation, while the
tortuosity arises from the mechanical crowding induced by the dilatation [5, 62].
Because this response is so ubiquitous, its occurrence has no predictive or causative
relation to AMS. However, one study evaluating AMS found that climbers with
high-altitude cerebral edema and small cerebral venous sinuses cannot tolerate even
slight increases in cerebral volume, leading to increased intracranial pressure, head-
ache, and papilledema, with increased retinal venous diameter as well [62]. Another
study found no correlation between retinal vascular diameter and high-altitude
headache [60].

High-Altitude Retinal Hemorrhages (HARH)

First noted by Frayser in 1970, HARH have been found to be commonplace in
climbers attaining altitudes over 4000 m [1, 2, 7, 8, 14, 34, 40, 41, 46, 56, 58]. In
general, HARH which do not affect the macula are asymptomatic. Like the vascular
dilatation described above, HARH have been labeled a normal physiologic response
to altitude because of their high incidence. However, since they have been docu-
mented to leave mild but permanent sequelae [34, 46, 56], it is more appropriate to
refer to HARH as an expected or common response. Interestingly, even in the above
reported cases with permanent vision deficit, acute visual symptoms were not
reported. The proposed causes are similar to those mentioned above, with the pos-
sible additive effect of hypoxia-induced capillary fragility [18]. While HARH have
not been definitively associated with concurrent or imminent AMS, one report has
found that cerebral deposition of hemosiderin is a marker for previous high-altitude
cerebral edema, perhaps implying that microhemorrhages occur in the brain concur-
rently with those in the eye during high-altitude stress [44]. One study found that
climbers with higher baseline line intraocular pressure at low altitude were more
likely to develop HARH [7]. Another study cautioned against using HARH as a
predictor for AMS, since they were able to document the delayed appearance of
HARH after maximal altitude exposure [2].
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Retinal Nerve Fiber Layer Infarction

Cotton wool spots, a sign of retinal nerve fiber layer infarction, have been noted in
climbers exposed to high altitude [7]. While focal loss of this important retinal layer
could result in loss of peripheral vision, no acute symptoms or permanent vision
loss were reported.

Disk Edema and Optic Nerve Sheath Enlargement

Disk edema may occur frequently at high altitude, and when seen with vascular
dilatation, it may represent a normal response [4]. However, a more recent study by
the same group found that parameters associated with increased blood flow and disk
edema correlated well with AMS symptoms [5]. Disk edema seen in the setting of
true increased intracranial pressure, which correlates with increased optic nerve
sheath diameter (ONSD), represents pathologic papilledema. Differentiating papill-
edema from disk swelling due to vascular dilatation can be very difficult by ophthal-
moscopy alone. Devices to measure increased intracranial pressure noninvasively
are not widely available, and measurement of ONSD requires ultrasound or mag-
netic resonance imaging (MRI). In one study, ONSD was found to correlate with
AMS symptoms and signs, while in another study, this association was found to be
insignificant [12, 20].

Color Vision Abnormalities

While no specific complaints from climbers regarding color discrimination have
been reported, color vision has been evaluated extensively with various testing
methods under both simulated and actual hypobaric hypoxic environments, with
most showing mild red-green discrimination deficits. Two studies, one at simulated
altitude [48] and the other at 3000 m [19], brought attention specifically to deficits
in the tritan axis. The effect was also noted using the Mollon-Reffin Minimalist test
in 14 climbers at actual altitudes of up to 5400 m [51]. Subsequently, evaluation of
color vision in two climbers at up to 8000 m with a computer-controlled modified
Cambridge Colour Test confirmed the tritan deficit at extreme altitude [57]. Both
studies showed progressive tritan discrimination loss with exposure to increasing
altitude, with delayed but complete return to normal at low altitude. A differential
effect of hypoxia on the less numerous S-cones was proposed as a possible
mechanism.
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Visual Field Abnormalities

Only one study [13] of the potential effects of hypobaric hypoxia on the visual field
has been performed at actual high altitude (4559 m). Only the central 20° were
tested, and investigators found only a very slight loss of foveal sensitivity. Automated
perimetry in simulated high-altitude environments has produced conflicting results.
Subjects tested on a Humphrey Visual Field Analyzer showed no visual field
changes at a simulated altitude of 3658 m [64]. Another study, using Topcon SBP-
3000 perimetry, found a significant drop in peripheral field sensitivity, with a lesser
change in central sensitivity, during acute exposure to a simulated altitude of
7620 m. Of note, the authors of the latter study tested only one eye of each subject;
during testing, an oxygen mask was not worn, and they judged that reliable con-
scious response declines after 3—5 min. Thus, the effect of hypoxia alone could
explain their findings. Further study of subjects exposed to actual high altitude for
realistic periods of time will be required to give meaningful data regarding any defi-
ciency in the visual fields of climbers.

Electroretinographic Abnormalities

ERG responses were investigated extensively in trekkers to 4559 m [43] and altera-
tions in maximum response in scotopic sensitivity, a-wave and b-wave implicit
times, implicit times of photopic negative responses, a-wave slope, and i-wave slope
were found. The photopic negative response implicit time decrease was found to cor-
relate with arterial oxygen saturation, while the photopic b-wave implicit time cor-
related with symptoms of AMS. Recovery after return to low altitude was not studied.
In contrast, a multifocal ERG study of three climbers to 5650 m found abnormalities
in central macular responses persisting 1 week after return to low altitude, but com-
plete return to normal values by 2 weeks [39]. Interestingly, none of these climbers
showed HARH. Any clinical significance of these findings remains unknown.

Summary

While research has uncovered many effects of high altitude on the eye, the most
important ones are those that impair acute vision to the point of impacting a climb-
er’s safety, pose a risk for permanent vision deficit, or serve as a marker for more
serious forms of AMS. In the first group, only refractive change after radial kera-
totomy has been strongly implicated in significant acute loss of sight while climb-
ing, and its mechanism is well understood. High-altitude retinal hemorrhages, while
usually benign, can leave permanent scotomata, and central retinal vein occlusion
with severe permanent vison loss has occurred at altitude. Finally, controversy
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exists over the roles of disk edema, retinal hemorrhages, and increased retinal
venous and optic nerve sheath diameter as correlates of serious cerebral components
of AMS. As with other manifestations of AMS, any symptomatic visual loss at high
altitude is best managed by evacuation to lower altitude. This removes the subject
from a potentially dangerous environment and may help to prevent further patho-
logic damage caused by continued altitude exposure.

Compliance with Ethical Requirements Thomas H. Mader, David J. Harris, and
C. Robert Gibson declare that they have no conflict of interest. No human or animal
studies were carried out by the authors for this chapter.

References

1. Arora R, Jha K, Sathian B. Retinal changes in various altitude illnesses. Singap Med
J.2011;52:685-8.

2. Barthelmes D, Bosch MM, Merz TM, Petrig BL, Triffer F, Bloch KE, et al. Delayed appear-
ance of high altitude retinal hemorrhages. PLoS One. 2011;6(2):e11532.

3. Boes DA, Omura AK, Hennessy MJ. Effect of high-altitude exposure on myopic laser in situ
keratomileusis. J Cataract Refract Surg. 2001;27(12):1937-41.

4. Bosch MM, Barthelmes D, Merz T, Bloch KE, Turk AJ, Hefti U, Sutter FKP, Maggiorini M,
Wirth MG, Schoch OD, Laudau K. High incidence of optic disc swelling at very high altitudes.
Arch Ophthalmol. 2008;126(5):644-50.

5. Bosch MM, Merz TM, Barthelmes D, et al. New insights into ocular blood flow at very high
altitudes. J Appl Physiol. 2009;106:454—60.

6. Bosch MM, Barthelmes D, Merz TM, Knecht PB, Truffer F, Bloch KE, Thiel MA, Petrig
BL, Turk AF, Schoch OD, Hefti U, Landau K. New insights into changes in corneal thick-
ness in healthy mountaineers during a very-high-altitude climb to Mount Muztagh Ata. Arch
Ophthalmol. 2010;128(2):184-9.

7. Butler FK, Harris DJ, Reynolds RD. Altitude retinopathy on Mount Everest, 1989.
Ophthalmology. 1992;99:739-46.

8. Clarke C, Duff J. Mountain sickness, retinal heamorrhages, and acclimatization on Mount
Everest in 1975. Br Med J. 1976;2:495-7.

9. Creel D, Crandall A, Swartz M. Hyperopic shift induced by high altitude after radial kera-
totomy. J Refract Surg. 1997;13:398-400.

10. Davidorf JM. LASIK at 16,000 feet (letter to editor). Ophthalmology. 1997;104:565-6.

11. Dimmig JW, Tabin G. The ascent of Mount Everest following laser in situ keratomileusis.
J Refract Surg. 2003;19:48-51.

12. Fagenholz PJ, Gutman JA, Murray AF, Noble VE, Camargo CA Jr, Harris NS. Optic nerve
sheath diameter correlates with the presence of severity of acute mountain sickness: evidence
for increased intracranial pressure. J Appl Physiol. 2009;106:1207-11.

13. Fischer MB, Willman B, Schatz A, Schommer K, Zhour A, Zrenner E, Bartz-Schmidt KU,
Gekeler F. Structural and functional changes of the human macula during acute exposure to
high altitude. PLoS One. 2012;7(4):e38155.

14. Frayser R, Houston CS, Bryan AC, Rennie ID, Gray G. Retinal hemorrhage at high altitude.
NEJM. 1970;282(21):1183-4.

15. Gibson CR, Mader TH, Schallhorn S, Pseudovs, Lipsky, Raid, Jennings, Fogarty J, Garriott R,
Garriott O, Johnston. The visual stability of laser vision correction in an astronaut on a Soyuz
mission to the International Space Station (ISS). J Cataract Refract Surg. 2012;38(8):1486-91.

16. Henderson BA, Grimes KJ. Blue-blocking IOLs: a complete review of the literature. Surv
Ophthalmol. 2010;55:284-9.



17.

18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

The Effects of Extreme Altitude on the Eye and Vision 27

Hirukawa-Nakayama K, Hirakat A, Tomita K, Hiroka T, Inoue M. Increased choroidal thick-
ness in patient with high-altitude retinopathy. Indian J Ophthalmol. 2014;62(4):506-7.
Hunter DJ, et al. Increased capillary fragility at high altitude. Br Med J. 1986;292:98.
Karacucuk S, Oner AO, Goktas S, Siki E, Kose O. Color vision in young subjects acutely
exposed to 3000m altitude. Aviat Space Environ Med. 2004;75:364-6.

Keyes LE, Paterson R, Boatright D, Browne V, Leadbetter G, Hackett P. Optic nerve sheath
diameter and acute mountain sickness. Wilderness Environ Med. 2013;24:105-11.

Kobrick J, et al. Effects of extended hypoxia on visual performance and retinal vascular state.
J Appl Phys. 1971;31:357-62.

Koch DD, Knauer WJ, Emery JM. High altitude corneal endothelial decompensation. Cornea.
1984-1985;3(3):189-91.

Koe MT, Goodman RL, Waller SG, Johnson DA. Care report: myopic shift in a stable corneal
graft following high altitude exposure. Aviat Space Environ Med. 2001;72(12):1145-7.
Krakauer J. Into thin air: a personal account of the Mt. Everest disaster. Villard Books, New
York; 1997.

Mader TH. Guest editorial — Bilateral photorefractive keratectomy with intentional unilateral
undercorrection performed on an aircraft pilot. J Cataract Refract Surg. 1997;23(2):145-7.
Mader TH. Myopes at altitude: surgical and non-surgical alternatives. Newsletter International
Society for Mountain Medicine, Montreal Canada; 1998.

Mader TH, Tabin G. Going to high altitude with pre-existing ocular conditions. High Altitude
Med Biol. 2003;4(4):419-30.

Mader TH, White LJ. Refractive changes at extreme altitude following radial keratotomy. Am
J Ophthalmol. 1995;119(6):733-7.

Mader TH, White LJ. High altitude mountain climbing after radial keratotomy. Wilderness
Environ Med. 1996;1:77-8.

Mader TH, White LJ. Corneal thickness changes in very-high-altitude mountaineers. Arch
Ophthalmol. 2010;128(9):1224-5.

Mader TH, White LJ. Refractive surgery safety at altitude. High Altitude Med Biol. 2012;13(1):
9-12.

Mader TH, Blanton, Schallhorn S, Gilbert B, White LJ, Parmley V, Ng J. Refractive
changes during 72 hour exposure to altitude following refractive surgery. Ophthalmology.
1996;103(8):1188-95.

Mader TH, White LJ, Johnson, Barth F. The ascent of Mount Everest following radial kera-
totomy. J Wilderness Environ Med. 2002;13(1):53-4.

McFadden DM, Houston CS, Sutton JR, Powles AC, Gray GW, Roberts RS. High-altitude
retinopathy. JAMA. 1981;245:581-6.

McMann, Parmley V, Brady S, White LJ, Mader TH, et al. Analysis of anterior and poste-
rior corneal curvature changes using Orbscan technology in RK eyes exposed to hypoxia.
J Cataract Refract Surg. 2001;28:289-94.

Morris DS, Somner JE, Scott KM, McCormick 1J, Aspinall P, Dhillon B. Corneal thickness at
high altitude. Cornea. 2007;26(3):308-11.

Nelson M, Brady S, Mader TH, White LJ, Parmley V, Winkle RK. Refractive changes caused
by hypoxia after laser in situ keratomileusis surgery. Ophthalmology. 2001;108:542—4.

Ng J, White LJ, Parmley V, Hubickey, Carter, Mader TH. Effects of simulated altitude on post
radial keratotomy corneas. Ophthalmology. 1996;103(3):452-7.

Pavlidis M, Stupp T, Georgalas I, Georgiadou E, Moschos M, Thanos S. Multifocal electro-
retinography changes in the macula at high altitude: a report of three cases. Ophthalmologica.
2005;219:404-12.

Rennie D, Morrissey J. Retinal changes in Himalayan climbers. Arch Ophthalmol. 1975;93(6):
395-400.

Russo A, Agard E, Blein JP, El Chehab H, Lagenaite C, Ract-Madoux G, Dot C. High altitude
retinopathy: report of 3 cases. Fr J Ophthalmol. 2014;37:629-34.

Schanzlin DJ, Santos VR, Waring GO 3rd, Lynn M, Bourque L, Cantillo N, Edwards MA,
Justin N, Reinig J, Roszka-Duggan V. Diurnal change in refraction, corneal curvature, visual



28

43.

44.

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57

58.

59.

60.

61.

62.

63.

64.

T.H. Mader et al.

acuity, and intraocular pressure after radial keratotomy in the PERK study. Ophthalmology.
1986;93(2):167-75.

Schatz A, Willman G, Fischer MD, Schommer K, Messias A, Zrenner E, Bartz-Schmidt K,
Gekeler F. Electroretinographic assessment of retinal function at high altitude. J Appl Physiol.
2013;115:365-72.

Schommer K, Kallenberg K, Lutz K, Bartsch P, Knauth M. Hemosiderin deposition in the
brain as footprint of high-altitude cerebral edema. Neurology. 2013;81:1776-9.

Sédan J. Hémorrhagies Rétiniennes Survenues Chez Des Hypertendus Au Cours De Vols En
Avion. Ann Ocul. 1938;175:307-15.

Shults WT, Swan KC. High altitude retinopathy in mountain climbers. Arch Ophthalmol.
1975;93(6):404-8.

Singh I, Khanna PK, Srivastava MC, Lal M, Roy SB, Subramanyam CSV. Acute mountain
sickness. NEJM. 1969;280(4):175-84.

Smith VC, Ernest JT, Pokomy J. Effect of hypoxia on FM 100-hue test performance. Mod
Probl Ophthalmol. 1976;17:248-56.

Snyder RP, Klein P, Solomon J. The possible effect of barometric pressure on the corneas of an
RK patient: a case report. Int Contact Lens Clin. 1988;15:130-2.

Taylor HR, West SK, Rosenthal FS, Mufioz B, Newland HS, Abbey H, Emmett EA. Effect of
ultraviolet radiation on cataract formation. N Engl J Med. 1988;319:1429-33.
Tekavcic-Pompe M, Tekavcic I. Color vision in the tritan axis is predominantly affected at high
altitude. High Altitude Med Biol. 2008;9(1):38—42.

Waring GO 3rd, Lynn MJ, McDonnell PJ. Results of the prospective evaluation of radial kera-
totomy (PERK) study 10 years after surgery. Arch Ophthalmol. 1994;112(10):1298-308.
White LJ, Mader TH. Refractive changes with increasing altitude after radial keratotomy. Am
J Ophthalmol. 1993;115(6):821-3.

White LJ, Mader TH. The effects of hypoxia and high altitude following refractive surgery.
Ophthalmic Pract. 1997;15:174-8.

White LJ, Mader TH. Refractive changes at high altitude after LASIK. Ophthalmology (letter).
2000;107:2118.

Wiedman M. High altitude retinal hemorrhage. Arch Ophthalmol. 1975;93(6):401-3.

. Willman G, Ivanov 1V, Fischer MD, Lahiri S, Pokharel RK, Werner A, Khurana T. Effects

on colour discrimination during long term exposure to high altitudes on Mt Everest. Br
J Ophthalmol. 2010;94:1393-7.

Willmann G, Fischer MD, Schatz A, Schommer K, Gekeler F. Retinal vessel leakage at high
altitude. JAMA. 2013a;309:2210-2.

Willmann G, Schatz A, Zhour A, Schommer K, Zrenner E, Bartz-Schmidt KU, Gekeler F,
Fischer MD. Impact of acute exposure to high altitude on anterior chamber geometry. Invest
Ophthalmol Vis Sci. 2013b;54(6):4241-8.

Willmann G, Fischer MD, Schommer K, Bértsch P, Gekeler F, Schatz A. Missing correlation
of retinal vessel diameter with high-altitude headache. Ann Clin Transl Neurol. 2014;1:59-63.
Wilson MH, Edsell M, Imray C, Wright A. Changes in pupil dynamics at high altitude — an
observational study using a handheld pupillometer. High Alt Med Biol. 2008;9(4):319-25.
Wilson MH, Davagnanam I, Holland G, et al. Cerebral venous system and anatomical predis-
position to high-altitude headache. Ann Neurol. 2013;73:381-9.

Winkle RK, Mader TH, Parmley V, Polse WLJ. The etiology of refractive changes at high alti-
tude following radial keratotomy: hypoxia versus hypobaria. Ophthalmology. 1998;105:282—6.
Yap MKH, Garner LF, Legg S, Faris J. Effects of exposure to simulated altitudes on visual
field, contrast sensitivity, and dazzle recovery. Aviat Space Environ Med. 1996;66:243-6.



2 Springer
http://www.springer.com/978-3-319-57599-5

Ophthalmology in Extreme Environments
Subramanian, P. (Ed.)

2017, % 112 p. 27 illus,, 21 illus. in color., Hardcowver
ISBN: 978-3-319-57599-5



	Chapter 2: The Effects of Extreme Altitude on the Eye and Vision
	 The Cornea
	 Effects of Keratorefractive Surgery
	 Corneal Transplantation

	 The Iris and Ciliary Body
	 The Trabecular Meshwork
	 The Ciliary Body
	 The Lens
	 The Vitreous
	 The Choroid
	 The Retina and Optic Nerve
	 Retinal Vascular Dilatation and Tortuosity
	 High-Altitude Retinal Hemorrhages (HARH)
	 Retinal Nerve Fiber Layer Infarction
	 Disk Edema and Optic Nerve Sheath Enlargement
	 Color Vision Abnormalities
	 Visual Field Abnormalities
	 Electroretinographic Abnormalities

	 Summary
	References


