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Preface

This book addresses the challenges faced by humans when functioning outside of 
the environments considered as “normal” in the modern world. Although our ances-
tors may have experienced more exposure to heat, cold, sun, water, and wind than 
does the modern person, there remains a need to be able to function in conditions 
that fall at the extremes. Certain vocations, such as military service, are more likely 
to immerse a person in a hostile environment that presents unique barriers to optimal 
visual function. Heavy industry and construction, among other fields, also routinely 
pose hazards to the eyes and vision, and injuries to the visual system are both more 
common than expected for the eye’s body surface area and potentially more dis-
abling. Eye protection can mitigate many of these risks, but practical and cultural 
barriers to the consistent use of these protective devices remain a major challenge.

As if these terrestrial challenges were not enough, humans now can live for 
extended duration in microgravity, and continued space exploration and life in this 
completely alien environment may not be possible if a solution to the observed 
visual changes in microgravity cannot be mitigated. Many terrestrial, aquatic, and 
avian animals have adapted to life in much harsher environments than are typical for 
the modern human, and there are many lessons to be learned from the structural and 
functional differences they exhibit. Finally, even the best-protected eye will sustain 
injury at times, and we are fortunate to have many techniques available to restore 
not only anatomical structure but, in many cases, function as well.

Aurora, CO, USA	 Prem S. Subramanian, MD, PhD
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Chapter 1
Neuro-ophthalmolmic Sequelae of Sustained 
Microgravity

E. Lacey Echalier and Prem S. Subramanian

�Hemodynamics of Spaceflight

Early in the conduct of space exploration, scientists noted that astronauts developed 
puffy faces and “bird legs” in the immediate period of spaceflight [37]. The associ-
ated stuffy head, headaches, and motion sickness were all grouped into a condition 
of early spaceflight symptoms called space adaptation syndrome (SAS) or space 
motion sickness [37]. These conditions are at least in part due to a significant fluid 
shift which results in central volume expansion and redistribution of fluids from the 
lower to the upper body during the initial period of weightlessness. In the upright 
position on Earth (heretofore 1G), veins below the heart hold pressures near 
80 mmHg, while venous pressure above the heart is close to zero. In microgravity, 
the venous pressure will then redistribute throughout the venous system until it 
theoretically matches the right atrial pressure [4]. There is increased cardiac preload 
as a result, accompanied by arterial vasodilation and decreased systemic vascular 
resistance. Interestingly, in one study, the CVP was found to be decreased, while the 
transmural left ventricular end diastolic dimension was increased [5]. This confirms 
increased cardiac filling and preload but also demonstrates a paradoxical effect of 
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microgravity on intravascular pressures. The outcome of these hemodynamic 
changes is increased stroke volume and overall cardiac output. This phenomenon is 
further supported by the observations that the heart rate remains relatively unchanged 
and blood pressure is either the same or slightly lower than preflight measurements. 
It should also be noted there is a decrease in the plasma fraction after initial central 
volume expansion stimulates diuresis and the astronauts’ bodies subsequently enter 
a fluid and sodium retaining state [22].

It is not surprising given the cephalad shift and cardiovascular changes that 
cerebral hemodynamics would similarly be altered. CSF production or drainage 
in microgravity could theoretically be affected in several ways. Consider that 
CSF is produced from the choroid plexus and is resorbed in the dural venous 
sinuses through arachnoid villi, both venous systems. Local venous expansion as 
seen with cephalad fluid shift could impact CSF balance by means of altering the 
hydrostatic gradient which determines CSF outflow. Consider the following 
cerebral hemodynamic relationships: CBF = (Pa – Pv)/CRV where MAP may be 
substituted for Pa and ICP may be used for Pv. The difference between MAP and 
ICP represents the cerebral perfusion pressure (CPP). Note that CBF is propor-
tional to CPP and inversely proportional to cerebral vascular resistance (CVR). 
If the SVR is reduced in spaceflight as discussed above, the associated changes 
to the CVR would lead to increased CBF. However, fluid shift to the head and 
neck also could cause poor venous outflow and increase Pv which would cause 
CBF to decrease. Despite this venous pooling however, the CVP has been shown 
to decrease in microgravity as discussed above; if a similar change occurred in 
cerebral Pv, then higher CBF might result. The increased cardiac output in micro-
gravity and cephalad fluid shift would increase the Pa and lead to increased per-
fusion pressure as well if incompletely controlled by autoregulation. The 
presence of approximately ten times greater pCO2 aboard the ISS relative to ter-
restrial atmosphere further complicates these predictions, as elevated CO2 can 
lead to chronic vasodilation of cerebral vessels and increased CBF. This is the 
principle behind the practice of therapeutic hyperventilation in ICU patients to 
create an acute decrease in ICP.

CBF also is influenced by the unique feature of autoregulation, which in the ter-
restrial environment would control many of these factors. Head down tilt testing of 
induced fluid shifts has been attempted to characterize CBF alterations in micro-
gravity. This ground based analog has its limitations, as will be discussed later. 
Consistent with the above equation, a few studies have given evidence for increased 
in CBF in HDT. Evaluation of CBF (human) or ICP (rabbit) during HDT showed an 
immediate rise in CBF or ICP with a slow decline toward pre-HDT baseline, sug-
gesting intact autoregulation in the short term [12, 34]. Conversely, a recent study 
using phase contrast MRI to measure CBF during short-term HDT on nine healthy 
subjects found reduced CBF. This was seen even with increased pCO2 [19]. Data 
collected on six astronauts pre- and postflight after 1–2 weeks in space also was 
consistent with acute compensation for microgravity effects through autoregulation 
[10]. Studies in mice models characterizing histologic features of autoregulation in 
cerebral vessels demonstrated increased myogenic tone and responsiveness when 
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hind limb suspension was used, but an absence of these autoregulatory changes after 
spaceflight [9, 35, 36, 38] indicating possible loss of these mechanisms over time in 
reduced gravity. A complete understanding of cerebral hemodynamics in space-
flight continues to be elusive with current testing methods.

�Simulation of Cephalad Fluid Shifts

Simulation of weightlessness is a fundamental challenge to researching the physiology 
of spaceflight. Although weightlessness can be created by parabolic flight providing 
a very brief period of essential free fall, the period of weightlessness lasts only 
moments. Research approaches to imitating weightlessness fall into two main cat-
egories, head out water immersion (WI) and head down tilt (HDT) bed rest. Water 
immersion is a logical model in many ways but is impractical for studies aimed at 
long-duration spaceflight. Head down tilt testing was discovered in the 1970s, when 
cosmonauts returning home complained they felt they were slipping off the foot of 
the bed. This problem was alleviated by raising the foot of the bed, and subsequent 
research identified 6° as the best balance between subject response and comfort 
[25]. Both methods have their limitations in physiologic effects and practicality. 
A comparison of the cardiovascular responses during WI or HDT demonstrated 
similar distention of the atria, increased stroke volume, and suppression of vasocon-
strictors, while cardiac output and atrial natriuretic peptide levels were increased 
more with WI [30]. Furthermore, mean arterial pressure was decreased in HDT and 
unchanged in WI, similar to decreases in mean arterial pressure seen in long-dura-
tion spaceflight [23, 29].

HDT seems to be a natural model for simulation of cephalad fluid shifts in space-
flight; it is not a perfect analog, however, as it creates a shift of gravity vector direc-
tion rather than vector neutralization. As previously noted, HDT was used to 
evaluate CBF in nine healthy subjects and demonstrated an overall decrease in CBF 
for short-duration studies. Similarly, a murine model using hind limb suspension 
demonstrated histologic arterial changes consistent with increased autoregulation in 
cerebral vessels. These findings were absent in mice returned from short-duration 
(13 days) spaceflight, in which decreased myogenic vasoconstrictor responses and 
greater vascular distensibility of the basilar and posterior communicating arteries 
were found [35]. HDT has been used to investigate the ophthalmologic changes 
seen in spaceflight as well. In a 30-day HDT case study, overall decrease of IOP 
was reported as well as increased peripapillary retinal nerve fiber layer (RNFL) 
thickness [33]. Further study of subjects at 14 and 70 days of HDT bed rest dem-
onstrated an increase in the peripapillary retinal nerve thickness in both groups 
with additional increase shown in the 70-day subjects [32]. However, clinically 
visible optic nerve edema was not observed in either study. These findings highlight 
some of the limitations of using HDT as a surrogate testing mechanism for the 
microgravity environment.

1  Neuro-ophthalmolmic Sequelae of Sustained Microgravity
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�Ophthalmologic Changes Due to Spaceflight

In 2011, the US National Aeronautics and Space Administration (NASA) released a 
retrospective observational report of ophthalmic findings in seven astronauts who 
had spent 6 months at the international space station (ISS) [18]. These data were 
analyzed along with postflight questionnaires of 300 astronauts regarding in-flight 
vision changes. Six of the seven examined astronauts had nerve fiber layer thicken-
ing by OCT and decreased near vision, while five of the seven astronauts had clini-
cally evident optic disk edema and choroidal folds (Fig. 1.1). Five astronauts with 
decreased near vision exhibited globe flattening on MRI corroborating this change 
(Fig. 1.2). The refractive changes were not unique to this group. In the postflight 
surveys, 29% of astronauts on short flight missions complained of degradation of 
vision while in flight, and 60% of astronauts on long-duration flights complained of 
the same. Interestingly, three of the seven examined astronauts also exhibited cotton 
wool spots.

Fig. 1.1  Preflight and postflight optic nerve photos exhibiting optic nerve head edema in an astro-
naut following long-duration spaceflight (Reprinted with permission from Mader et al. [18])

E.L. Echalier and P.S. Subramanian
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Lumbar puncture was performed in four astronauts of this ISS cohort several 
days to weeks after their return to Earth. The opening pressures were 22, 21, 28, and 
28.5 cm H2O at 66, 19, 12, and 57 days after mission, respectively. Although these 
are borderline elevated pressures [1], it is unclear if these ICP readings represent 
normal variation or the residua of higher ICP while in flight. Beyond this, ICP varies 
throughout the day much like IOP, so these snapshots may not be representative of 
the true mean ICP.

The assortment of neuro-ophthalmologic findings associated with spaceflight 
bears some similarity to the well-characterized condition of idiopathic intracranial 
hypertension (IIH). Optic disk edema, choroidal folds, increased CSF signal in optic 
nerve sheaths, and globe flattening with hyperopic refractive shifts are common to 
both conditions. There are, however, several distinguishing features to suggest that 
high ICP alone may not be responsible for the observed changes. Astronauts exhibit 
more impressive choroidal folds and larger hyperopic shifts than those seen in 
IIH. Further, the imaging used (OCT, MRI, CT, and ultrasound) after long-duration 
spaceflight demonstrates larger and more persistent shift of CSF into the optic nerve 
subarachnoid space and more dramatic globe flattening than seen in IIH. Another 
distinguishing feature is the presence of cotton wool spots, which are not typically 
associated with IIH. Beyond imaging and examination, the demographics of these 
two populations are distinctly different, from gender and body habitus to the absence 
of medications linked to IIH in the astronaut cohort. Finally, the astronauts did not 
report the associated symptoms that characterize terrestrial IIH, namely, pulsatile 
tinnitus, diplopia, or chronic severe headaches. In fact, headaches reported by this 

Fig. 1.2  Postflight 
choroidal folds (indicated 
by arrows) in both eyes of 
an astronaut following 
long-duration spaceflight 
(Reprinted with permission 
from Mader et al. [18])

1  Neuro-ophthalmolmic Sequelae of Sustained Microgravity
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long-duration spaceflight group were mild and did not interfere with in-flight 
activities [18]. This is distinct, however, from the more severe headache experience 
early in flight as mentioned above.

A follow-up study, in which the postflight MRIs for 27 astronauts after exposure 
to microgravity were reviewed, found that several exhibited radiologic similarities 
to those seen in IIH [14]. Posterior globe flattening and optic nerve protrusion were 
seen in a small subset of these subjects, and moderate concavity of the pituitary 
dome (partially empty sella) with posterior stalk deviation was also seen in multiple 
subjects. Increased optic nerve sheath diameter and intrinsic optic nerve enlarge-
ment was noted in a small group of subjects. The majority of the subjects demon-
strated a central area of T2 hyperintensity within the optic nerve and kinking of the 
optic nerve sheath as well (Fig. 1.3). A study of MRI images pre- and post-HDT bed 
rest showed positional and structural changes to the brain, including a shift of the 
center of mass upward with posterior rotation of the brain and changes in ventricu-
lar volume [29]. These changes suggest alterations in CSF homeostasis associated 
with tissue redistribution.

Given the known relationship between the ophthalmologic findings of disk 
swelling and retinal nerve fiber layer thickening and increased ICP, as well as the 
radiologic evidence correlating CNS changes and finally the mild elevation of 
ICP postflight, NASA has named this syndrome as vision impairment and intra-
cranial pressure (VIIP) [20] .The pathogenesis of optic nerve edema in increased 
ICP is a mechanical phenomenon in which the pressure along optic nerve sheath 

Fig. 1.3  T2 MRI demonstrating optic nerve kinking (long arrows) and posterior globe flattening 
(short arrows) (Reprinted with permission, Kramer et al. [14])

E.L. Echalier and P.S. Subramanian
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becomes elevated. The persistence of optic nerve sheath expansion as well as 
optic disk swelling for months or years postflight (Mader et al. in press) has led 
researchers to conclude that CSF dynamics in microgravity may result in perma-
nent changes in optic nerve sheath anatomy. The subarachnoid spaces surround-
ing the optic nerve are widest at the lamina cribrosa and narrowest in the optic 
canal. Cisternography with contrast injected directly into the spinal CSF has 
demonstrated reduced signal beyond the canalicular optic nerve, giving rise to 
the concept of CSF compartmentalization [13]. This finding challenges the 
assumption that CSF flow is continuous and equivalent throughout the subarach-
noid spaces, cisterns, and ventricles. The relative stasis and trapping of the CSF 
around the nerve could be further exacerbated by CSF flow changes and posi-
tional changes of the brain. Optic disk swelling such as that seen in astronauts 
may indeed be due to elevated ICP or alternatively by venous engorgement, 
inflammation, toxicity, metabolic imbalances, or local ischemia. The choroidal 
folds and hyperopic shift are suggestive of an increase in choroidal thickness as 
occurs with venous engorgement. This association also provides a possible link 
between the cephalad fluid shifts and observed ophthalmologic changes.

Vision changes in astronauts create a major safety concern that must be 
addressed before a planned long-duration spaceflight to Mars (lasting approxi-
mately 3  years each way), as these changes could endanger mission success in 
addition to impacting short- and long-term visual function for individual astro-
nauts. Hyperopic shift is easily correctable by “space anticipation” glasses and has 
not had a long-term effect on visual potential and function. The crystalline lens is 
among the most radiosensitive body tissues, and increased terrestrial exposure to 
ionizing radiation is known to increase the rate of cataract formation. Deep space 
radiation exposure, which would occur during a flight to Mars, is likely to be even 
more intense than the exposure received in low-earth orbit (e.g., aboard the ISS), 
and the potential for accelerated cataract formation exists [7, 8]. While cataract 
surgery on Earth is one of the most common medical procedures in the developed 
world, its performance in space or on an alien planet would present formidable 
challenges. Finally, because we do not understand the etiology of spaceflight-
induced optic disk swelling and its persistence in some cases for months after 
return to the terrestrial environment, the trajectory of this condition (relentless pro-
gression vs possible stabilization or even remission as autoregulation occurs) ham-
pers the development of countermeasures that might reduce risk. As a result of the 
observed changes, NASA is collecting pre-, post-, and inf-light data on the struc-
ture and function of ocular and orbital tissues using visual acuity testing, fundus 
photography, and optical coherence tomography, as well as orbital echography to 
allow scientists to study changes in a sequential manner and to permit physicians 
to recognize potentially vision-threatening changes and implement appropriate 
treatment. To date, no changes have been seen in-flight that would have necessi-
tated medical treatment or other interventions such as early return to 1G, which 
would have devastating consequences for mission accomplishment.

1  Neuro-ophthalmolmic Sequelae of Sustained Microgravity
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�Study of ICP Changes in Microgravity

Although it is postulated that the visual changes are due to intracranial hypertension, 
the putative changes in ICP, both short and longer term, have been studied under 
very limited circumstances. ICP elevation, as noted above, is believed to be occur at 
least in part because of cephalad fluid shifts. In rabbit studies monitoring ICP by 
subarachnoid catheter, ICP was immediately elevated from a mean of 4.3 to 
8.0 mmHg in 45° HDT reaching a peak of 15.8 mmHg at 11 h but then trended back 
toward baseline over 7  days [34], suggesting adaptation after the initial spike. 
Similarly, CBF as measured by transcranial Doppler in humans demonstrated a sud-
den rise with HDT that decreased toward baseline after 3–6 h in the HDT position 
[12]. A study of healthy human subjects demonstrated increased ICP after 10 min of 
HDT as estimated by tympanic membrane displacement [21]; however, similar ICP 
data are not available from long-duration spaceflight missions. The rapid compensa-
tion for the initial ICP rise with HDT implies that autoregulation occurs in the ter-
restrial environment during HDT; because similar autoregulation may not occur in 
microgravity as noted above, HDT may not be an adequate model for studying the 
phenomenon. Furthermore, rodents and rabbits have optic nerve anatomy differ-
ences from humans, such as the absence of a lamina cribrosa, that may cause their 
eyes to respond differently to any changes in CBF and/or ICP.

Because of the concern that ICP might be elevated in space, NASA’s Space and 
Clinical Operations Division as well as affiliated research programs have prioritized 
efforts to measure ICP either directly or indirectly. A number of methods, some 
long-standing and others more novel, are being studied as potential methods to be 
deployed aboard the ISS.  Potential strategies include measurement of tympanic 
membrane displacement, waveform analysis of transcranial Doppler, analysis of 
otoacoustic emissions, and flow detection within the ophthalmic artery under orbital 
compression [2, 27]. Many of these methods provide only qualitative data or lack 
technologic readiness for application in spaceflight at this time. Furthermore, results 
of noninvasive ICP tests in flight might not be comparable to post- and preflight 
opening pressures determined by LP.  Sampling bias also hampers data analysis, 
since ICP, like blood pressure and IOP, varies both short term and diurnally. 
Nonetheless, NASA is committed to measuring ICP in flight and continues to pur-
sue efforts to allow for accurate and meaningful data to be obtained, while protect-
ing astronaut health in flight and minimizing risk to them that could arise during any 
procedures.

The gold standard for ICP measurement at 1G remains manometric recording of 
CSF pressure during lumbar puncture in the lateral decubitus position. Equilibration 
in the manometer can take several minutes if a small bore (less than 23 ga) needle is 
selected, and the use of a 20 ga needle is recommended [16]. As noted above, post-
flight LP has been done, but generally days or weeks after return from microgravity. 
More timely measurement of opening pressure upon return to 1G would be ideal 
and might be a better indicator of ICP during the final days of the mission, but per-
forming LP immediately on landing is logistically complicated. Not only are there 
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many competing demands on the astronauts’ time, but also all returns from the 
International Space Station presently occur in Kazakhstan (Mader 2016). A stan-
dard LP in space would present numerous procedural challenges and risks. There 
are anatomic changes such as lengthening of the vertebral column and shifting of 
the nerve roots against the meningeal walls in weightlessness that could increase the 
risk of procedure complication or failure. Ultrasound assisted LP could mitigate 
some of these risks but makes the procedure more difficult, possibly requiring a 
second proceduralist. The aforementioned venous congestion could increase risk of 
bleeding. Bacterial growth rates and virulence appear to be higher in spaceflight, 
and the immune system becomes depressed, raising a theoretical increased risk of 
the microgravity environment. It is unclear if CSF production is normal in space 
which could inhibit recovery. There are also practical aspects of the procedure such 
as anchoring of equipment, the patient, and the proceduralist. Classic manometry 
would not yield useful information as the manometry column is based on Earth’s 
gravitational pull, so digital closed system devices would need to be employed [2]. 
Given the lack of suitable noninvasive alternatives however, it has been suggested 
that astronauts be sent into space with a spinal catheter in place. While valuable 
information might be obtained in this way, a complication such as infection or CSF 
leak and resultant intracranial hypotension could have devastating consequences in 
an environment where immediate treatment would not be available. Physicians and 
scientists continue to struggle with this difficult problem.

Additional contributors to ICP elevation aside from fluid shifts alone must be 
considered. The blood-brain barrier (BBB) potentially could be compromised, lead-
ing to changes in ICP and CBF. The BBB is mediated by specialized endothelial 
cells lining the cerebral vasculature which are selectively permeable and allow for 
passive and active transport from the blood into the CSF. Hydrostatic forces, osmotic 
forces, increased pCO2, radiation, illness, and a myriad of other factors may influ-
ence permeability [20]. Lakin and colleagues created a mathematical model which 
simulated the intracranial system and cerebrovascular changes of microgravity and 
demonstrated a hypothetical breakdown in BBB would cause ICP to increase [15]. 
There is currently no evidence for or against the idea that changes in the BBB are 
part of the pathogenic process leading to ophthalmic changes in microgravity.

�Intraocular Pressure

Abrupt change in body posture from vertical to horizontal or even inverted may 
cause an acute rise in intraocular pressure (IOP) [26]. This may be due to choroidal 
vascular engorgement and increased episcleral venous pressure. However, a gradual 
decrease in IOP during prolonged (7–30 days) HDT has been observed [33]. This 
IOP reduction may be related to a decline in plasma volume that occurs as well dur-
ing prolonged HDT [6]. A subsequent study of IOP in subjects measured pre- and 
post-HDT (14 or 70 days) did not find a difference in IOP outcome between the 
14- and 70-day groups [32]. In addition, IOP measurements in flight aboard the ISS 
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demonstrate a trend toward stable or lower ICP during longer missions without 
findings of hypotony or visual dysfunction [18]. Homeostasis between ICP and IOP 
has been proposed to be important for normal optic nerve function and axonal 
health, as these two opposing forces act on opposite sides of the eye wall at the 
lamina cribrosa (Fig. 1.4). This translaminar pressure gradient (TLPD) might result 
in laminar deformation and glaucomatous cupping when IOP-ICP is excessive, 
while papilledema may occur when ICP-IOP rises. The combination of reduced IOP 
with stable or potentially elevated ICP in microgravity could increase the TLPD and 
subject optic nerve axons to injury [4].

Fig. 1.4  Graphic 
representation of the 
relationship of IOP and 
CSF pressure across the 
lamina cribrosa. (a) 
Represents a balanced or 
normal TLPG. (b) TLPG 
favoring high pressure on 
the intraocular side 
resulting in posterior 
displacement or cupping as 
seen in glaucoma. (c) 
TLPG favoring ICP 
pressure and anterior 
displacement resulting in 
papilledema (Reprinted 
with permission from 
Berdahl et al. [4])

E.L. Echalier and P.S. Subramanian
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The actual role of the TLPD in normal optic nerve function and disease patho-
genesis remains controversial. Both retrospective and prospective studies have pre-
sented data showing an association between relatively lower ICP and increased risk 
of developing glaucoma at a given IOP level [3, 28]. A systematic study of the 
TLPD in subjects with papilledema has not been reported, but a modest correlation 
between higher severity of papilledema and greater ICP elevation in subjects with 
IIH has been found [11]. Experimentally induced ICP elevation for 7 days in mice 
leads to axonal loss and retinal ganglion cell death [24], although the authors could 
not demonstrate that axonal injury was occurring specifically at the optic nerve 
head. Ocular hypotony in the terrestrial setting can result in optic disk swelling and 
choroidal fold formation, two of the ophthalmoscopic findings during long-duration 
spaceflight. These findings and hypotheses have led researchers to consider seem-
ingly simple countermeasures that could intermittently or even continuously 
increase IOP to a level that would counter the ICP and restore a “normal” TLPD and 
thus limit or eliminate the optic nerve changes seen in VIIP.

�Conclusions

The VIIP phenomenon presents a formidable obstacle to current aspirations of long-
duration space missions or a manned Mars mission. Although there is no conclusive 
proof of increased intracranial pressure as the causative mechanism, the clinical 
evidence and similarity of VIIP to terrestrial IIH strongly suggest that ICP elevation 
contributes to the condition. Increased ICP during spaceflight is plausible in the set-
ting of the known profound cephalad fluid shifts and loss of typical autoregulatory 
mechanisms in microgravity. Nonetheless, other unknown abnormalities that defy 
terrestrial physiology may be causative, and careful observation of subjects during 
long-duration spaceflight remains a crucial task. Unlike in terrestrial IIH, local isch-
emia or radiation toxicity ultimately may be found to play a role, given the unusual 
finding of cotton wool spots associated with nerve swelling, choroidal folds, and 
globe flattening. It has been proposed that the cotton wool spots may represent 
stresses on the retina similar to high altitude; however, the changes seen at altitude 
are caused by hypoxia and are more characteristically associated with hemorrhages 
or Roth spots. We propose that the cotton wool spots may actually represent ischemic 
injury due to increased radiation exposure in space, a subtle finding in a delicate 
tissue, which may give us insight into the stresses radiation creates in the astronauts’ 
bodies, but this idea remains a hypothesis without supporting data.

There is a significant research gap due to the lack of terrestrial analogs for study. 
Human HDT studies and rodent hind limb suspension models have improved our 
understanding of cephalad fluid shifts of short duration but can neither recreate 
microgravity nor reveal physiologic changes occurring with prolonged micrograv-
ity exposure. This element is key as VIIP was not even observed or known prior to 
long-duration space missions [31]. The limited number of human subjects available 
for any studies in microgravity, the competing interests for their time while on the 
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ISS, and the need to respect their human autonomy and balance individual concerns, 
needs, and desires against the quest for scientific data cause practical and ethical 
dilemmas not easily solved. The study of nonhuman primates in microgravity would 
remove the anatomical limitations (lack of lamina cribrosa, differences in retinal 
ganglion cell targeting in the brain, etc.) present in studies of rodents and rabbits, 
but doing so would be exceedingly costly and would raise a new set of practical and 
ethical concerns.

The use of imaging to characterize optic nerve changes in space has provided 
important structural data in the absence of ICP monitoring. OCT and serial fundus 
photos have been collected prospectively since VIIP changes were detected, and 
NASA is to be commended for expediting the installation of advanced diagnostic 
equipment aboard the ISS to allow these data to be obtained. OCT of the RNFL is 
being monitored for changes from preflight values, and postflight OCT tracks the 
stability or remission of any RNFL swelling (Mader et al. in press). While OCT 
provides exquisite structural information, it cannot give any functional data. Visual 
acuity would not be expected to change until very late in the disease process if 
indeed the optic nerve swelling is similar to terrestrial papilledema, and efforts are 
in progress to deploy a reliable and sensitive perimetric testing method that would 
give meaningful functional data that could alert researchers to actual optic nerve 
dysfunction.

The ultimate goal of this research would be to establish effective countermea-
sures to vision impairment during and after spaceflight. Interventions determined to 
be appropriate would preferably be a sustainable single treatment or an effective 
change in routine as in the rigorous exercise and dietary regimes astronauts undergo. 
Empiric treatment with acetazolamide has been proposed to ameliorate ICP eleva-
tion; however, considering the metabolic derangements, plasma and weight loss in 
astronauts, this would carry inherent medical risks. It should also be noted that 
acetazolamide may not even be an effective treatment of VIIP as the pathogenesis is 
incompletely understood. Additionally, it could lower IOP which would shift the 
TLPD in favor of disk swelling and choroidal engorgement. A study using lower 
body negative pressure while in HDT showed attenuation of increases in IOP and 
ICP [17] which could have positive clinical implications if demonstrated to work in 
spaceflight. Studies are in progress aboard the ISS to determine if using such devices 
might be useful in preventing ocular changes. If the pathogenesis of VIIP is con-
firmed to be increased ICP, more invasive preventative measures could be consid-
ered for astronauts being considered for long-duration space missions such as optic 
nerve fenestration or CSF diversion (i.e., ventriculoperitoneal shunting). Of course, 
these are very invasive options which would require better understanding of the 
pathogenesis of VIIP before consideration.

The characterization of VIIP pathophysiology is currently a major priority in 
space medicine research. The ophthalmologic findings after long-duration space-
flight including optic disk edema, choroidal folds, cotton wool spots, hyperopic 
shift, and globe flattening with increased CSF signal in the optic nerve sheaths  
raise significant concern for the preservation of visual function in our astronauts. 
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It is essential to further characterize the underlying pathology to establish effective 
and safe countermeasures to resolve this problem in the hopes to create safe passage 
to ISS, Mars, or beyond.

Compliance with Ethical Requirements  E. Lacey Echalier declares no conflict of interest. Prem 
S. Subramanian has served as a consultant to NASA for the VIIP syndrome. No human or animal 
studies were carried out by the authors for this chapter.
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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 μm, 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 Into 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 
a climb 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 × 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 × 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 × 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 μm above the normal 300 μm, 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.
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Chapter 3
Refractive Surgery in Aviators

Craig Schallhorn and Steve Schallhorn

�Introduction

Sometimes, flying feels too godlike to be attained by man. Sometimes, the world from 
above seems too beautiful, too wonderful, too distant for human eyes to see … Charles 
A. Lindbergh, The Spirit of St. Louis, 1953

The cockpit requires complete situational awareness. Vision provides essential 
sensory inputs regarding flight envelopes and spatial orientation  integral to the 
safety of flight. Visual performance in this setting is vital and must serve the aircrew 
without fail. Near-perfect visual acuity must effectively and efficiently allow the 
aviator to maintain a visual scan inside and outside the aircraft, day and night, under 
hypoxic and hypobaric conditions and in situations when other sensory inputs fail.
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In this chapter, the role of corrective lenses and the history and current state of 
refractive surgery in aviation communities will be discussed. Spectacles and contact 
lenses remain the most common form of vision correction utilized, but can be ill 
suited to the physiologic environment of the cockpit, or incompatible with modern 
avionics equipment. In this setting, refractive surgery plays a pivotal role. The adap-
tation of refractive surgical techniques into the realm of aviation has been a signifi-
cant stride forward with potential to improve the safety and performance of aviators 
in any role.

�Vision Correction

Aeronautical medical boards have strictly defined and carefully regulated standards 
regarding visual acuity dating back to the beginnings of aviation. In most cases, 
these standards are structured depending on specific flight duties or role of aircrew 
members (pilot, navigator, student applicant, etc.). FAA civil aviation distant vision 
standards for Class III general private pilots is 20/40 in each eye, and air transport 
pilots (Class I) and commercial pilots (Class II) require BCVA (best corrected visual 
acuity) to be 20/20 in each eye. There are various uncorrected standards for various 
classes of military aviation personnel, but all military pilots, aircrew and unmanned 
aerial system operators require best-corrected vision of 20/20 in each eye. Any deg-
radation of best-corrected vision below 20/20 in an eye would require optometric or 
ophthalmologic evaluation, and a waiver request to higher authority to possibly con-
tinue aviation duties. There are additional standards for color vision testing, depth 
perception, and visual fields.

In years past, aviators were required to have 20/20 uncorrected vision in each 
eye, and this was the most common medical reason for rejection of aviation appli-
cants. However, visual acuity standards have been gradually relaxed over time, a 
change driven by many forces, not the least of which are the need to retain aviators 
and the ability to draw from a larger applicant pool. Incremental lessening of uncor-
rected visual acuity requirements and refractive standards has produced at least two 
effects: an increase in physically qualified aviators and new applicants, along with 
an increase in the prevalence of ametropia [64].

Given the demand for superb visual acuity, refractive error and the need for cor-
rection is quite common among aviators. For younger aviators, such as those in 
military roles, approximately 40% of aircrew will require some form of vision cor-
rection. Most aviators over the age of 45 will require some form of correction to 
maintain near visual acuity due in part to the age-related effects of presbyopia.

The methods for correction of refractive error in the aviation community have 
evolved over time. At the core of the issue remain corrective lenses: spectacles and 
contact lenses. However, in the physiologic environments of flight, spectacles and 
contact lenses have select shortcomings which can limit their effectiveness or even 
preclude their use. It is in this setting that refractive surgery emerged and essentially 
redefined the role of vision correction in current aircrew and new applicants alike.
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�Spectacles

Spectacles have, and continue to be, the predominant method for visual correction. 
Despite this, spectacles are prone to becoming dislodged, lost, or damaged and may 
pose a safety issue in extreme circumstances. In a 2001 study, lost or broken eye-
glasses were the most common identifiable cause in civil aviation accidents associ-
ated with ophthalmic devices [35]. Visually, spectacles restrict field of view, and 
wearers may experience lens reflections, fogging, or discomfort. Spectacles may 
not be compatible with integrated helmet systems, or other headwear, such as face 
masks, chemical defense gear, and night vision goggles. This is especially apparent 
with pilots of the AH-64 Apache attack aircraft, who utilize a sophisticated helmet-
mounted display unit centered over the right eye. This display unit has historically 
been essentially incompatible with approved eyewear, and a specialized frame was 
designed to attempt to reconcile incompatibilities. This solution has been regarded 
as suboptimal, with concerns for comfort and safety, according to a recent study [5].

Pilots of the F-35 Lightning II utilize the Gen III Helmet Mounted Display 
System (HMDS), which serves as the primary display system, integrating head-up 
display (HUD), helmet-mounted display, and night vision (Fig. 3.1). Airspeed, alti-
tude, attitude, heading, targeting information and warnings are projected directly to 
the visor rather than a traditional HUD. This highly specialized piece of equipment 
is capable of providing augmented reality projections to the pilot, with virtual capa-
bilities to see through the bottom of the cockpit or directly at a target. Image distor-
tion, reflections, and comfort are just a few of the distracting concerns of use with 
spectacles. The helmet also provides the pilot with active noise reduction, a feature 
which may be negated with spectacle wear.

Fig. 3.1  The F-35 Gen III Helmet Mounted Display System integrates head-up display (HUD), 
helmet-mounted display, and night vision features to provide in-flight and tactical information with 
virtual capabilities to see through the bottom of the cockpit or directly at a target
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Specifically for military aviators, it has long been understood that spectacles 
would be lost or damaged in an ejection [42]. Additionally, for any pilot downed in 
theater, the damage or loss of spectacles (or contact lenses) make survival and evasion 
improbable. Corrective lenses may be taken away by captors to reduce chances of 
escape. With regard to visual performance, past studies on US Navy jet pilots 
suggests that aviators who do not require eyewear may be able to identify targets at 
a greater distance [59], though these aviators tend to perform equally well on an 
extremely demanding visual task: night carrier landing operations [54].

�Contact Lenses

Contact lenses have historically received scrutiny by the aviation community and 
for good cause. The ocular surface environment experienced by aircrew is hypoxic, 
hypobaric, very dry with low humidity, with exposure to fumes and circulating 
particulates, and overall unhygienic conditions that are unfavorable for routine 
contact lens use [40]. Wear at high altitudes or rapid decompression is known to 
result in sub-contact lens nitrogen bubbles, which are located at the limbus and not 
of visual significance for soft lenses, but primarily central for rigid lenses [13]. Low 
altitude use, particularly in rotary wing aircraft, is associated with high degrees of 
exposure to particulate matter [63]. For military applications, use in the field or 
austere conditions makes proper hygiene difficult if not impossible to maintain. 
Additionally, a study of Navy and Marine ejections from 1980 to 2000 in the Naval 
Safety Center database showed that the majority of pilots retained their contact 
lenses during ejection by reflex eye closure, though still suffering some subconjunc-
tival hemorrhages from windblast forces [47].

Despite these shortcomings, a significant body of evidence has been accumu-
lated supporting the safety of contact lenses in aviators [39]. In civil aviation, con-
tact lenses have been approved for use without waiver since 1976. Multifocal 
contact lenses, used by civil aviators to aid with presbyopia, are subject to medical 
approval and require 1 month of use before returning to aviation duties to allow for 
adaptation.

For military aviators, contact lenses were approved following robust evaluation 
during the 1980s. Soft lenses are available to aircrew by medical support detach-
ments and do not require specific waiver, provided there are no concerning symp-
toms or complications which may interfere with safety of flight. Aviators need 
official approval from their local flight surgeon and eye care provider familiar with 
current contact lens policy and instruction. They are still required to fly with back-
up spectacles in case of removal or loss during flight. Aviators who use contact 
lenses are generally examined annually by an optometrist or ophthalmologist, and 
any contact lens-related complication is reported and closely monitored. In this con-
text, contact lenses are considered safe and effective refractive options and remain 
popular among military aviators and their civilian counterparts.
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�Corneal Refractive Surgery

To a large extent, the adaptation of corneal refractive surgery (CRS) to aviation 
represented the final frontier for these procedures. Aviators generally have the most 
stringent visual requirements, and anything which could potentially interfere with 
flight duties, be it loss of vision or debilitating ocular or visual symptoms as a result 
of surgery, requires a very cautious approach.

Historically, there have been a number of barriers to the approval of CRS in air-
crew. Visual metrics beyond high-contrast Snellen acuity have merited ongoing 
attention, such as visual performance or low-light acuity, because of the unique 
operational demands of many aircrew. Low-contrast acuity, night vision, symptoms 
of glare or halos, corneal haze, or decreased subjective visual performance can have 
a multitude of unfavorable effects, not the least of which would be concerns about 
the safety of flight.

Military aircrew of tactical aircraft faces the additional hazard of ejection, which 
is the most common cause of eye injury in flight mishaps [47]. Post-ejection wind-
blast and flailing equipment or limbs pose serious risks to the eye, and any surgical 
procedure which could weaken the cornea and possibly predispose the eye to injury 
must be considered. Furthermore, the operational logistics of a prolonged visual 
recovery period after surgery can be prohibitive to squadrons and flight operations.

Overall, the use of refractive surgery in aviators is akin to many new medical 
interventions: the risks of grounding an aviator due to adverse visual outcomes must 
be weighed against the potential benefits. As such, it comes as no surprise that the 
early history of refractive surgery did not begin with studies on flight personnel. 
Rather, prior to US Food and Drug Administration (FDA) approval, as PRK was 
under study in the United States, the procedure received special scrutiny by the US 
military for its role in non-aviators, who also face unique and noxious environments 
despite robust visual needs. The results of these studies, some of which will be dis-
cussed, were pivotal in the application of refractive surgery in aviators and flight 
personnel.

�History and Approval of Refractive Surgery in Aviators

Of important historical consideration in the eventual adoption of corneal refractive 
surgery by the aviation community is radial keratotomy (RK). In RK, a number of 
deep, radially oriented incisions in the corneal stroma were created using a special 
diamond knife. The net effect of these incisions was a flattening of the central cor-
nea, reducing the refractive power of the eye for the treatment of myopia. The con-
sequences of this procedure most concerning for aviators were (1) the cornea is less 
able to withstand even minor trauma, (2) diurnal and long-term refractive instability, 
and (3) significant refractive changes under hypoxic conditions. A significant, but 
reversible, hyperopic shift in refractive error has been observed following RK under 
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hypoxic conditions [27]. RK incisions also cause loss of corneal endothelial cells. 
With the development of laser vision correction procedures, the RK procedure has 
been abandoned. However, RK had ramifications for the eventual adoption of PRK 
and LASIK due to its refractive instability at altitude. Patients who had received RK 
were eligible for a waiver by the Federal Aviation Administration (FAA), but this 
procedure has never been approved for military aviation. Prior to the FDA approval 
of PRK, there were over 1900 civil airmen with RK as of 1994 [37].

�Photorefractive Keratectomy

Photorefractive keratectomy, or simply PRK, is a surgical procedure in which an 
excimer laser under computer control removes a lenticule of stromal tissue resulting 
in a permanent refractive change, thus allowing for the correction of myopia, hyper-
opia, and astigmatism. The excimer laser, a 193-nm ultraviolet energy beam, pro-
duces a photochemical disruption of molecular bonds. During PRK, the corneal 
epithelium is typically removed mechanically with a brush, and the excimer laser 
treatment is then applied to the exposed cornea. Ablation algorithms for conven-
tional treatments are determined by the Munnerlyn formula. The epithelial defect 
resolves in most cases by 48 h and is typically completely healed within 4–5 days, 
though the refractive properties and ocular surface abnormalities continues to heal 
for some time thereafter. Vision considerably improves within 3–4 days following 
surgery, with correction stabilizing within 3–6 months.

Closely related to PRK is laser epithelial keratomileusis (LASEK), also known 
as epithelial-LASIK, E-LASIK, or Epi-LASEK. In this variant, a thin flap consist-
ing of just epithelium is carefully separated from the underlying stroma at a hinge 
for ablation and then reseated following treatment. This variant was developed to 
potentially mitigate some of the pain and short-term visual disruption that patients 
can experience after PRK, although many studies have shown no significant advan-
tage when compared to simply removing the epithelium.

Early community studies of conventional PRK treatments on myopic patients 
were concerning for corneal haze and visual symptoms of haze, glare, or halo, par-
ticularly under mesopic conditions [41]. Crucial to the evolution of PRK for use in 
aviators were efforts to assess the risk of these unfavorable symptoms, and weigh 
the potential benefits of surgery with the potential loss of an aviator to poor visual 
outcomes. With study, it was determined that these symptoms were relatively com-
mon in the early postoperative period, but tended to resolve by 6 months to 1 year 
[11]. The use of larger optical zones was noted to reduce visual symptoms [18]. 
Postoperative refractive predictability was improved over RK but could still result 
in over or under correction. Fine-tuning of treatment algorithms, smoother ablation 
profiles, and increased surgeon experience contributed to improved refractive out-
comes and patient satisfaction.

After several years of community study, in 1993 the US Navy began investigat-
ing the role of PRK in the military. The first study was sponsored by the Special 
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Warfare Command (Sea, Air, Land team or SEALs), who eventually embraced the 
procedure as a way to reduce dependence on corrective lenses  – an operational 
necessity for these service members. Thirty myopic active duty Navy and Marine 
personnel (−2.00 D to −5.50 D, ≤1 D astigmatism) were treated with the Summit 
OmniMed excimer laser and found no loss of BCVA, with all treated eyes reaching 
20/20 UCVA (uncorrected visual acuity)  [50]. Glare testing (contrast acuity and 
intraocular light scatter) was studied noted to return to preoperative levels by 12 
months after surgery. Additional PRK studies evaluated mesopic, low-contrast acu-
ity which also showed a return to baseline after surgery. With these early investiga-
tions, it was clear that PRK had potential to safely reduce dependence on corrective 
lenses in military personnel. However, there were several barriers to refractive sur-
gery in aircrew personnel: quality of vision after surgery needed more extensive 
investigation, and, based on the experience of RK, there were justifiable concerns 
about refractive stability in hypoxic, hypobaric conditions.

Ongoing with the evolution of PRK were efforts to identify alternative metrics of 
optical performance in aviators beyond high-contrast Snellen acuity [60]. The limi-
tations of high-contrast acuity testing is well known, especially since vision in flight 
involves low-light and low-contrast conditions. Two tests in particular were shown 
to be of value: low-contrast acuity and low-light low-contrast acuity. This is particu-
larly important in aviators; for instance, night carrier operations are widely regarded 
as the single most challenging and visually demanding task an aviator must com-
plete (Fig. 3.2). As such, visual quality and, in particular, low-contrast acuity were 

Fig. 3.2  Carrier landing operations pose a demanding visual task, particularly in low-light 
conditions 
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closely followed in early trials with the foresight toward the use of refractive proce-
dures in aviators. Ongoing study of PRK on non-aircrew military personnel reassur-
ingly supported that mean mesopic acuity was as good as or better than preoperative 
performance after surgery [50].

Refractive stability at altitude was one of the key areas of interest prior to 
approval. PRK was studied alongside RK and control myopic patients at the US 
Army Pikes Peak Research Laboratory (elevation 14,100 ft) [27]. In this study, con-
trol myopic eyes and PRK-treated eyes exhibited slight corneal thickening but no 
change in refractive error at altitude.

Numerous improvements in the PRK procedure during the 1990s resulted in a 
very low risk for long-term glare disability or reduced contrast sensitivity. In 1999, 
the US Navy entered into trials permitting PRK to be performed on designated avia-
tors and student aviator applicants, referred to as the “retention” and “accessions” 
studies. In the “accessions” study, 300 PRK patients entered flight training and were 
compared to over 4000 controls [53]. The PRK-treated patients had a lower attrition 
rate and performed as well as or better than their counterparts in academics and 
flight performance in all study metrics. Following the results of this study, new 
applicants were allowed to receive waivers for PRK in order to meet visual 
requirements.

As part of the “Retention of Naval Aviators PRK Study,” 785 aviators (150 pilots 
and 635 aircrew) received PRK between 2000 and 2005 [53]. In this study, 90% of 
aviators were eligible to return to flight duty without correction by 6 weeks. No 
aviator suffered visual complications precluding flight duty. The results of this study 
supported the role of PRK in designated aviators. With the results of these studies, 
PRK became approved for waiver in civil airmen and military aviators.

�Laser In Situ Keratomileusis

In the wake of the success with the adoption of PRK, attention shifted to laser in situ 
keratomileusis, or LASIK, a form of corneal refractive procedure which involves 
the creation of a flap in the corneal stroma, leaving the epithelium intact. After flap 
creation using a mechanical microkeratome or a femtosecond laser, the corneal flap 
is folded away from the ablation bed and the excimer laser then applied to the 
exposed stroma to reshape and treat refractive errors (Fig. 3.3). Following ablation, 
the flap is reseated and allowed to heal. Most patients experience prompt uncor-
rected visual improvement, and the visual recovery after LASIK is much faster than 
PRK. This is an attractive option for aviators as it substantially reduces postopera-
tive downtime. However, similar to PRK, rigorous clinical evaluation was needed 
before the procedure could be given the green light in aircrew. In the movement 
toward LASIK, emphasis was placed not only on the quality of visual outcomes but 
also on the integrity of the corneal flap.

Early retrospective comparisons of conventional PRK and LASIK on non-
aircrew personnel suggested that LASIK eyes experienced a mean loss of contrast 
acuity after surgery, which did not fully resolve over the follow-up time period [9]. 
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In this same study, PRK patients tended to experience fewer symptoms of glare and 
halo than LASIK. Study of night driving simulator performance on recipients of 
conventional LASIK revealed a decrease both in target detection and target identifi-
cation distance after surgery, with and without a glare source. Conventional LASIK, 
performed with the use of microkeratome for flap creation and standard ablation 
algorithms, was not ready for aircrew in its early stages.

Several technological advances would occur that would pave the way for the 
ultimate study and approval of LASIK in aircrew. Notably, the paring of wavefront-
guided (WFG) and femtosecond technologies would prove to be the pivotal step in 
optimizing visual outcomes (Fig. 3.4). Evidence had been accumulating that WFG 
technology offered the ability to correct optical aberrations, resulting in improved 
contrast sensitivity [22]. A matched dataset comparison of conventional LASIK and 
PRK with WFG LASIK provided supportive evidence that WFG treatments pro-
duce more predictable refractive outcomes than conventional treatments, with 
improved best corrected and low-contrast visual acuity [48]. Femtosecond-assisted 
LASIK had been independently evaluated in numerous studies on non-aviators and 
demonstrated to be safe and efficacious in the creation of flaps for the treatment of 
refractive error [12].

In the setting of building evidence supporting the role of these new technologies, 
direct comparison of mechanical microkeratome and femtosecond-assisted WFG 
LASIK in military personnel demonstrated faster visual recovery in the femtosec-
ond group, with a higher percentage of eyes reaching uncorrected acuity of 20/16 or 
greater [57]. Comparison of night driving performance after conventional and WFG 
femtosecond-assisted LASIK demonstrated significantly improved mean night 
driving visual performance [51]. The results of this study were instrumental in the 
decision to allow LASIK to become acceptable for civilian and military aviators, 
including astronauts.

Currently, all forms of LASIK and PRK are eligible for waiver for aviators in any 
role in civilian or military aviation. Formal approval of CRS in civilian aviators 

Fig. 3.3  Surgeon’s view 
during excimer laser 
ablation. In this LASIK 
procedure, the flap has 
been created and folded 
away from the ablation bed 
(Courtesy of SC 
Schallhorn)
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occurred in 2004. US Army pilots were eligible for waiver following the introduc-
tion of the Army Warfighter Refractive Eye Surgery Program, which was initiated in 
2000. Waivers for PRK in US Air Force pilots and aircrew began being granted in 
2000. Air Force aircrew received approval for LASIK in 2007. Approval of PRK in 
US Navy aviators and applicants first occurred in 2004, following the results of the 
“accessions” and “retentions” studies. Routine waiver recommendations for desig-
nated Naval aviators and aircrew for LASIK occurred in 2012 and for student appli-
cants in 2013. LASIK was also approved for use in astronauts in June, 2007. 
Presently, one current qualified astronaut has received LASIK, and in the most 
recent applicant cycle, several applicants were noted to have received some form of 
laser vision correction.

�Current Policies and Procedures

�Refractive Surgery Techniques - Advanced Ablation Profiles

�Wavefront-guided technology enables the measurement and quantification of lower- 
and higher-order optical aberrations through the methods of wavefront mapping. By 
convention, a clinical refraction, which is used to guide refractive surgery treatments, 

Fig. 3.4  Patient interface for LASIK flap creation using femtosecond laser technology. In this 
image, a specialized suction device is applied to the eye, designed to dock with the femtosecond 
laser for applanation of the cornea during flap creation (Courtesy of SC Schallhorn)
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is composed of sphere, cylinder, and axis: the so called lower-order aberrations. 
Coma and spherical aberration are common types of higher-order optical aberrations 
(HOA) which cannot be identified on a routine clinical evaluation, but can contribute 
to image blur and visual symptoms.

Two advanced ablation profiles have been developed to minimize HOA: (a) 
wavefront-guided (WFG) ablation, which creates a profile based on all ocular aber-
rations as measured by an aberrometer device, and (b) wavefront-optimized (WFO) 
ablation, which creates a profile based on the manifest refraction and is adjusted to 
reduce the induction of spherical aberration. These advanced ablation techniques 
have been independently evaluated in both PRK and LASIK. Spherical aberration 
can be significantly increased after a myopic conventional ablation profile, and both 
WFG and WFO procedures result in less induction (or reduction) of spherical aber-
ration with resulting improvement in visual quality [52].

Current recommendations for refractive surgery in aviators favor use of an 
advanced ablation algorithm. Military refractive surgeons routinely perform proce-
dures with these technologies on active duty service members, including aircrew, 
reverting to conventional ablation algorithms only in rare circumstances.

�Visual Outcomes of Corneal Refractive Surgery in Aviators

After the approval of laser vision correction in civilian and military aviation com-
munities, a wealth of knowledge has been generated underscoring the safety and 
efficacy of PRK and LASIK procedures across a variety of environments. The study 
of LASIK in  US Naval aviators demonstrated the safety of WFG femtosecond 
LASIK in aircrew with duties involving actual control of aircraft [56]. In this trial, 
548 eyes with myopia, 60 eyes with mixed astigmatism, and 25 eyes with hyperopia 
underwent WFG femtosecond LASIK. Uncorrected acuity of 20/20 was reached in 
98.3% of myopic/astigmatic eyes and 95.7% of hyperopic eyes, with almost all eyes 
maintaining spherical equivalent (SE) within ±1.00 D postoperatively. Low-contrast 
acuity (25% level) was improved in more than 40% of eyes in all groups. A subtle 
but statistically significant increase in HOAs was observed (root mean square +0.03 
± 0.10 μm standard deviation).

In a prospective study on 20 US Army UH-60 Black Hawk pilots, 22 eyes 
received PRK and 18 eyes received LASIK [62]. At 1 month after surgery, 10 of 11 
PRK patients were able to meet visual acuity standards to return to duty. One PRK 
patient had persistent corneal haze, which resolved at 3 months at which point he 
was able to return to flight status.

In a study on Air Force pilots in the Republic of Korea following the approval of 
CRS in 2007, 38 eyes of 20 subjects underwent PRK and were followed for 4 years 
postoperatively [32]. In this cohort, 89.5% of eyes reached UCVA of 20/20 or better, 
with no eyes losing any line of best corrected acuity. Refractions were stable at 4 
years despite high-altitude environmental exposure.
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�Safety

To date there have been no aviation mishaps directly attributed to complications 
following refractive surgery. There has been one report of a designated pilot being 
permanently taken off of flight status after PRK [10]. During the early postoperative 
period following uneventful PRK, a 46-year-old male C-130 senior pilot was placed 
on topical steroids for treatment of corneal inflammation and scarring. On postop-
erative day 24, the patient presented for evaluation with complaint of decreased 
vision and ocular pain. He was found to have ocular hypertension which necessi-
tated treatment with topical glaucoma medications. A non-arteritic anterior isch-
emic optic neuropathy was observed by postoperative day 29. On follow-up 
evaluation approximately 9 months after onset of symptoms, he was found to have 
severe visual field constriction in the affected eye with a best corrected acuity of 
20/50, resulting in removal from flight status.

�Altitude and Hypoxia

There have been a number of reports and evaluations of both PRK and LASIK in 
hypobaric and hypoxic environments. As previously discussed, in study atop the US 
Army Pikes Peak Research Laboratory at 14,100 ft, PRK-treated eyes exhibited 
slight corneal thickening but no change in refractive error [27].

In 2001, a published report described a temporary, reversible myopic shift with 
resulting loss of distance visual acuity in two climbers during an ascent to nearly 
23,000 ft. Both climbers had previously received uneventful myopic LASIK [4].

The effect of ambient hypoxia and low humidity was studied on active duty 
LASIK patients by Larys and Schallhorn (unpublished data) using modified goggles 
[Reduced Oxygen Delivery Device (RODD), Environics, Hartford, Connecticut, 
USA]. In this study simulating conditions of a nonpressurized V-22 Osprey aircraft 
at 25,000 ft, eyes were randomized to dry air or low humidity for 2.5 h. No signifi-
cant changes in refraction, uncorrected acuity, or contrast sensitivity were observed. 
Study of exposure to hypoxic conditions simulating an altitude of 35,000 ft simi-
larly revealed no significant changes to corneal curvature, refractive error, or visual 
performance on post-LASIK subjects [1].

�PRK and LASIK Topics

�Minimizing Risk of Corneal Haze

Corneal haze is a well-recognized complication of PRK, and is particularly of con-
cern to the aviator given its potential to degrade quality of vision. Haze is developed 
from subepithelial scarring following ablation and can lead to irregular astigmatism 
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and loss of UCVA. Modern WFG PRK procedures and ablation techniques are the 
result of a myriad of trials investigating methods to improve postoperative acuity 
and mitigate undesirable visual symptoms including the development of haze. The 
risk appears to correlate with the amount of tissue ablation [44], such that highly 
myopic patients are at relatively increased risk. The prophylactic application of the 
alkylating agent mitomycin C applied to the ablated corneal stroma following PRK 
reduces the risk of postoperative haze [61]. This technique, while surgeon depen-
dent, has become relatively widespread in use, including pilots and aircrew.

�Flap Stability

Following approval, ongoing efforts have been underway to evaluate flap integrity 
and visual stability under stresses of hypoxic and hypobaric conditions. 
Complications such as flap displacement or slip, if elicited by forces of acceleration, 
wind blast, rapid decompression, or other flight-related turbulence would poten-
tially be catastrophic. Study of the LASIK flap in simulated aircraft ejection envi-
ronments in rabbit models provided the groundwork supporting good flap integrity 
to extreme windblast forces simulating ejection [16]. Biomechanical studies of the 
flap revealed a significant wind blast force required to cause flap dislocation [25], 
and these forces are greater in femtosecond-created flaps when compared to micro-
keratome flaps [23].

The risk of flap displacement after LASIK has been studied in a large retrospec-
tive case series and found to be very low (0.012%) [8]. In this study, all flap dis-
placements occurred within 48 h of surgery and were not preceded by ocular trauma. 
The risk, while exceedingly low, may be higher following hyperopic treatments or 
use of microkeratome for flap creation.

There has been a report of a late traumatic flap displacement after LASIK in one 
activity duty service member, unrelated to aviation duties [14]. This individual 
experienced flap displacement following blunt trauma to the operative eye 2 months 
after LASIK, but prompt identification of this vision-threatening injury and transfer 
to a specialist allowed visual recovery to 20/20 uncorrected by as early as 7 days 
following the injury.

�Femtosecond LASIK

As a class, the advantages of femtosecond devices over microkeratome to create 
flaps for refractive procedures are numerous. Femtosecond lasers reliably generate 
accurate and precise flaps of programmable diameter and thickness, allowing for the 
tailoring of flap size to ablation zone. The flaps are planar in morphology, as opposed 
to the meniscus shaped flaps of the microkeratome, which are thicker at the edges. 
The side-cut angle is often customizable (Fig. 3.5), which can assist with proper flap 
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seating postoperatively and may reduce risk of flap dislocation. Lastly, femtosecond 
flaps tend to create a robust healing response in the peripheral side cut that has been 
associated with improved flap adhesion over a microkeratome created flap [23]. 
Side-cut angle is important to consider in flap adhesion, as inverted side cuts tuck 
the cut flap edge under adjacent stroma, providing a barrier to dislocation and reduc-
ing risk for epithelial ingrowth [24].

Femtosecond-assisted WFG LASIK is considered safe and efficacious in the 
treatment of refractive error and may facilitate faster visual recovery and a higher 
proportion of treated eyes reaching uncorrected acuity of 20/16 or better. Large 
retrospective study published following the approval in civil airmen provided fur-
ther evidence supporting outcomes of femtosecond-assisted LASIK [55]. However, 
femtosecond LASIK has its own unique complications, such as rainbow glare and 
transient light sensitivity syndrome [3, 33], which could pose potential hazards for 
aviation personnel. The incidence of rainbow glare and transient light sensitivity 
syndrome are rare, and if it occurs in aviators or aircrew, they should not be flying 
until it resolves to minimize distractions.

�Military-Specific Topics

�Ejection

For military aviation, refractive surgery has historically been controversial due to 
concerns about corneal safety and stability in ejection scenarios. There have been 
reports supporting the safety of PRK-operated eyes even in these environments 

Fig. 3.5  Side-cut angle is a parameter uniquely customizable by many femtosecond platforms. 
The side-cut angle can be inverted (>90°), whereby the flap margin can be tucked under the adja-
cent tissue, promoting proper alignment and seating (Courtesy of Abbott Medical Optics, Inc., 
Santa Ana, CA)
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which reassuringly supports the role of PRK in military communities [58]. For 
instance, the case of one aviator, 6 months out from PRK, ejected from a Navy S-3B 
Viking aircraft while performing field carrier landing practice. There were no visual 
consequences of the ejection, and follow-up examination demonstrated stable visual 
acuity. The mishap was unrelated to visual function or surgery. More recently, there 
has emerged a report of a male F/A-18F Super Hornet naval flight officer who 
ejected at 13,000 feet at speeds greater than 350 knots. The aviator had received 
LASIK 7 years prior, and following ejection, no flap related complications or defects 
were identified, with BCVA of 20/15 in both eyes [66].

�Additional Refractive Procedures and Related Topics

�Femtosecond Lenticular Extraction

A new technique has been developed which utilizes a femtosecond laser to correct 
myopia (without the need for an excimer laser), also called the small incision lenti-
cule extraction (SMILE). The technique involves using a femtosecond laser to cut a 
precisely defined lenticule at mid-stromal depth which is then removed through a 
side incision. The VisuMax Femtosecond Laser (Carl Zeiss Meditec, Dublin, CA) is 
currently the only femtosecond platform that has received FDA approval to perform 
the SMILE procedure for the correction of myopia [67]. Outside of the United 
States, approximately 700,000 procedures have been performed.

SMILE has potential advantages over PRK and LASIK for aviators. A recently 
conducted meta-analysis of 11 peer-reviewed studies which compared femtosecond 
lenticular extraction to femtosecond LASIK concluded that both procedures had 
comparable safety and efficacy in terms of refractive and visual outcomes and change 
in best corrected vision [65]. The femtosecond lenticular removal may result in fewer 
dry eye symptoms and less loss of postoperative corneal sensitivity. There are also 
reported biomechanical advantages that may make the cornea more stable and resis-
tant to trauma [46]. SMILE could reduce or eliminated certain LASIK flap complica-
tions, such as traumatic flap dislocation. In addition, the visual recovery should be 
significantly faster than PRK. Surveillance of visual outcomes by aviation communi-
ties will be needed to monitor for safety of this procedure in aviators and aircrew.

�Intrastromal Corneal Ring Segments

Intrastromal corneal ring segments (ICRSs) are FDA approved for the treatment of 
myopia. These are small devices made of PMMA (polymethyl methacrylate) which 
are implanted in the deep corneal stroma to modify the corneal curvature. Civil air-
men who have received the procedure may be eligible for waiver provided they meet 
all visual standards. This procedure is not approved for military aviators.
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�Phakic Intraocular Lens/Implantable Collamer Lens

Phakic intraocular lenses (pIOLs), also referred to as implantable collamer lenses 
(ICLs), are artificial intraocular lenses used for the treatment of myopia. Two lenses 
of this class are currently FDA approved: one iris fixated in the anterior chamber 
and one placed in the posterior chamber. A broad range of refractive errors can 
safely be treated, with rapid visual recovery and stable refraction [49]. The proce-
dure is a viable alternative for patients who are not good candidates for laser vision 
correction, such as those with dry eye disease, inadequate corneal stroma, or high 
levels of refractive error. Risks include endothelial cell loss, cataract formation, 
secondary glaucoma, iris atrophy, and traumatic lens dislocation [19]. The proce-
dure has not received dedicated evaluation by aviation communities. Civil airmen 
who have received this procedure are eligible for waiver. The procedure is currently 
considered disqualifying for military aviators, though waivers may soon be consid-
ered for non-pilots and aircrew.

�Refractive Lens Exchange

Refractive lens exchange (RLE) involves the removal of the clear natural lens and 
replacement with an implant; similar to cataract surgery, however, the procedure is 
performed without cataract formation. In this case, the indications are strictly refrac-
tive, with the procedure being offered to patients who would otherwise not be a 
candidate for laser vision correction, such as those with very high levels of refrac-
tive error. Hyperopia, myopia, and mixed astigmatism may be treated with RLE. As 
the procedure involves removal of the natural lens, accommodative abilities are lost 
after surgery. Refractive lens exchange outcomes are less published and have not 
been evaluated in aviation communities. Notable risks include retinal detachment, 
which may be as high as 8% in highly myopic patients, and posterior capsule opaci-
fication (PCO). The procedure is approved for civil airmen provided all vision stan-
dards are met. The procedure is considered disqualifying for military aviators. 
Waivers are considered for non-pilots and aircrew on a case by case basis provided 
vision standards and refractive standards are met, and there are no concerning com-
plications which may interfere with duties involving flying.

�Presbyopia and Monovision

Presbyopia, the progressive loss of lens accommodation with age, is a common 
issue in aviators over the age of 40. Currently there are a multitude of therapies 
available for the treatment of this condition, most commonly corrective lenses in 
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the form of bifocal spectacles or contact lenses. Multifocal contact lenses are 
FAA approved in civil aircrew, subject to a 1-month wait to allow for adaptation 
before returning to aviation duties. Monovision with contact lenses is not 
approved, as there have been concerns related to safety with this method after an 
airline accident was attributed to altered visual perception secondary to contact 
lens monovision [36].

There are select surgical options that have been utilized in the treatment of pres-
byopia, to varying degrees of success. In the realm of aviation, however, these surgi-
cal options have not been thoroughly evaluated. Most surgical corrections for 
presbyopia entail monovision, wherein one eye is corrected for distant vision and 
the fellow eye for near vision. In this type of procedure, stereopsis can be compro-
mised. Currently, no surgical treatment of presbyopia has been approved for use in 
military aviation.

�Laser Vision Presbyopia Correction

Laser vision correction has been utilized for the treatment of presbyopia, principally 
involving treatment with monovision. There are cases of surgical monovision being 
performed safely in aviators dating back to 1997 [29]. Surgical monovision is con-
ditionally approved for select civil aircrew following a mandatory postoperative 
waiting period of 6 months to allow for adaptation and completion of a medical 
flight test. There have not been large-scale studies to evaluate the safety of this 
modality in aircrew, though the use of contact lenses to achieve similar monovision 
effects has been identified as causal to at least one aviation mishap [36].

�Corneal Inlays and Presbyopia

Two types of corneal inlays are now FDA approved for the treatment of presby-
opia. Corneal inlays function to overcome the inability of the natural lens to 
accommodate. They may be surgically implanted into the anterior corneal stroma 
in either a LASIK flap or corneal pocket. Principally, there are three categories of 
inlays: refractive optics, corneal reshaping, and small aperture [26]. Refractive 
optical inlays utilize special materials to create a central area for distant vision, 
surrounded by one or more rings to add refractive power for near vision. Corneal 
reshaping implants modulate the anterior curvature of the corneal to enhance near 
and intermediate vision. Small-aperture inlays function like a pinhole to limit inci-
dent light rays to those parallel with the visual axis, thus minimizing the need for 
refraction and allowing for simultaneous near and distant vision. There is no offi-
cial policy on these procedures for civilian aviation and they are not approved for 
military aviators.
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�Laser Thermal Keratoplasty and Conductive Keratoplasty 
to Treat Presbyopia

Laser thermal keratoplasty (LTK) and conductive keratoplasty (CK) are noninvasive 
refractive procedures to treat presbyopia or low levels of hyperopia. In these two 
similar procedures, thermal energy is applied to the peripheral cornea, which heats 
and shrinks collagen fibrils, resulting in increased curvature of the central cornea 
and increased refractive power. In LTK this energy is supplied via a holmium/YAG 
laser; in CK a keratoplast tip is inserted and radiofrequency current is applied. These 
procedures have more or less been abandoned today. They have been previously 
been studied in non-aviators and found to be safe and efficacious [30, 31]. Both 
procedures are considered temporary, as the amount of correction will decrease over 
time. CK has also been studied in the treatment of hyperopic overcorrection of myo-
pic eyes after LASIK [6]. Civilian patients who have received this procedure are 
eligible for a waiver, provided at least 6 months has elapsed following surgery to 
allow for adaptation. A medical flight test may be necessary. This procedure is con-
sidered disqualifying for military aviation personnel.

�Cataract Surgery and Aviators

Of special mention in the discussion of refractive surgery in aviators is the topic of the 
development of cataracts and the cataract removal surgery. Cataract formation in the 
lens of the eye is the end result of complex, multifactorial, and incompletely under-
stood processes [21]. Replacement of an opaque cataract with a synthetic lens has ori-
gins tied with the aviation community [2]. Sir Harold Ridley was the first to note that 
aviators during World War II had insignificant and visually inert responses to foreign 
body fragments of aircraft canopies that had traumatically entered the eye. Canopies of 
the era were made of glass or PMMA (also known as ‘Plexiglas’), the latter of which 
would prove to be the material of choice for early intraocular lens operations.

Visually significant cataracts are considered disqualifying for aviators in any role, 
given the symptoms of glare and reduced acuity can be significant safety concerns 
for night operations. Aircrew have successfully received cataract surgery and 
returned to aviation duty dating back to the 1980s. A number of reports have emerged 
detailing the safety of aphakic or pseudophakic patients in civilian aviation roles 
[34]. Stability of the intraocular lens (IOL) in flight has been documented in military 
communities [20] and even one report in an astronaut with bilateral IOLs [28].

Visual disturbances related to cataract progression are typically problems of the 
aging aviator. Visually significant cataracts, manifest by decreased visual acuity out 
of required standards, positive glare test, or debilitating symptoms, are considered 
disqualifying for all aviators. However, provided the patient meets visual acuity 
standards postoperatively, cataract surgery requires no waiver from the FAA. There 
is a mandatory 3-month wait for multifocal or accommodative lens implants after 
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surgery to allow for adaptation. Waivers may be issued for military aircrew on a case 
by case basis.

Evidence has accumulated over time that aircrew, and indeed astronauts, are at 
higher risk for cataracts and tend to present at a younger age. The extent to which air-
crew are at increased susceptibility to this common, age-related condition has been 
difficult to quantify. In a population-based case-control study of 445 men, the odds 
ratio for nuclear cataract for pilots compared with non-pilots was 3.02 (95% confidence 
interval 1.44–6.35), adjusted for age, smoking status, and sunbathing habits. The etiol-
ogy of this increased cataract risk has been difficult to attribute to interaction with the 
flight environment, with specific considerations directed toward increased radiation 
exposure associated with high altitudes. Incidence may be highest in astronauts [45].

In a study exploring the mechanisms of cataract in US Air Force and Navy avia-
tors as well as astronauts, aviators tended to develop subcapsular cataracts, in com-
parison to cortical cataracts in astronauts [21]. The increased risk in aviators may be 
associated with various forms of occupational radiation exposure, such as UV and 
gamma radiation. In astronauts, there is interest in further understanding the effects 
of cosmic radiation exposure and cataracts, with studies demonstrating some degree 
of association between severity of cortical opacity and radiation [7].

�Waiver Process for Refractive Surgery

Currently, all forms of PRK and LASIK are considered disqualifying for aviation 
for civilian and military pilots and aircrew, though waivers are routinely granted for 
these procedures. Eligibility for CRS among aircrew correlates with prevalence of 
ametropia and corrective lens use. In a retrospective review of US Air Force pilots 
from 1999 to 2008, among 12,951 pilots, 41% (5312) required corrective lens use 
for flight duty [64]. An estimated 2731 of these pilots would meet cycloplegic 
refraction criteria for CRS. At time of writing, an estimated 7.0% of these eligible 
pilots had received CRS.

PRK remains the preferred form of refractive surgery, including in aviators, pri-
marily due to patient preference. The Naval Aerospace Medical Institute (NAMI) 
staff routinely encourage LASIK over PRK for aviation personell and civilian appli-
cants to avoid potential complications of corneal haze, but final decision rests with 
the patient and surgeon. The Naval Aeromedical Reference and Waiver Guide states 
that WFG femtosecond LASIK is the preferred treatment of choice for designated 
aviators and applicants.

�Civil Aviators

Regardless of specific roles or community, the general policies outlining CRS are to 
maintain acceptable levels of safety. For civil airmen, the FAA requires that airmen 
with refractive surgical procedures by removed from flying duties until adequate 
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healing has taken place, vision is stable, and no significant adverse effects or compli-
cations have occurred [43]. For most refractive procedures, including PRK and 
LASIK, aviators may return to duty with their valid medical certificate under 14 
Code of Federal Regulations section 61.53 as soon as the eye care provider gives 
authorization and appropriate visual acuity standards are met. A report of eye evalu-
ation (FAA Form 8500-7) will need to be completed by the eye care provider and 
provided to the aviation medical examiner (AME) at the next scheduled FAA medi-
cal examination. This report should detail that appropriate postoperative healing has 
taken place, visual acuity is stable, and there are no complications or residual debili-
tating symptoms, such as glare, haze, or halos. Once this report has been documented 
at the next AME visit, special issuance of a medical certificate may be granted. The 
report may also be submitted to the FAA Office of Aerospace Medicine, stating:

(T)he airman meets the visual acuity standards and the report of eye evaluation indicates 
healing is complete, visual acuity remains stable, and the applicant does not suffer sequela, 
such as glare intolerance, halos, rings, impaired night vision, or any other complications.

Airmen are able to pursue refractive procedures on their own capacity, with 
online educational resources supplied by the FAA [38]. Online guides are available 
for aviation medical examiners [17].

Refractive monovision is approved in civil airmen, with additional regulatory 
precautions. For medical certification, a 6-month adaptation period is mandatory. 
During this waiting period, corrective lenses may be used to meet visual acuity 
standards for both eyes. At the completion of the 6-month waiting period, a medical 
flight test authorized by the FAA Aerospace Medical Certification Division is neces-
sary. After successful completion of the medical flight test, a Statement of 
Demonstrated Ability may be issued. In additional circumstances where there may 
be concern for quality and function of vision, not restricted to monovision, a medi-
cal flight test may also be performed.

�Military Pilots and Aircrew

For current and prospective military aviators, current policy dictates that laser vision 
correction procedures are considered disqualifying for aviation duties, however 
these policies are in flux and may be subject to change. PRK and LASIK are rou-
tinely eligible for waiver, depending on pre-operative refraction, with distinct 
guidelines for active duty aviators and new applicants. Designated aviators and air-
crew are eligible to pursue refractive surgery at Department of Defense centers pro-
vided they are good candidates for the procedure and receive command approval. 
Civilian applicants may receive the procedure on their own expense in order to meet 
vision standards. There are currently limits on refractive correction that impact 
waiver eligibility, which vary for designated pilots, aircrew, and applicants.

Civilian Student Naval Aviator applicants are limited to +3.00D to −8.00D of 
sphere, 3D of cylinder, and 3.50D of anisometropia with a six-month wait time prior 
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to military entrance; civilian non-aviator applicants may have pre-op hyperopia up 
to +6.00D of sphere, all other parameters being equal. Designated naval aviation 
personnel may have any pre-op refraction prior to PRK, and for LASIK +6.00D to 
−11.5D sphere pre-operatively. US Air Force and US Army standards are similar.

The waiver process for designated aviators  and aircrew is initiated after they 
have received surgery. Mandatory postoperative recovery time before waiver eligi-
bility will vary by procedure (PRK or LASIK) and the type and level of refractive 
treatment administered. As an example, current wait times for designated naval 
aviators are as follows:

	1.	 A PRK waiver request may be submitted after the following wait periods:

	(a)	 Myopia −6.00 diopters or less spherical equivalent (SE): 3 months
	(b)	 Myopia greater than −6.00 diopters SE: 6 months
	(c)	 Hyperopia SE: 6 months

	2.	 A LASIK waiver request may be submitted after the following wait periods:

	(d)	 Myopia correction up to −11.5D SE: 2 weeks
	(e)	 Hyperopia up to + 4D SE: 4 weeks
	(f)	 Hyperopia greater than +4D SE and up to +6D SE: 8 weeks

Once the mandatory recovery period has elapsed, the service member will report to 
their local eye care provider. A vision questionnaire will be completed to ensure the 
absence of debilitating visual symptoms such as glare or halos. Once the eye care 
provider has determined that healing has completed, there are no adverse postopera-
tive symptoms, and the patient meets all vision standards for their class, recommen-
dation for return to full duty will be forwarded to the flight surgeon. The flight 
surgeon will perform a complete examination to ensure there are no other adverse 
sequelae. An “Aeromedical Summary” (AMS) may then be completed by the flight 
surgeon or eye care provider. The AMS details the patient’s flight role, preoperative 
and postoperative examination, operative reports, and any residual symptoms or 
findings which may impact return to aviation duty. Reports from the flight physical 
examination and AMS will be forwarded to NAMI for review by an Aerospace 
Ophthalmologist or Aerospace Optometrist. If deemed warranted, NAMI will then 
make a recommendation for waiver to the Bureau of Personnel (Navy) or 
Commandant of the Marine Corps (US Marine Corps), who will make the ultimate 
determination to issue the waiver for return to flight duty.

�Final Thoughts

The advent of corneal refractive surgery into the realm of aviation has been the 
focus of extensive research over the last several decades. The aviation environment 
is filled with noxious ocular stimuli, including hypoxia, hypobaria, low humidity, 
and circulating particulate matter. Spectacles and contact lenses remain the most 
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common form of vision correction utilized, but can be ill suited to turbulent forces 
or incompatible with modern avionics equipment. The refractive procedures PRK 
and LASIK are safe and efficacious methods to reduce dependence on corrective 
lens use and have been well validated in a number of aviation communities. SMILE 
may represent the future of refractive surgery in pilots and aircrew. Refractive pro-
cedures have and will continue to play an important role for current and future 
generations of aviation crewmen (Fig. 3.6).
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Chapter 4
Night Vision and Military Operations

Kraig S. Bower, Rose Kristine C. Sia, Denise S. Ryan, Bruce A. Rivers, 
Tana Maurer, and Jeff Rabin

�Night Vision

The human eye has the ability to see in a wide range of light intensity spanning 
nearly ten log units. Visual processing, including spatial detection, discrimination 
and recognition, temporal vision, color vision, as well as peripheral and night vision 
are predicated on normal retinal function which includes both rod (low-light, night-
time) and cone (higher light, daytime) retinal photoreceptors. Importantly, these 
duplex systems do not operate independently but interact to allow a continuum of 
optimal vision performance. Under high light conditions (e.g., clear sunny day), the 
photopic division of the visual system is utilized; cone photoreceptors are active 
allowing high visual acuity and color perception. Under very low light conditions 
(e.g., starlight), the visual system switches to scotopic division; rod photoreceptors 
become primarily active mediating low light-sensitivity, with decreased visual acu-
ity and color perception. Mesopic vision operates under intermediate illumination 
(e.g. moonlight); rods and cones are both active allowing for enhanced sensitivity, 
color vision and usable visual acuity [81] (Fig. 4.1). The eye usually adapts rapidly 
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to changing background light levels. When shifting from photopic to scotopic con-
ditions, recovery of light-sensitivity in the dark becomes slower following an expo-
sure to bright light, a phenomenon called dark adaptation. In this process, the cone 
photoreceptors become completely dark-adapted first, occurring within 5–8  min 
(rapid phase) whereas rod photoreceptors take longer, about 40–50  min to fully 
adapt [52].

In the United States Military Physical Profile Serial System, visual acuity is used 
to evaluate an individual service member’s physical visual capacity. As it is an 
assessment of the resolution limit of the visual system, it is a sensitive measure of 
changes in refractive error [78] and is conventionally used to assess overall visual 
function. The visual acuity standard is an essential component to determine enlist-
ment induction, retention standards, military occupational specialty eligibility, and 
combat vision readiness [75]. Although screening for vision readiness may differ 
for each military service branch, visual acuity requirements remain nearly identical 
[22]. A minimum distance visual acuity of 20/40 in at least one eye with or without 
eyeglasses is required by the Army and Navy to determine vision readiness unless 
the occupational specialty calls for a more stringent requirement [22].

These standard visual acuity tests are an important baseline, but under certain 
circumstances they may not be sensitive enough to detect subtle visual changes. A 
study by Applegate and associates showed that in healthy individuals with excellent 

Fig. 4.1  Photopic, mesopic and scotopic visions. Photopic vision operates under high ambient 
light conditions (e.g. clear sunny day); mesopic vision functions under intermediate light condi-
tions (e.g. moonlight) and scotopic vision operates under low light conditions (e.g. starlight). Pupil 
size varies according to ambient light levels, generally between 2 mm, in photopic level, and 8 mm, 
in scotopic level. Photopic vision is mediated by cone photoreceptors only, mesopic vision by both 
cones and rods and scotopic vision by rods only. Peak contrast sensitivity function is near 8 cycles 
per degree (cpd) at photopic level and decreases to near 1 cpd at scotopic level [74]
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photopic high contrast visual acuities (i.e., 20/17 or better), variations in optical 
image quality did not appear to influence their performance when testing photopic 
high contrast visual acuity but it did impact their visual acuities under more chal-
lenging conditions, such as in low contrast and/or low luminance levels [2]. In 
another study by Subramanian and colleagues, a group of healthy volunteers from a 
Special Operations unit was tested for their best-corrected photopic visual acuity 
and their performance was observed to diminish with decreasing contrast level and 
night sky condition [64].Visual acuity, performed under mesopic and scotopic con-
ditions, may be more sensitive to early visual functional changes which are valuable 
not only in detecting and monitoring ocular dysfunctions but also in predicting per-
formance at night [5, 6].

In addition to visual acuity measurements, contrast sensitivity is also a signifi-
cant measure of visual function in relation to perceived visual performance. As the 
‘real world’ is composed of objects of varying sizes and contrasts, the clinical use 
of contrast sensitivity is based on the assumption that it can predict whether an indi-
vidual has difficulty seeing objects encountered in everyday life [44]. In the military 
context, contrast sensitivity testing measures the ease or difficulty in detecting sizes 
and structural details of objects; given the variety of environments in which service 
members operate in, contrast sensitivity may be more operationally relevant than 
traditional letter chart acuity [66]. According to Barbur and Stockman [4], occupa-
tional environments usually contain stimuli three times the limit of spatial resolu-
tion. In military operational environments, target acquisition may require service 
members to perform at their resolution limits necessitating optimal resolution and 
contrast sensitivity to achieve optimal visual performance.

�Night Vision Systems

Night vision involves different visual functions which may vary significantly 
with changing light levels. Changes in visual function are well-recognized and 
include decreased visual acuity in central and peripheral locations, as well as 
reduced contrast sensitivity for all spatial frequencies [77]. Night vision systems, 
such as image intensifiers and thermal imaging systems, have considerable capa-
bilities and allow the expansion of night operations. Visualization through night 
vision systems has improved situational awareness and spatial orientation which 
in turn enhances navigation, threat detection, target acquisition and weapons 
deployment [32].

According to the Night Vision and Electronic Sensors Directorate, the develop-
ment of image intensification systems began in the 1940s with the use of Sniperscopes 
during World War II (http://www.cerdec.army.mil/inside_cerdec/nvesd/history). 
While limited, Sniperscopes initiated more advanced night vision technology. The 
1970s saw development of the first night vision goggles (NVGs) and use of forward 
looking infrared (FLIRs) systems for ‘seeing’ at night as well as through smoke, fog 
and other obscured conditions. Night vision systems progressed significantly in  
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the subsequent years, expanding military capabilities, including aided target detec-
tion and recognition. Night vision technologies including NVG and FLIR have been 
crucial in recent conflicts, significantly enhancing operational capabilities and per-
formance. Exploitation of night vision systems has significantly impacted night 
operations which is vital for around-the-clock combat readiness.

Under favorable ambient illumination such as a full moon and clear sky, the out-
put luminance of NVGs is in the low photopic range whereas under more challeng-
ing ambient conditions such as overcast moonlight or starlight, the output luminance 
of an NVG is under mesopic range [12]. NVGs are designed to amplify ambient 
light (Fig. 4.2). Long wavelength visible and near infrared light (600–900 nm) are 
captured through an objective lens of the image intensification device and are sent 
to an infrared-sensitive photocathode which converts photons to electrons. The 
released electrons are then amplified within a microchannel plate. Once the elec-
trons from the microchannel plate hit the phosphor screen, the electrons are con-
verted back to photons creating a green visible image that can be viewed through an 
eyepiece (Fig. 4.3) [64]. Previous research has shown that NVG-aided visual acuity 
exceeds unaided visual acuity under the same ambient luminance conditions [39]. 
This, however does not imply that visual acuity will be as good as in the daytime. 
Under optimal night conditions, an individual with 20/20 daytime vision can expect 
no better than 20/50 vision with second-generation NVGs and 20/40 vision with 
third-generation NVGs [63, 70]. Furthermore, as NVG works by amplifying avail-
able light, NVG-aided visual acuity may be dependent on the display luminance of 
the NVG. This relationship may be mainly attributed to the quantal fluctuations in 
light intensity rather than optical factors such as accommodation, pupil size and/or 
high order aberrations [64]. The effectiveness of NVGs may be significantly reduced 
under conditions such as rain, snow, dust, haze, fog, and smoke [17].

Fig. 4.2  Sample imagery 
through an image 
intensification device
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Contrast sensitivity (CS), which assesses the ability to detect and/or recognize 
low contrast stationary or moving targets, can be decreased through NVGs. Both 
spatial and temporal contrast sensitivity were lower through NVGs compared to CS 
in response to stimuli presented without the NVGs in place but at brightness (lumi-
nance) and chromaticity (green color) levels which matched those of the NVG dis-
play. Hence CS can diminish through NVGs due to optical attenuation and 
electro-optical noise, even under optimal ambient levels of illumination [48, 49].

NVGs must be properly adjusted for optimal clarity and aligned to the visual axis 
to approach the best level of acuity. Aviators who are experienced in using NVGs 
have been shown to achieve visual acuity ranging from 20/50 to 20/55 with their 
‘usual’ adjustment method. Visual acuity significantly improves to a range of 20/45 
to 20/50 when adjustment is performed using the standard NVG resolution chart 
whereas visual acuity of 20/30 to 20/40 may be achieved with proper adjustment 
training such as in an NVG test lane [15]. Moreover, the prolonged use of improp-
erly adjusted interpupillary distance on NVGs (e.g., PVS-5A) may induce shift in 
lateral phoria as a byproduct of additional convergent or divergent efforts. This has 
been implicated in reports of aviators failing stereoscopic depth perception tests 
after a prolonged flight training employing NVGs [61].

As part of the possible NVG adjustments, NVG systems have built-in spherical 
lens oculars allowing spherical refractive corrections ranging from +2.00 diopters 
of hyperopia to −6.00 diopters of myopia. Astigmatism of up to ±1.00 diopter may 
be corrected by spherical equivalent [19]. Prior to the availability of refractive sur-
gery in the military, older models of NVGs such as AN/PVS-5 and 5A were incom-
patible with aviators with refractive error. These “full frame” goggles have an 
occluding face-plate (Fig. 4.4) which precluded the use of spectacles for individuals 
with refractive errors exceeding the corrective limits of the goggles [19].

Fig. 4.3  Schematic representation of image intensification device i.e., night vision goggles 
(Adapted from Subramanian et al. [64])
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Another challenge presented to users of night vision systems is display lumi-
nance and the impediments associated with switching between two types of imag-
ing devices from higher luminance to lower luminance. Luminance of the NVG 
display is typically in the mesopic to low photopic range (0.3–2.0 foot-lambert) and 
remains relatively constant in any one night sky condition whereas luminance of the 
FLIR display can be adjusted to be nearly 100 times brighter than the NVG display 
(Fig. 4.5). In a simulated experiment, the investigators demonstrated that shifting 
from higher to lower luminance may increase adaptation demands causing transient 
visual loss of up to 4 s, reduction of visual acuity and contrast sensitivity [50]. 
Recent developments in next generation devices which combine image intensifica-
tion and forward looking infrared systems will attempt to highlight the benefits and 
reduce the limitations of both systems.

�Challenges in Night Vision

Night vision, whether aided or unaided, is susceptible to several physiologic factors. 
It is known that certain ocular diseases such as retinitis pigmentosa as well as lack of 
essential nutrients such as Vitamin A and zinc can decrease night vision. Moreover, 
in healthy individuals various factors including age, pupil size, astigmatism [6, 46, 
67] as well as oxygenation [11] and acceleration can impair visual performance at 
night [68]. Dark adaptation gradually slows down and mesopic and scotopic visual 
performance decline with age during adulthood [26, 27, 46]. Healthy older adults 
require significantly more time to dark adapt compared to younger adults [27]. Pupil 
size generally varies between 2 and 8 mm when shifting from bright light to very 

Fig. 4.4  AN/PVS-5 night vision “full frame” goggles
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dark conditions. Under low light, increased pupil size reduces retinal image quality 
due to increased higher order aberrations, such as spherical aberration and coma, as 
well as light scatter in the eye which in turn, decreases visual acuity and contrast 
sensitivity [4]. Uncorrected astigmatism may lead to non-optimal NVG visual acuity. 
Astigmatism <1.00 diopter have minimal impact while greater amounts of uncor-
rected astigmatism significantly decrease NVG acuity [31]. Consistent with this find-
ing, astigmatism exceeding 0.75 diopters may result in greater mesopic visual 
function complaints in post-refractive surgery patients [30].

Another challenge to vision is high altitude. Aviators as well as ground forces 
operating in a high altitude environment may be exposed to hypobaric hypoxic 
stress. A mild hypoxic state, like breathing air at an altitude of 10,000 ft (3048 m) 
for a short duration, can diminish visual performance progressively with decreasing 
light conditions. Furthermore, reduced mesopic visual acuity and contrast sensitiv-
ity may also be observed in an even milder hypoxic state (equivalent to breathing at 
8000 ft or 2438 m). On the other hand, supplemental oxygen appears to improve 
low contrast acuity and can extend functionally useful vision to lower light levels 
suggesting that visual performance is oxygen-dependent [10, 11]. Continued 
impairment of night vision may be manifested during sustained hypoxic state such 
as during a sojourn at high altitude. The effects of high altitude to dark adaptation 
are rapid and sensitive. Hypoxia can have a critical and systematic degrading influ-
ence on the efficiency of dark adaptation. This effect was observed during a course 
of high altitude exposure which was more apparent during the first 10 min. Recovery 
also appeared to be rapid and substantial upon return to sea level or oxygen supple-
mentation [33].

Fig. 4.5  Sample imagery through a forward looking infrared device
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While NVGs are normally used when visual capabilities are unimpaired by oxy-
gen deprivation, use of NVGs at high altitudes could potentially impair perfor-
mance. However, NVG-aided contrast sensitivity appears relatively unaffected by 
oxygenation state. The preservation of the NVG-aided contrast sensitivity is possi-
bly due to its dependency on the goggles’ gain [12, 13, 72].

Visual changes are well-recognized consequences of exposure to high-speeds. 
With modern weaponry and vehicle performance, service members, such as fighter 
pilots, may also be subjected to high accelerations. In this environment, there is a 
significant rise in mesopic luminance threshold (i.e., reduced sensitivity) at +2 Gz, 
+3 Gz (head to foot acceleration) and +2 Gy (lateral acceleration). Reduced contrast 
sensitivity may be due to decreased retinal blood supply secondary to blood shifting 
to lower extremities, reduced cardiac output and/or cerebrovascular constriction 
associated with hyperventilation. Blood shift may be the primary factor contributing 
to the changes in contrast sensitivity in +2 Gz and +3 Gz environments but not in a 
+ 2 Gy environment [68]. Specialized trainings such as anti-G straining maneuvers 
[20] have allowed military pilots as well as astronauts to increase tolerance to high 
acceleration and safely operate under such conditions.

�Night Performance

Marksmanship is a common task for all military service members. For these indi-
viduals, effectively engaging a target undoubtedly calls for adequate visual per-
formance. One study observed that individuals with visual acuity of 20/32 or 
better were more likely to hit a target [22]. Another study showed that the number 
of missed targets doubled at 20/50 resulting in 71% decrease of marksmanship 
performance [75]. Both studies indicate that marksmanship is affected by visual 
acuity at daytime and at nighttime [75] and corroborate the validity of the vision 
classification system and the importance of the aforementioned vision readiness 
standards of the U.S. military. These studies also highlighted the importance of 
vision correction to maximize vision performance, especially for deployed 
military.

Night driving entails mesopic vision as ambient light sources are usually available 
during operations. Under limited illumination, driving at night is considerably more visu-
ally demanding than driving during the day. Recognition of road signs, obstacles and 
pedestrians while driving at night can be significantly degraded under low light condi-
tions, and this problem may be more pronounced in older drivers [77]. Overall nighttime 
driving performance is significantly impacted by reduced visual acuity compared to day-
time conditions [76]. There is also a greater risk of nighttime accidents with reduced 
mesopic vision and increased glare sensitivity [3]. In the military, there are certain 
instances when service members are required to drive during periods of darkness and 
limited visibility. Such missions are carefully planned in order to avoid catastrophes as 
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more accidents and incidents are encountered during night operations than their day-
time counterparts [28]. Availability of image intensification systems offers wheeled 
vehicle operators the ability to accomplish their mission even in conditions that would 
not otherwise be possible. Military manuals are available to address techniques and 
procedures and specific considerations for using NVGs for driving. Driving using 
NVGs safely and effectively depends on the operator’s overall proficiency in NVG use 
and habituation under these conditions, to include a limited field of view and ambient 
light adjustments.

The daily tasks of military service members include the ability to discriminate 
objects of military relevance. An object of interest may provide visual clues to help 
discriminate between friendly forces, combatants and civilian/non-combatants. The 
hierarchy of target acquisition begins with a target being detected as militarily rel-
evant which may be followed by an action to perform higher levels of discrimina-
tion, such as classification, recognition, and identification. Typical target acquisition 
tasks may include detection and identification of combat vehicles, detection of per-
sonnel, and discrimination between handheld objects and weapons. The U.S. mili-
tary rules of engagement generally require positive identification of a target prior to 
action, such as use of force against an enemy target [38].

Before the identification of a target can take place, one has to locate the target 
first. Locating a possible target occurs during a search task. Generally, a search 
task consists of an operator viewing a specific portion of a scene and, if an imag-
ing system is used, the operator adjusts the device to get a better look at any “tar-
get like” areas encountered to determine if a target is, in fact, present [38]. During 
scotopic search, studies have shown that scotopic contrast sensitivity is signifi-
cantly reduced with a functional scotoma in the fovea. When the fovea is not 
functional, the brain adjusts to meet some properties of rod vision. This implies 
that humans are able to modify their search behavior as ambient light level 
decreases [45]. In a search and rescue exercise at sea, visual acuity and color 
vision did not seem to correlate with life raft detection using NVGs, which seems 
reasonable since NVGs use only a single green color to identify objects and life 
raft detection likely involves detection of low spatial frequencies which are less 
acuity dependent. The combination of life raft light and NVGs in night searches 
seemed to be as effective as daytime searches with unlit rafts. Night searches for 
unlit rafts were influenced by weather conditions and not by individual differ-
ences. As NVGs amplified life raft light, detectability was not limited by human 
performance and weather conditions [16]. Once a target has been detected and 
localized, it can be identified. The ability to identify military targets at night has 
been shown to directly correlate with dark adaptation, scotopic retinal sensitivity 
and contrast sensitivity under mesopic condition but not visual acuity. However, 
only scotopic retinal sensitivity and mesopic contrast sensitivity metrics are 
reproducible, making them suitable for assessing night vision ability in pilots and 
military personnel [35].
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�Refractive Surgery

Military personnel rely on visual performance and a reliable way to improve this 
performance is to enhance the warfighter’s vision with refractive procedures that 
reduce or eliminate dependence on corrective lenses. There are several benefits that 
refractive surgery offers over glasses or optical inserts in a military context. It opti-
mizes vision without the constraints of glasses, which may break, get scratched, or 
degrade due to environmental conditions (fog, rain, salt spray, sand etc.). Optical 
inserts which correct vision in masks can become dislodged or may limit peripheral 
vision. Sophisticated weapon systems can require goggles, headgear, or ballistic 
protection whose functionality may be impeded by glasses.

Contact lens wear can eliminate some of the interface obstacles inherent with 
spectacles, but aside from exceptions for authorized Air Force Personnel, use during 
deployment is prohibited by Department of Defense policy. This prohibition is a 
consequence of numerous cases of contact-lens related issues including keratitis, 
ulcers and infiltrates (DOD policy, [14, 69]). Refractive procedures avoid these 
aforementioned shortcomings. In fact, given operational demands and environmen-
tal extremes, there is no other profession that has benefited as greatly from refrac-
tive surgery as the military [7, 21, 58, 64, 65, 71].

Not only is refractive surgery an operational amplifier, refractive surgery 
enhances the quality of life and individual readiness of service members. A survey 
of Naval Aviators who underwent LASIK showed 95.9% of aviators felt improve-
ment in their individual readiness and overwhelmingly would recommend the sur-
gery to others (99.6%) [65]. These findings were similar to a review of the Army’s 
Warfighter Refractive Eye Surgery Program (WRESP) of Soldiers returning from 
deployment [55]. Respondents were asked to rate how their capabilities changed in 
relation to the following tasks as a result of their refractive surgery: weapon sighting 
ability, night operations, ability to weather extreme environmental conditions, and 
use of personal protective equipment. Their capabilities in accomplishing the fol-
lowing tasks were rated as “better” or “much better” in weapon sighting ability 
(91.4%), use of night vision goggles (86.2%), operations in extreme environments 
(74.2%) and use of personal protective equipment (88%). When asked to rate the 
impact of refractive surgery on their deployment, 95.2% of soldiers felt their indi-
vidual readiness was “better” or “much better”, while 93.4% felt they were better 
able to contribute to their unit’s mission [21, 55]. Refractive surgery also provides 
an opportunity for Service members to apply for occupational specialties for which 
they were previously not eligible due to restrictions of uncorrected visual acuity or 
refractive error, augmenting the pool of applicants to specialty programs, such as 
Aviation and Special Forces [21, 65].

While refractive surgery reduces the dependence on glasses, studies on vision after 
treatment with conventional lasers have reported reduced contrast sensitivity [8, 9, 25, 
57]. The reduction of contrast sensitivity has been attributed to an observed multifac-
torial increase in higher order aberrations (HOA) [36, 43, 47, 79]. The lower order 
aberrations are typically referred to as the refraction of the eye in the form of sphere, 
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cylinder and axis. HOAs such as coma, spherical aberration, and trefoil, especially 
when aggregated, can negatively influence visual performance [36]. The relationship 
between vision performance and HOAs is complicated and improvements in laser 
technology have reduced but not eliminated the adverse effects of the refractive-sur-
gery induced HOAs [23, 34, 37, 40, 60, 62, 65, 73, 80, 82].

Even though studies have reported a correlation between contrast sensitivity func-
tion and performance tasks [42, 44], the change in contrast sensitivity after refractive 
surgery has not been found to correlate with task performance [38, 56, 66]. Although 
measurable under clinical conditions after refractive surgery, reduced contrast sensi-
tivity is difficult to directly correlate with decreased functional performance [60, 71]. 
Observing changes in functional performance may be challenging to parse out due to 
the multifaceted involvement of senses, complexity of the task, and adaptation to 
visual changes post refractive surgery. Furthermore, [71] suggested experience may 
overcome visual decrements in controlled flight tasks. However, a study by Kaupp 
and associates did find a correlation between clinical measures of quality of vision 
and night driving visual performance [29]. Ongoing performance studies are under-
way at Warfighter Refractive Eye Surgery Programs to continue to explore this inter-
action and to continue low contrast, low light and vision analysis.

The advent of advanced lasers has, in addition to diminishing the reduction in 
contrast sensitivity, reduced night vision difficulties such as increased sensitivity to 
glare and appearance of halos after refractive surgery [34, 37, 41, 60, 65, 73, 82]. As 
reported by Maurer et al. [38], night vision symptoms increase in conditions where 
the pupil diameter is greatest (mesopic and scotopic) as a product of surgically-
induced HOAs [38] Numerous studies have evaluated the performance profile of 
upgraded lasers, to include advanced laser ablation profiles, laser centration, and eye 
tracking, and have found improved outcomes and the moderation of some, but not 
all, of these symptoms [23, 60, 62] Furthermore, a study of contrast sensitivity after 
advanced laser ablation with either PRK or LASIK showed improvement from pre-
operative performance (Fig. 4.6) [53]. While night vision disturbances secondary to 
large pupil size have been mitigated by both larger treatment zones and dynamic 
treatment profiles, it comes at the cost of increased tissue removal and possibly a 
more aggressive healing response. Multiple factors cause night vision problems and 
studies are ongoing to identify and quantify these factors. Ultimately, appropriate 
patient selection is still the most critical aspect of warfighter vision enhancement. 
Counseling of physical limitations (i.e. large pupil size, level of correction), age, 
realistic expectations, risks, technology available, and occupational limitations must 
all be considered when selecting appropriate candidates for refractive surgery.

There are some options to counter or neutralize night vision disturbances after 
refractive surgery. Additional wavefront-guided treatment after conventional sur-
gery has been shown to moderate significant night vision symptoms [1, 51]. 
Pharmacological treatment has also been shown to transiently improve contrast sen-
sitivity in patients with significant night vision symptoms post-refractive surgery 
[18]. Adoption of precision tools that have been developed, such as the enhanced 
night vision goggle (Fig. 4.7), a hybrid of image intensification and passive thermal 
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imaging, as well as thermal weapon sight, heightens visibility in inclement environ-
ments. However, these advanced tools must take into consideration the aforemen-
tioned challenges that may present when using image intensification devices: 
decreased sensitivity due to illumination conversely balanced with low light in 
which pupils dilate, increasing aberrations and scattered light.

A series of task performance studies have been completed to ascertain the impact 
of refractive surgery on night vision. Night firing studies using NVGs or a 
weapon-mounted forward-looking infrared (FLIR) thermal sight have shown uncor-
rected vision firing performance significantly improved postoperatively after  
photorefractive keratectomy (PRK) [7, 56, 64] and LASIK ([7], Ryan, unpublished 

Fig. 4.6  Visual performance on SuperVision high contrast visual acuity (a) and contrast sensitiv-
ity (b); low-contrast visual acuity (LCVA): photopic visual acuity at 25 % contrast (c) and 5 % 
contrast (d); mesopic visual acuity at 25% contrast (e) and simulated night vision goggle (f) after 
wavefront-guided (WFG) PRK, wavefront-guided LASIK, wavefront-optimized (WFO) PRK and 
wavefront-optimized LASIK. For logMAR, decreased values indicate improvement. For logCS, 
increased values indicate improvement [53]
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data). Separate computer-based simulations (military target acquisition and driving) 
found an improvement in performance after advanced refractive surgery (Fig. 4.8) 
[38, 60]. Helicopter flight performance under day, night, unaided and NVG condi-
tions found flight performance was unaffected after LASIK and PRK, notwithstand-
ing a decrease in contrast visual performance [71]. Additional aviation considerations 
are discussed in the Chapter “Refractive Surgery in Aviators”. While these studies 
support refractive enhancement of the warfighter, ongoing study of militarily 
relevant performance tasks is important to optimize patient selection and critically 
select appropriate innovative technology.

Fig. 4.7  Sample imagery 
through Enhanced Night 
Vision Goggles

Fig. 4.8  Sample imagery from a computer-based handheld object identification training
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Chapter 5
Deep-Sea Environments and the Eye

John Berdahl and Michael Greenwood

�Introduction

The eye and body are exposed to a constant ambient pressure that comes from the 
weight of all of the gases in the earth’s atmosphere. This pressure is not perceived by 
most people because it is a constant part of the environment and thus not part of 
conscious sensory attention. At sea level this pressure is approximately 760 mmHg, 
which is defined as 1 atmosphere (atm) of pressure. Entering a deep-sea environment 
exposes the eye to increased ambient pressures that involve a new set of potential 
ocular disorders. It also raises questions in regard to what is safe for patients. In this 
chapter, we will discuss how exposure to deep-sea environments can affect the eye.

�Basic Principles

A review of some basic terminology and laws of physics is helpful in the under-
standing of how the eye is affected in the deep-sea environment. As stated above, at 
sea level the body (and the eye) is exposed to 760 mmHg, which is equivalent to 
1 atm or 33 ft of seawater (FSW). These pressures are often used as a reference 
point from which other pressures are measured, which is also known as a gauge 
pressure. This is true for measurements performed via Goldmann applanation 
tonometry (GAT). Although often referred to as the intraocular pressure (IOP), this 
is a measurement of the difference between the inside of the eye and the external 
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environment. More properly IOP could be referred to as the transcorneal pressure 
difference (TCPD). For example, if a patient at sea level has a GAT or transcorneal 
pressure difference of 15 by GAT, the absolute IOP is 775  mmHg (760  +  15  = 
775 mmHg) (see Fig. 5.1).

Diving into a deep-sea environment will cause an increase in the ambient pressure 
acting on the body. How these changes in ambient pressure affect the body depends 
on the anatomy of the organs in question. A fluid-filled organ or solid organ will not 
change in size as the pressure changes because fluids are not compressible. A gas-filled 
space with elastic walls, however, will change in size and possibly shape. This is due to 
Boyle’s law, which states that the volume of a certain quantity of gas is inversely 
proportional to the absolute pressure, assuming the temperature remains the same. 
As an example, a balloon filled with gas at sea level would shrink to one-half its size 
at a depth of 33 ft. This law is important to divers, as most tissue spaces in the body 
that contain gas have limited capacity to alter their shape, especially the lungs and 
middle ear. Therefore, one must add gas to the middle ear on descent to prevent it from 
collapsing and exhale on ascent to avoid damaging lung tissue. Damage to tissues due 
to changes in pressure is called barotrauma.

Another applicable principle is described by Henry’s Law, which states that the 
amount of gas that will dissolve in a liquid at a given temperature is directly propor-
tional to the partial pressure of that gas. As a diver descends, the increased pressure 
causes more nitrogen (the predominant atmospheric gas, comprising 78% of normal 
air) to enter into solution in his or her tissues than was present at sea level. If enough 
nitrogen enters the tissues, and the diver ascends too quickly, the excess gas will not 
have a chance to be eliminated gradually by the lungs. The gas will come out of 
solution and a gas phase, or bubbles, will form in the blood and body tissues. These 
bubbles can result in decompression sickness (DCS), also known as “the bends,” 
and will be discussed in greater detail later in the chapter.

Fig. 5.1  Normal 
atmospheric and 
intraocular pressures at sea 
level. Note that the 
transcorneal pressure 
difference is 15
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�Refractive Changes in Water

Two-thirds of the refractive power of the eye is generated by the air-tear film interface. 
When submerged underwater without a face mask, this interface is changed to 
water-tear film, and the refractive power of the eye changes dramatically. This 
change in interface causes approximately five to six diopter hyperopic shift, which 
is responsible for the blurring of objects when underwater [10].

By wearing a pair of goggles or face mask, the air-tear film interface is restored, 
and the induced hyperopia is eliminated. However, the light that is traveling 
toward the eye will be refracted away from the normal as it exits the water and 
enters the air inside the face mask. This refraction of light will cause the object 
being viewed to be magnified by approximately 30% and appear closer than it 
actually is [7, 20].

�Refractive Correction Underwater

For persons who need refractive correction while underwater, two options exist: 
contact lenses and prescription face masks. Soft contact lenses are the preferred 
lenses to be worn if needed for diving, as hard PMMA lenses can result in corneal 
edema [5–7, 11, 13]. The edema is due to the formation of nitrogen bubbles in the 
tear film, which interferes with normal tear physiology and causes epithelial edema 
[16, 17, 21]. When contact lenses are not an option, prescription face mask lenses 
provide another alternative. The prescription should be ground into the face mask, 
as lenses that are bonded onto the faceplate can eventually be displaced as the bonding 
material is eroded.

Numerous studies have shown that a hyperopic shift, sometimes severe and even 
permanent, can occur with high-altitude exposure after incisional keratorefractive 
surgery (see Mader’s chapter in this volume). Since part of the effect may be attrib-
utable to decreased atmospheric pressure in addition to hypoxia, the potential effect 
of increased pressure after refractive procedures has been studied in small cohorts 
of patients. When two subjects (four eyes) who were >1 year out from bilateral 
radial keratotomy (RK) were exposed to 3 atm in a hyperbaric chamber for 1 h, no 
changes in keratometry, cycloplegic refraction, and corneal pachymetry were found 
immediately post-exposure (Peters:1999vo). Additionally, subjects post-LASIK, 
photorefractive keratectomy (PRK), and RK exhibited no clinically significant 
change in manifest refraction or best-corrected visual acuity during a simulated dive 
to 99 FSW (4 atm) in a hyperbaric chamber.

5  Deep-Sea Environments and the Eye
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�Light Transmission

As light travels through water, it is attenuated by both scattering and absorption. [12] 
As depth increases, the amount of available light decreases, and the water becomes 
progressively darker. Even in the clearest waters, only about 20% of incident light 
reaches a depth of 33 FSW and only 1% reaches 260 FSW [7]. During the day 
and in clear water, sufficient light for unaided vision is to a depth of approximately 
400 FSW [18].

�Color Vision

The deep-sea environment can also affect our perception of colors. As the visible 
light passes through increasing depths of water, selected wavelengths of light are 
absorbed. Clear water has a maximum transparency of a wavelength of 480 nm, 
which is near the blue end of the spectrum [7]. Longer wavelengths, such as red and 
yellow, are absorbed first. Red is usually not seen below 30 ft, and yellow disap-
pears around 75 ft. Below 100 ft only blue and green colors remain without the 
use of artificial light [18]. Red colors at this depth are then perceived as black [20]. 
The use of photography or hand-held lights allows for objects to be seen in their 
actual color at these depths.

�Surgical Considerations

Special circumstances exist for patients who have recently undergone ophthalmo-
logic surgery and will be exposed to the increased pressures of the deep sea. 
Individuals who have had recent surgery must ensure all incisions are healed, as it 
is possible for pathogens in the environment to enter through the wounds. This 
could potentially lead to endophthalmitis or other unwanted complications. There 
are no specific recommendations for participation in diving after eye surgery, and in 
this situation, adherence to the surgeon’s advice about sports after eye surgery 
should be followed. Data suggest that current small-incision cataract surgery tech-
niques, especially with a scleral tunnel approach, maintain IOP within 30 min after 
surgery and would not allow fluid ingress or egress thereafter. Mask pressure equili-
bration (see below) would be particularly important shortly after intraocular sur-
gery, since a negative pressure environment in the mask could draw aqueous and/or 
vitreous out through any weak area in the healed incision. However, no reports of 
such occurrences have been published to date, suggesting this concern may be only 
theoretic. Similarly, while the US Navy considered radial keratotomy (RK) a dis-
qualifier for service, no corneal rupture or wound dehiscence has been reported in 
recreational divers after RK.
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�Gas Precautions While Diving

As noted above, solid- or fluid-filled objects maintain a constant shape and size 
under various pressures. This is true for the eye as well as it is filled with noncom-
pressible aqueous and vitreous. Once a face mask or goggle is placed over the eye, 
an air chamber is developed that can interact with the eye and ocular adnexa. As a 
diver descends, this air chamber develops a negative pressure relative to the sur-
roundings, and the eye and surrounding tissues are drawn toward the goggle or 
mask (Fig. 5.2). This phenomenon has been termed “mask squeeze.” If the negative 
pressure gradient is high enough, it can result in marked edema and ecchymosis of 
the lids or a subconjunctival hemorrhage. Although these changes can have a very 
dramatic outward appearance and may cause the patient anxiety and distress, they 
typically resolve over hours to days with no permanent consequences (Fig. 5.2). 
Rare instances of orbital subperiosteal hemorrhage also have been described in 
association with inadequate mask pressure equalization. In order to prevent the 
negative pressure buildup, positive pressure must be added to this space. The diver 
can do this by simply blowing air through their nose to add air to the chamber. 
Because of this, only face masks should be worn for diving, as it is not possible to 
add air while diving with goggles that just cover the eyes. When the diver ascends, 
the air in the face mask or goggles will expand. This usually does not cause a prob-
lem, as the expanding gas will easily escape from beneath the mask edge where it 
contacts the skin.

Patients who have intraocular gas bubbles must be extremely careful to avoid 
large and sudden environmental pressure changes. This includes flying and deep-sea 
diving. Expanding gas with decreasing pressure, as with increasing altitude in an 

Fig. 5.2  Once a face mask or goggle is placed over the eye, an air chamber is developed that can 
interact with the eye and ocular adnexa. As a diver descends, this air chamber develops a negative 
pressure relative to the surroundings, and the eye and surrounding tissues are drawn toward the 
goggle or mask. This phenomenon has been termed “mask squeeze.” If the negative pressure gradi-
ent is high enough, it can result in marked edema and ecchymosis of the lids or a subconjunctival 
hemorrhage
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aircraft cabin or ascent during a dive, may cause intraocular pressure (IOP) elevation 
as the vitreous cavity expands, while the reverse with hypotony and potential ocular 
collapse can occur during rapid descent or a controlled underwater dive. The change 
in IOP is not linear and does not always follow predictions based on volume shifts 
based on Boyle’s law because of anatomic changes such as choroidal volume shifts 
and ciliary body rotation that also occur. Animal studies in aircraft (LINCOFF) 
showed that the absolute intraocular pressure decreased after gas expansion during 
ascent, and this effect was attributed to changes in choroidal volume as well as 
increased aqueous outflow facility. Scleral buckling may damp the IOP rise associ-
ated with gas expansion, as demonstrated by Noble and colleagues in the eyes of 12 
patients with partial (10%) gas bubbles (six eyes with scleral buckling) evaluated in 
a hypobaric chamber in which pressure was reduced to approximately 8000 ft above 
sea level to simulate commercial air travel. Peak IOP averaged 20 mmHg in the 
scleral buckle eyes and 32 mmHg in eyes without a buckle.

When rabbits with intraocular gas were placed in a hyperbaric chamber to a 
depth of 33 FSW (2 atm), the IOP fell from a baseline average 20 mmHg to zero and 
remained at this level until ascent began. During depressurization and return to 
1 atm, the IOP in all subjects rose to over 60 mmHg. This IOP rise occurred even 
with a brief (60 s) bottom time and subsequent ascent. The IOP spike was attributed 
to anterior ciliary body rotation from choroidal engorgement with hypotony and 
obstruction of aqueous outflow as the gas bubble re-expanded. A patient undergoing 
hyperbaric oxygen therapy for ischemic optic neuropathy while a gas bubble was in 
the eye exhibited similar findings, with IOP increasing to 50 mmHg at 1 atm after 
reaching 0 mmHg during exposure to 3 atm. Gross collapse of the eye was not noted 
at maximal depth. After the dive, slit-lamp examination showed anterior chamber 
shallowing that remitted as IOP returned to normal. A hollow orbital implant, such 
as a silicone shell, when used for reconstruction after enucleation could suffer a 
similar collapse upon diving. If an intraocular gas bubble is in place, the pressure-
induced changes in the volume of the bubble can result in serious complications 
including retinal, uveal, or vitreal hemorrhage or partial collapse of the globe.

�Decompression Sickness and Arterial Gas Embolism

As discussed above in Henry’s Law, when the body experiences a rapid reduction in 
ambient pressure, such as moving from deep underwater to the surface, inert gas 
dissolved in the tissues may come out of solution as bubbles and can form in the 
body tissues and blood. When these bubbles result in clinical signs or symptoms, 
the condition is called decompression sickness (DCS).

Sir Robert Boyle first noted ocular involvement in DCS in 1670 when he observed 
gas bubbles in the anterior chamber of the eye of a viper, which had been experi-
mentally exposed to increased pressure [2]. The incidence of ocular symptoms in 
patients with DCS is between 7% and 12% and includes nystagmus, diplopia, visual 
field defects, scotomas, homonymous hemianopsia, orbicularis oculi pain, cortical 
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blindness, convergence insufficiency, optic neuropathy, and central retinal artery 
occlusion [3, 8, 9, 15, 19]. Most of these ocular symptoms are due to ischemic 
trauma to the brain or other neural tissue, although it is possible for gas bubbles to 
form in any ocular tissue. It is exceptionally rare for isolated vision loss from ischemia 
to occur without other neurological symptoms or findings.

Arterial gas embolism (AGE) is another disorder in which intravascular bubble 
formation occurs. Rapid ascent causes gas expansion inside the alveoli and alveolar 
rupture, and the gas bubbles that are formed then enter the pulmonary venous sys-
tem. From there they enter the heart and then the systemic circulation, where they 
can disrupt the blood flow to vital organs, including the brain and eye. Patients can 
present with sudden onset of unconsciousness, motor and/or sensory deficits, hemi-
anopsias, or central retinal artery occlusions. Intravascular gas microbubbles also 
may form with ascent as decreasing pressure forces gas out of solution. A case 
report of central retinal artery occlusion in a diver after breathing compressed air 
during a training scuba dive in a swimming pool demonstrates that undersea pres-
sure may not be necessary for tiny gas emboli to form.

Microembolus formation may be the cause of retinal and choroidal infarcts that 
have been described in recreational divers, and fluorescein angiography in a cohort 
of 84 divers showed a number of retinal vascular and retinal pigment epithelial 
changes that were characteristic of ischemic injury. However, a subsequent report of 
ocular and retinal findings in 55 Royal Navy divers and 24 non-diving matched 
controls found no such association between diving history and retinal vascular 
changes. Following safe diving practices likely prevents retinal ischemia from 
occurring. Nonetheless, animal studies have captured photographically the presence 
of retinal vascular microbubbles during rapid ascent from 6 atm pressure, showing 
that under the appropriate conditions, gas bubble formation and subsequent ischemia 
may occur.

Treatment of DCS consists of recompression to 60 FSW or deeper and hyperbaric 
oxygen breathing. Most patients with DCS who are treated properly have resolution 
of symptoms following treatment. Management of AGE is similar to that for DCS, 
with emergent recompression and hyperbaric oxygen therapy indicated in all cases. 
Outcomes of AGE are dependent upon the location and duration of the AGE.

�Intraocular Pressure and the Deep-Sea Environment

A patient who enters the deep-sea environment experiences an increase in ambient 
pressure on their whole body, including the eye. This causes an increase in pressure 
inside the eye. If the intraocular pressure becomes elevated, why is it that divers 
don’t get optic nerve damage from increased pressure? Certainly the pressure is 
elevated enough. At a depth of just 33 ft underwater, the ambient pressure is twice 
that of sea level measuring at 1520 mmHg and the IOP will increase in a similar 
fashion. For comparison, the ambient pressure in Denver, CO with an elevation of 
5280 ft is approximately 640 mmHg. Clearly, the issue is not the absolute pressure 
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inside the eye, but likely it is the difference between the intraocular pressure and the 
cerebrospinal fluid pressure (CSFp) immediately posterior to the optic nerve. This 
is known as the translaminar pressure difference (TLPD) and is similar to the TCPD 
noted above. Studies have shown that this difference between IOP and CSFp may 
play a role in development of glaucoma [1, 14]. Saturation divers provide an excel-
lent example for demonstrating how important the TLPD is. These divers spend a 
prolonged period of time in the deep-sea environment to complete various tasks in 
order to avoid the lengthy decompression after the dive mission. They are capable 
of working at a depth of 800 ft and can have absolute intraocular pressures of over 
19,000 mmHg. They may remain at these depths for 30 days and do not have any 
symptoms of glaucomatous optic neuropathy [4, 20]. As the diver moves deeper and 
deeper, the ambient pressure increases, placing increased pressure on the body and 
the eye equally. Therefore, the balance between intraocular pressure and CSFp is 
maintained, and the optic nerve is not damaged (Fig. 5.3).

�Summary

In summary, entering the deep-sea environment has multiple effects on the eye. 
Refractive optics, color, and light transmission are all affected. Serious conse-
quences can result from diving with intraocular gas present, and patients must be 
cautioned against entering the deep sea if they have a gas bubble present. 
Decompression sickness and arterial gas embolism are also serious complications 
that can result from deep-sea diving. Finally, although the intraocular pressure 
increases with increasing depth, the CSFp also increases, maintaining the TLPD 
and protecting the eye from glaucomatous damage.

Fig. 5.3  Hydrostatic 
pressures at sea level and 
underwater. Note that as 
the diver moves into the 
water the various pressures 
increase, but the 
transcorneal and 
translaminar pressure 
differences remain the 
same
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Chapter 6
Lessons from Animals in Extreme 
Environments

Michael J. Mines and Christopher O. Ochieng

�Accommodation in Air and Water

The human eye is poorly adapted to fine visual acuity in an aquatic environment. 
The air-cornea interface accounts for approximately 66% of the eye’s non-
accommodated refractive power. When immersed in water, the anterior corneal 
dioptric power of over 40 diopters (D) is largely neutralized, leaving the eye with 
severe hyperopic defocus [5]. Even maximal accommodation is unable replace the 
lost corneal refractive power. Divers learn that to overcome this effect, goggles or a 
mask must be worn which restores the air-corneal interface and introduces a flat, 
zero refractive power boundary between the water and goggles/mask [6].

As one would expect, fish are well suited for underwater vision. Without a need 
for refractive curvature and likely to reduce drag in water, their corneas are rela-
tively flattened [7]. Refraction is accomplished by a relatively powerful lens which 
tends to be spherical in shape and is further enhanced by a gradient of refractive 
index [14]. Rather than a deforming lens as in humans, in fish, accommodation is 
generally performed by the physical movement of the lens relative to the retina.

Between these extremes, some animals occupy an amphibious ecological niche 
that requires useful visual acuity both while in air and submerged. Typically hunters, 
these animals live on land but locate, pursue, and capture prey while underwater. 
Interestingly they have adapted various different methods to overcome the induced 
hyperopia caused by the loss of corneal power when submerged. One type of ocular 
modification is found in penguins. Contrary to initial thought that these birds were 
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adapted to aquatic vision and therefore myopic in air, newer studies show that they 
are actually emmetropic in both environments [11]. Observations made by Howland 
and Sivak studying four different penguin species (Magellanic, King, Gentoo, 
Rockhoppers) using photokeratoscopy showed that, like fish, they possess relatively 
flat corneal curvatures. In Rockhoppers and Magellanic penguins, corneal power 
was approximately 30D with axial lengths of 23 mm and 27 mm, respectively. While 
in aerial birds like the pigeon corneal radius is about one half globe radius indicative 
of more corneal power, in penguins corneal radii approximate globe radii. Despite 
flatter corneas, photorefractive testing in air demonstrated that these penguins 
remained emmetropic. When entering water, however, even this reduced corneal 
power is lost. Yet similar testing of the birds in water showed that the lost dioptric 
power of the cornea is taken up by an exaggerated accommodative ability. The flatter 
corneas come at a cost in that penguins have decreased monocular visual fields com-
pared to nonaquatic birds. This technique of flattened corneas and powerful spheri-
cal lenses as a method of underwater vision is not unique to penguins and fish. 
Marine mammals also exhibit varying degrees of both in nature [8, 28].

Other bird species that visually locate and capture prey underwater possess cor-
neas of the curved terrestrial model. Separate from birds that spot prey from the air 
and immediately secure their target on entering the water with bill strikes, plunges, 
or talons, pursuit diving birds identify prey while flying above the water but actively 
pursue fish by swimming once below the surface [16]. These birds like cormorants 
and gannets have relatively high corneal curvature and resultant dioptric power in 
air ranging from 40 to 60 D [13, 16]. To account for the immediate loss of corneal 
power underwater, both species are able to accommodate within 40–80 ms and to a 
degree where they exhibit underwater myopia as they visualize near targets. In ear-
lier experiments with enucleated merganser and goldeneye duck eyes, similar high 
corneal curvatures and neutralizing accommodative ability were found [27].

While humans are at a significant disadvantage in terms of unaided submerged 
visual acuity when compared to many aquatically adapted animals, recent studies 
reveal that at least modest gains are possible and in fact are being employed today. 
The Moken, a tribe of sea nomads of Southeast Asia, live off the ocean. Their chil-
dren engage in visually oriented tasks, collecting food and shells underwater, with-
out the aid of masks [5]. When compared to European children of similar age, 
Moken children demonstrated twice the visual acuity underwater (6.06 ± 0.59 
cycles per degree (c/d) vs 2.95 ± 0.13 c/d). Researchers determined that when sub-
merged, Moken children manifested significantly smaller pupils, improving depth 
of field. In addition, they calculated that Moken children maximally accommodated 
while underwater further increasing aquatic visual acuity. These findings were spe-
cific to water vision; in air they found no difference between the groups. In a follow-
ing study, Gislén et al. went on to determine whether non-Moken children could be 
trained to perform as well as Moken children underwater [6]. That investigation 
revealed these underwater vision results are not specific to Moken, but non-Moken 
children can learn to improve submerged acuity by applying similar techniques.

Finally the four-eyed fish (Anableps anableps) employs a truly remarkable 
method of combined aerial and submarine vision. Instead of adapting to the dramatic 

M.J. Mines and C.O. Ochieng



85

change of moving between environments, this fish swims at the water’s surface with 
half of each eye above and the other half below the water line [7]. A pigmented band 
extends across the cornea at the air-water interface. The dorsal, aerial cornea is 
curved while the submerged cornea is relatively shallow. The pupil has two aper-
tures – creating two visual pathways. Yet despite separate pathways, each eye con-
tains only a single elliptical lens. Light originating from above encounters a thinner, 
less curved lens; light from the aquatic environment, without the benefit of corneal 
power, encounters an axis of the lens that is more spherical and refractive (Figs. 6.1 
and 6.2). With this optical arrangement, the ventral and dorsal retinal areas receive 
light from different environments, downwelling and upwelling, respectively. The 
specialization does not end there. Opsin gene evaluation indicates that the ventral 
and dorsal retinas in Anableps differ in opsin expression, corresponding and opti-
mized to wavelengths from each source [20].

�Pupil Morphology

Pupil morphology in the animal world is both elegant and complex. While we may 
be most familiar with the round pupils of primates, pupils manifest a variety of 
shapes. Pupils are configured as vertically oriented slits, horizontally slit, crescent 
shaped, and even “W” shaped. In addition the aperture is typically open but may be 
variably occluded with an operculum. Each configuration endows the owner with 
certain optical characteristics advantageous to its ecological niche.

Fig. 6.1  Photograph of a four-eyed fish (Anableps anableps). Inset demonstrates aerial and sub-
merged cornea (Adapted from source: https://commons.wikimedia.org/wiki/File:Anableps_
anableps_qtl1.jpg. Original author: Quartl. Used as licensed under the Creative Commons 
Attribution-Share Alike 3.0 Unported license)
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Humans and other animals with round pupils balance the benefits of visual acuity 
with the need for light collection. Given the retina’s photoreceptor architecture, in 
ample lighting conditions, a pupil size of approximately 2–3 mm maximizes the 
optical system’s resolution potential [14]. Smaller pupil size induces diffraction, 
and a larger size leads to chromatic and spherical aberration, both deteriorating 
visual resolution. However, as ambient light decreases, visual acuity declines due to 
photon noise and the disadvantages of a larger pupil are outweighed by increased 
light capture.

In the animal kingdom, it is noted that certain predators possess vertically slit 
pupils [2]. Animals as diverse as cats, certain geckos and snakes have vertical pupils, 
and while dissimilar in many respects, they all share an ambush hunting style and 
forage in limited light [3]. These vertical pupils are much more efficient at reducing 
light passage. Whereas humans can change pupil area 16-fold between light and 
dark conditions, the domestic cat (Felis catus) is capable of a 135-fold change, or 
ten times that of humans [14] (see Fig. 6.3). The Tokay gecko (Gekko gecko), a 
nocturnal hunter, possesses a pupil that in scotopic conditions is round. In daylight 
however its vertical pupil margins abut, completely closing the pupil aperture saved 
for two small notches (See Fig. 6.4). The resulting pupil measures 0.1 mm, a 300-
fold decrease in pupil area [4]. While in a human, a pupil of that size would result 
in significant diffraction and degraded resolution, the shorter length of the gecko 
eye coupled with its retinal photoreceptor spacing permits such a small pupil to be 
optically functional.

Fig. 6.2  Diagram of the eye of a four-eyed fish (Anableps anableps): 1 dorsal retina (views sub-
merged scene), 2 lens with greater power along the aquatic light path axis, 3 dorsal pupil, 4 iris, 5 
tissue band, 6 ventral (submerged) pupil, 7 ventral retina (views aerial scene), and 8 optic nerve 
(Adapted from source https://commons.wikimedia.org/wiki/File:Schema_Auge_Vieraugenfisch.
svg. Original author: Sgbeer. Used under the terms of the GNU Free Documentation License, 
Version 1.2 and licensed under the Creative Commons Attribution-Share Alike 3.0 Unported, 2.5 
Generic, 2.0 Generic and 1.0 Generic license)
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Authors have theorized why such a dramatic ability to limit retinal illumination 
exists in these animals. To be sure pupil constriction does protect the retina from 
sudden illumination changes. And as described above, optimizing pupil size strikes 
a balance between diffraction and aberration at various light levels. An additional 
reason is retinal sensitivity. This characteristic is dependent on several factors 
including photoreceptor (PR) spacing, PR alignment relative to incident light, tape-
tal reflection (see Section – Tapetum Lucidum below), and post PR stimulation sig-
nal summation. Various animals use some or all of these to maximize retinal 
sensitivity to light stimulation, and on an order far greater than man. For example, 
the helmet gecko’s retina is 350 times more sensitive compared to a human retina at 
light levels where the eye can discriminate color [23]. This level of sensitivity is an 
obvious advantage when hunting in dim illumination, but without a means to limit 

Fig. 6.3  Domestic cat (Felis catus). (A) Vertically slit pupils typical of the domestic cat in phot-
opic conditions. (B) Mid-dilated pupils demonstrating yellow tapetal reflex. (C) Dilated pupils. 
Taken in very dim illumination to demonstrate pupillary dilation, the tapetal reflexes appear nearly 
white in this image (Source – author MJM. Subject: Alice the cat.)
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retinal illumination would render an animal blind at higher light levels. Slit pupils 
therefore, with their more efficient ability to limit pupil area and light passage, per-
mit useful visual function over a broad range of light intensities.

Another consideration of slit pupils besides pupil area is lens exposure. With 
round pupils, as pupillary dilation increases, not only is more light permitted into 
the optical system but more of the peripheral lens is exposed, refracting incident 
light. In dim light levels, the resulting chromatic aberration may be a necessary 
trade-off for increased retinal illumination. In animals with a slit pupil, relatively 
more peripheral lens is inevitably exposed for a given light level. This seemingly 
induced limitation would be explained if lenses of slit pupil animals corrected for 
chromatic aberration. In fact Malmström and Kröger investigated the optical sys-
tems of terrestrial vertebrates both with and without slit pupils and determined that 
in every case they studied, the lenses of animals with slit pupils did just that [17]. 
Described as multifocal lenses, these lenses have gradients of refractive indices 
allowing various wavelengths to be simultaneously well focused, overcoming chro-
matic aberration. Multifocal lenses were found not only in species with vertical slit 
pupils like small felines (cats) and small canines (red fox), but also in those with 
horizontal slit pupils like sheep, reindeer, elk, and horse. In species examined by the 
authors having round pupils, nearly all exhibited monofocal lenses, or lenses that 
did not correct for chromatic aberration. This included large felines like the Siberian 
tiger (Panthera tigris altaica). Interestingly the intermediate felid species Eurasian 
lynx (Lynx lynx) has oval pupils and an intermediate form of lens.

While a slit pupil is advantageous when one has a multifocal lens system, mini-
mizing chromatic aberration cannot be the sole reason for a non-round pupil. The 
octopus has a horizontally slit pupil yet is color blind [14]. Chromatic defocus 

Fig. 6.4  Representative Gecko eye with multi-notched pupil. Public domain (Source: 
U.S. Geological Survey, Department of the Interior/USGS. The USGS home page is http://www.
usgs.gov.)
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would not be noted in this species. Like external color, spot patterns, and contour, a 
slit pupil may provide camouflage or perhaps not be as noticeable as a round pupil 
while still maintaining visual function [7]. This may be at least one of the reasons 
the cuttlefish has a W-shaped pupil in bright illumination. The dolphin pupil pos-
sesses a dorsal (superior) operculum which shades the inferior retina from the dis-
proportionate amount of light originating from above in marine environments [7]. 
Similarly the cuttlefish’s W-shaped pupil is effective in balancing a vertically uneven 
light field [18]. Elongated or complex-shaped pupils also appear to convey visual 
advantage in terms of contrast, pinhole effect, depth of field, and enhancing vertical 
or horizontal contour depending on pupil orientation [2, 18, 23].

�Tapetum Lucidum

The human eye functions effectively over a wide range of illumination. Spanning 
luminance levels from bright sunlight to less than nighttime star light, human sensi-
tivity extends between 1020 and 1010 photons per second per square meter [14]. In 
terms of absolute sensitivity, however, we like other diurnal species are poorly 
suited for nocturnal visual endeavors. Many animals that typically spend much of 
their active periods in dim light exhibit sensitivities greater than man. Various opti-
cal and anatomic methods account for this increased sensitivity including photore-
ceptor size and spacing, maximum pupil diameter, and overall eye size. An 
interesting additional ocular structure, common even in our household pets, is the 
tapetum lucidum.

One of the better known examples of the tapetum lucidum [Latin: “bright/shining 
tapestry or carpet”] is found in the domestic cat (Felis catus) and is responsible for the 
phenomenon often called “eye shine” (see Fig. 6.3) [15, 21]. It functions as a biologi-
cal mirror, reflecting incident light not initially captured back through the photore-
ceptors, providing a second opportunity for photon-photoreceptor stimulation and 
thereby increasing light sensitivity [19]. Nearly all primates, birds, and rodents, as 
well as the squirrel and pig, do not possess a tapetum [19, 26]. Yet it appears a tape-
tum confers some ecological advantage since it is found in a number of species 
including numerous vertebrates, as well as invertebrate mollusk and arthropods [26, 
29]. While the method of its employment varies both in location and how reflectance 
is accomplished in these animals, the commonality is that the tapetum can result in 
high reflectance due to a structural arrangement that produces exceedingly efficient 
constructive interference, theoretically approaching 100% [14]. Blood vessels, cell 
nuclei, and variation in cell spacing interfere, but this is overcome by making use of 
multiple layers of the tapetal tissue, improving reflectance by summation [14]. The 
actual reflective material differs among species but include lipid, guanine crystals, 
riboflavin, and zinc cysteine [19, 26]. Even melanin and collagen under the correct 
conditions are transformed to become efficient reflectors.

The three general types of tapeta are a retinal tapetum and two choroidal tapeta, 
the tapetum cellulosum and tapetum fibrosum. The retinal tapetum is found in 
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various fishes, reptiles like crocodiles and alligators, opossums, and fruit bats [26]. 
It is subdivided as non-occlusible or occlusible. The reflecting medium is composed 
of lipid, guanine, or melanin. The retinal tapetum, occlusible type is found in some 
fish and is responsible for variation in tapetal reflectance. Unlike the static or non-
occlusible tapetum, in the occlusible form, the reflecting media migrate within the 
retinal pigment epithelium (RPE) toward or away from the vitreous depending on 
illumination level. This exposes or masks the reflecting tapetum in dim or bright 
light, respectively [19]. In other fish species instead of pigment migration, tapetal 
reflectance is blocked by visual cell movement and migration of RPE processes. 
The occlusible tapetum is less efficient and thought to primarily benefit the animal 
by reducing “eye shine”-mediated detection.

Both types of choroidal tapeta are interspaced just external to the choriocapillaris 
and internal to the remaining choroidal stroma. The RPE overlying the tapetal 
region has no melanin granules permitting light to both pass through and be reflected 
back toward the retinal photoreceptors [30]. The area over which the tapetum is 
present varies between species but is not typically complete, frequently occupying 
a swath most prominent in the dorsal retina and tapering with a covering RPE layer 
more peripherally [19, 29, 30]. The cellular variant, the choroidal tapetum cellu-
losum, is found in many mammalian carnivores, like cats and dogs, and cartilagi-
nous (sharks, dogfishes) and lobe-fined (lungfishes) fish [19, 26]. The cat possesses 
one of the most refined cellular tapeta, consisting of rodlets containing riboflavin 
and zinc cysteine and arranged in a precise hexagonal lattice pattern [19]. The 
remarkable structural organization, and uniform thickness and spacing tolerance per 
layer, provides a highly efficient quarter wavelength interference reflector [14].

Unlike the cellular tapetum, which requires a secondary spectral substance, the 
choroidal tapetum fibrosum accomplishes reflection by the arrangement and orien-
tation of its collagen fibers. Just external to the choriocapillaris, the collagen fibrils 
are aligned parallel to the retina and at a right angle to incident light [29, 30]. Like 
the cellular tapetum, the collagen is arranged in a hexagonal array with regular spac-
ing [19]. Fibrous tapeta are noted in ungulates (cow, goats, sheep, and horses) and 
cetacea (whales, dolphins).

Because tapetal reflectance is dependent on the diameter and spacing of the 
reflective structures, it is wavelength specific [32]. Hence, species typically have a 
predominant tapetal “eye shine” color. However, it appears that the Arctic reindeer 
has developed a useful adaptation resulting not only in a variable colored tapetal 
reflex but one that changes in relation to available ambient light conditions. Arctic 
reindeer experience extreme changes in photic conditions with periods of complete 
daylight in summer and extended periods of twilight to near complete darkness in 
winter. During winter months, lighting becomes diffuse and is relatively shifted to 
shorter wavelengths [10]. Hogg et al. determined that these reindeers’ visual sensi-
tivity extends into the near UV range. Interestingly, Stokkan et al. observed that in 
summer, these animals exhibit a golden tapetal reflex with high reflectance; in win-
ter however the reflex is diffuse and deep blue [32]. They determined the shift to a 
blue reflection in winter animals depended on a change in collagen spacing 
associated with persistent pupillary dilation and increased intraocular pressure 
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(IOP). The elevated IOP they postulated, resulted in increased collagen compression 
and reflection of shorter wavelengths corresponding to the available ambient winter 
light. While visual acuity declines, the blue shift increases tangential scatter of 
reflected light and improves retinal sensitivity in the low illumination seasons.

�Raptor Vision

One of the truly spectacular displays in nature is the attack dive, or stoop, of a falcon 
(see  – http://video.nationalgeographic.com/video/falcon_peregrine_velocity). 
While difficult to accurately measure, a peregrine falcon in the wild is estimated to 
be able to reach speeds of 100 meters per second (m/s) or 220 miles per hour (mph), 
and in fact a trained peregrine falcon has been recorded at over 240 mph. [9, 33]. 
While these top speeds may be brief or used sparingly, velocities ranging from 80 to 
150 mph (40–70 m/s) appear common and equate to traveling nearly the length of a 
football field every second [1, 35, 36]. To both achieve and maintain such velocities, 
it is critical that these birds maximize their body aerodynamics to minimize drag 
and instability. Yet speed is not the raptor’s only remarkable characteristic. Tucker 
noted that falcons frequently identified prey, robin-sized birds, at distances of 
1500 m or more [36]. What characteristics permit raptors to locate and identify prey 
over great distances and visually track that prey while moving at such high rates of 
speed?

Raptors like the peregrine falcon can assume an efficient aerodynamic shape 
which permits high-velocity dives. At these speeds maintenance of optimal configu-
ration is important, and even small changes in positioning can impact overall perfor-
mance. In fact by changing shape away from a maximally efficient aerodynamic 
configuration, the animal can intentionally induce drag, slowing their descent. It is 
clear then that minimizing unwanted drag is critical. A conflict however could 
develop between maintaining an aerodynamic shape and maintaining visual fixation 
on their targeted prey. Raptors only minimally rotate their eyes within their orbits. 
When stationary or in gliding (slow) flight, fixation is primarily accomplished with 
head movements [34]. Similar head movements at high speeds will induce drag and 
torque - drag which slows the animal and torque which will require a compensatory 
position change to counter act it, further reducing velocity.

Birds of prey overcome this potential reduction in performance by utilizing two 
distinct foveae per retina. The shallow fovea is located more temporally and is 15° 
off the center head axis (see Fig. 6.5), whereas the deep fovea is positioned nasally 
with a “line of sight” corresponding to approximately 45° externally off of midline 
[34]. Studies in Chilean eagles demonstrate retinal receptor density is highest in the 
deep fovea with a second lower peak in the shallow fovea [12]. Spectral domain 
optical coherence tomography of the retina in another raptor species, the short-
tailed hawk, reveals a deep fovea morphologically similar to humans and a second 
distinct foveal region with a shallower pit [24]. These anatomic findings correspond 
well with observational studies [34]. Several raptor species behaviorally assume one 
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of three head positions when fixating a target. At distances up to 8 m, they view an 
object straight ahead, corresponding to the shallow foveae. At distances between 8 
and 21 m, they increasingly view objects of interest from an angle of roughly 45° to 
the left or right of midline. At distances greater than 40 m, 80% of viewing is per-
formed from this sideways angle.

Both anatomically and behaviorally, then, it appears that raptors like the pere-
grine falcon have the most acute vision when viewing at an angle of 45° from mid-
line. Maintaining fixation with the deep fovea during a high-speed dive would 
overcome the drag and torque disadvantage brought on by a head turn. It would not 
however allow a direct line of flight, but rather a spiral approach would be required. 
Tucker demonstrated theoretically that, given the speed penalty of a required head 
turn when following a direct path, a raptor could approach prey in a curved path 
more efficiently [34]. Observations of wild peregrine falcons revealed in fact they 
did make use of this technique during the dive phase [36]. Only when nearing the 
target did their flight path become direct, presumably where bilateral use of the shal-
low foveae and stereopsis became more beneficial [34]. 

The great speed advantage exhibited by hawks, falcons, and eagles does require 
sufficient distance to permit a dive maneuver. That distance also necessitates an 
optical system capable of fine resolution; falcons have been noted to initiate pursuit 
of prey measuring roughly 30 cm in width at 1500 m. [36] Humans can resolve 
approximately 60–70 c/d. Reymond found that the Aquila eagle’s maximum acuity 
is between 132 and 143 c/d, or twice as fine as man [22]. This is accomplished in 
several ways [14]. A raptor’s photopic pupil is larger than in a human, decreasing 
blur due to diffraction. Additionally, the photoreceptors are narrower which 

Fig. 6.5  Diagram of raptor 
skull demonstrating 
relative positions of 
shallow and deep foveae 
(Author: MJM. Source: 
Various)
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improves retinal sampling frequency and maximum resolution. Finally, it appears 
that in these animals the foveal pit functions as a negative lens due to local refractive 
index differences [31]. Together with the anatomic lens, a telescopic effect is cre-
ated extending the effective focal length of the eye. The resultant image is therefore 
magnified, further improving resolution.

Yet even with their finer resolving ability, if the refracting system – cornea, lens, 
and ocular media – is not clear, the image will be degraded. Humans engaged in 
high-speed activities like professional open cockpit race drivers and skydivers wear 
goggles to protect their eyes and maintain corneal clarity. Birds and many other 
animals possess a nictitating membrane, or third eyelid to perform a similar func-
tion (See Fig.  6.6). Containing striated muscle this membrane moves across the 
cornea maintaining a uniform tear film and clearing collected debris [25]. Specialized 
feather epithelium appears to line the edge, further assisting.

In all, diving birds of prey are remarkably well adapted to maximizing their 
physiology to advantage. Coupled with an efficient aerodynamic design, the rap-
tors’ exceptional acuity, nictitating membrane and specialized bifoveate retinal 
architecture enable these creatures to not only function but to excel at the extremes 
of animal performance, and induce fascination in their less visually acute human 
watchers.
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by the authors for this article.
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Chapter 7
Industrial and Military Eye Injuries and Eye 
Protection Challenges

Arjuna M. Subramanian and Prem S. Subramanian

�Introduction

Eye injuries are prevalent in environments with high-velocity particle motion and/
or high temperatures, and injuries range from periocular contusions and burns to 
corneoscleral lacerations and frank globe ruptures. Although they often are avail-
able, protective devices may be unused and/or not mandated. Such environments 
include heavy industrial settings such as metalworking and welding, in which work-
ers are exposed to threats from sometimes red-hot and fast-moving metal shards, 
although these risks can be reduced with mandatory safety regimens. Many sports, 
including lacrosse, baseball, squash, and ice hockey – activities that particularly 
center around relatively small and hard balls and pucks moving at high speeds – also 
feature high eye injury rates, usually in the absence (baseball, squash) or inefficacy 
(ice hockey, lacrosse) of safety equipment.

A survey of serious eye injury occurrence in the United States published in 2000 
pronounced the home to be the area of greatest danger, with 41% of all injuries 
occurring in this environment; industrial settings placed second at 14%, and sports 
and recreation activities third at 13% [22]. This marked a substantial decrease from 
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the 69.9% injury share for workplace-related incidents reported in a comparable 
British study from 11 years earlier [20]. Unsurprisingly, the vast majority of all 
ocular injuries in US analysis, 78%, involved individuals wearing no eye protection, 
compared to 2% wearing actual safety glasses and 3% with use of any eyewear [22]. 
Industries requiring welding tasks, including the manufacturing and construction 
sectors, form a representative and instructive case of the circumstances and preva-
lence of ocular injuries. According to one analysis, 25% of all workers’ compensa-
tion claims filed by welders during the year 2000 were related to ocular injuries; by 
comparison, eye injuries comprised 5% of all injuries to all workers [19]. The most 
common source of injury was a foreign body such as particulate matter, hot sub-
stances or chemicals, which comprised 71.7% of eye injuries. Periocular and cor-
neal burns from either heat and/or UV light were next most frequent at 22.2% [19]. 
The effect of using protective eyewear could not be determined reliably, as only 
14.7–17.6% of claims even mentioned the use (or non-use) of personal protective 
equipment. Industrial ocular injuries, although frequently minor and not vision 
threatening, result both in worker anxiety and lost productivity, and the effect of 
such injuries on worker retention has not been studied. More serious injuries, such 
as corneal scarring from UV exposure and globe perforation by foreign bodies, also 
can be prevented but continue to occur nonetheless [27].

�Barriers to Change

If the impact of mandating safety equipment can be so marked – reducing the occur-
rence of eye injuries by as much as a factor of 14.5 in one study of metalworking 
facilities [3] – how come such measures have not become universal? Obstacles of 
cost and cultural resistance form the most significant barriers towards increasing the 
rate of eye protection adoption.

The cultural roadblock is particularly noticeable in industrial settings, likely due 
at least in part to both sectors’ historical association with demonstrable masculinity. 
In tasks commonly associated with ocular injuries  – grinding, welding, drilling, 
automotive work, and other working-class industries  – the index of dissimilarity 
measuring the gender employment gap has remained between 55 and 60 since 1950 
[8]. The gender gap in work-related eye injuries, however, has been reported as even 
more skewed, at 98.8% for men and just 1.2% for women [20]. Simply put, indus-
trial workers are disproportionately male, and even accounting for this imbalance, 
men are more likely to sustain ocular injuries in these fields. Victims of industrial 
eye accidents who were not wearing eye protection – a condition usually admitted 
by anywhere from 39.6% to 84.6% of the affected [20] – cite beliefs that eye protec-
tion is unnecessary, interferes with work performance, or is uncomfortable [3]. 
Military studies, dealing with a similar culture of masculinity, make a substantially 
more blunt prognosis, describing the infantryman, comparable to “another industrial 
worker needing eye protection,” as – “young, emmetropic, unsophisticated, skepti-
cal, denial-practicing, and body-image-conscious” [15] – i.e. sensitive to the age-old 
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stigma that nerds, not real men, wear glasses. Not all of these concerns are unfounded, 
however, as a study of young, healthy volunteer subjects showed that wear of ANSI 
Z87.1- compliant eyewear diminished postural stability especially on an uneven 
standing surface [33]. Ongoing efforts to design more ergonomic and attractive pro-
tective equipment continue and are discussed below.

In theory, these stigmas, aversions, and economic obstacles could be addressed 
at the workplace level through comprehensive provision of protective eyewear, 
training in its use, and enforcement of its use. Unfortunately, even in the United 
Kingdom, where national legislation mandates the implementation of all three such 
stages, a workers’ survey reported just 40% awareness/availability at the provision 
stage, and 20% conductance at the training stage [30].

�Industrial Injuries: Standards and Enforcement

In the United States, the Occupational Safety and Health Administration (OSHA) is 
responsible for enforcing eye protection standards and regulation. Protective eye-
wear standards first began to be codified in the US in 1922, when the National 
Bureau of Standards, in consultation with the War and Navy Departments, issued 
the Z2 standard for head and eye protection, primarily addressing exposure to dust 
and fumes. Until 1961, the Z2 was revised on average once every decade, incorpo-
rating respiratory standards in 1938, and the advent of plastic materials in 1948 [1]. 
At that time, eye protection was transferred to its own standard, the Z87, which 
continues to be adjusted to this day, most recently in 2010 and 2015, and covers 
protective spectacles, goggles, welding helmets, faceshields, and anything else 
related to eye protection. A significant change in the 2010 edition was the introduc-
tion of standards for extent of eye coverage as well as introduction of more widely 
used test head models [1].

While the 2015 standard is still being adopted in some industries, the 2010 stan-
dard is codified in US safety regulations, and as of 2016, OSHA orders that employ-
ers provide personal protective eyewear to employees exposed to “flying particles, 
molten metal, liquid chemicals, acids or caustic liquids, chemical gases or vapors, 
or potentially injurious radiation.” [32]. In turn, the American National Standards 
Institute (ANSI) and the International Safety Equipment Association (ISEA) are 
responsible for developing the exact standards for individual eyewear units, based 
on the recommendations of a panel of representatives from the optical, industrial, 
manufacturing, and military fields [1]. To comply with the ANSI/ISEA standards, 
all protective eyewear must meet standards in optical (addressing requirements 
such as minimal transmission and maximum astigmatism) and physical (addressing 
requirements such as coverage area, proper ventilation, and lens thickness) catego-
ries [1]. Based on exposed hazards, protective eyewear also must meet require-
ments in other categories such as radiation protection (including automatic 
darkening and filtering), or droplet/splash hazards (including occlusion to liquid 
and fine dust particles) [32].

7  Industrial and Military Eye Injuries and Eye Protection Challenges



100

As part of its pre-European Union move to establish an internal continental 
market, the European Commission established uniform health and safety require-
ments for all personal protective equipment, including protective eyewear, in 
December of 1989, in the form of a directive of ambiguous binding status [7]. The 
European Commission continues to maintain these standards, attempting to regu-
late both economic and safety questions. In general, the safety standards outlined 
are quite similar to the ANSI/ISEA standards, with the addition of manufacturing 
inspection standards. Under recent European Parliament action, the European 
Commission directive will be repealed in 2018 and replaced by a new set of regula-
tions, ostensibly designed to increase conformity in manufacturing [26].

The status of standards and enforcement is less clear in the rest of the world. The 
efficacy such programs is difficult to determine even in India and China, both of 
which have been at the forefront of the developing world in terms of standard cre-
ation and enforcement. India’s standards for industrial eye hazards and eyewear 
selection appear to have gone unchanged since 1977 although they were reaffirmed 
in 2002. They cover the same danger categories and the US and EU standards, but 
with unclear strictness and/or testing procedures [10]. China has conducted its own 
extensive government research on laser hazards to eye and other organ systems, 
although implementation seems to have focused on regulating hazard sources rather 
than human hazard protection [36].

The occupational health and vision screening aspects of industrial ophthalmol-
ogy are beyond the scope of this chapter, and the reader is directed to an excellent 
overview of this topic by Blais [5].

�Professional Sports Injuries

To sports fans and the observant public at large, eye injuries in professional sports 
occupy a category of unacceptability that transcends even unsettling “normal” 
trauma such as cuts and contusions. While fans consider Derek Jeter bloodying his 
chin launching himself into the seats at nearly 20 mph to catch a foul ball inspiring, 
they are appalled and nauseated when Juan Encarnación takes a foul ball to the 
orbit.

Unfortunately, the viewing public has witnessed many sports-related tragic eye 
injury incidents over the last several decades. Some of these injuries have ended 
careers, and others have led to campaigns for additional safety equipment. Some of 
the most prominent examples, culled from various sports, follow:

August 18, 1967, baseball: Boston Red Sox outfielder Tony Conigliaro was 
struck in the left periorbital area by a pitch from Jack Hamilton of the California 
Angels. Wearing an old-style batting helmet lacking an ear flap, Conigliaro had 
acute vision loss in the left eye and subsequently was diagnosed with traumatic 
macular hole. This injury resulted in poor depth perception and effectively ended 
his career. By 1983, Major League Baseball (MLB) mandated the use of a batting 
helmet with an ear flap facing the pitcher.
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December 13, 2002, softball squash: Canada’s Jonathon Power was hit accidentally 
in the left eye by an errant racquet move from his opponent David Palmer during 
their semifinal at the world championships [37]. Due to bleeding and periocular 
edema that did not allow him to open the eye, Power, the second-ranked player in 
the world, was forced to withdraw. Other players have suffered more serious and 
vision-threatening consequences such as retinal tear or detachment from such inju-
ries, and Power was fortunate to escape with superficial injury alone [6]. Power was 
not wearing any eye protection during the match; competitors at the international 
senior level continue to be permitted to, and favor, wearing no eye protection, 
although polycarbonate goggles are required at the youth and collegiate levels inter-
nationally, and at the senior level in the United States.

March 5, 2013, ice hockey: New York Rangers’ defenseman Marc Staal, wearing 
a helmet (mandatory since 1979) but not a visor, had a deflected slap shot impact his 
right orbital area. The resulting orbital fracture and traumatic retinal tear ended his 
season. Following his injury, Staal actively campaigned for a mandatory visor 
requirement in the National Hockey League (NHL), which was adopted beginning 
with the following (2013–2014) season, although players active before that season 
retain the right to go without a visor if they so choose. Even before the regulation 
took effect, visor use increased from 32% in the 2002–2003 season to 73% by the 
2012–2013 season, and players who do not wear a visor are at over fourfold 
increased risk of incurring an eye or orbital injury [23]. There is some evidence that 
more skilled players have a higher rate of visor use [24], and as youth players look 
to these players as role models, they will hopefully see visor use in a positive light.

�Military Eye Protection

The modern military poses a very interesting case study for the timely development, 
adoption, and future of eye protection devices. The need for credible eye protection 
in military settings is statistically clear and intuitive – according to an observational 
study of Israeli Defense Force records, eye injuries account for approximately 
8–13% of battle-related injuries, despite the eye’s comprising about 0.1% of body 
surface area [9]. This rate marks only the latest uptick in a worrisome trend, follow-
ing such markers as estimated 0.5%, 2.0%, and 9.0% ocular injury shares during the 
US Civil War, both World Wars, and the Vietnam War respectively [15].

Furthermore, in terms of severity, 62.5% of the eye injuries in the Israeli study 
involved ballistic fragmentation and globe penetration, and 66% of such injuries 
(41.25% of all eye injuries) resulted in the victim being declared no longer fit for 
combat duty [9]. These figures reveal a minimal reduction in ultimate disability over 
the past 45 years of combat operations around the world, as 50% of American sol-
diers who suffered a penetrating eye injury in Vietnam ultimately lost the affected 
eye, even when receiving immediate and quality care [15].

As in industrial settings, though not quite as pronounced, increased use of eye 
protection appears to result in a significant decrease in ocular injury occurrence. 
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An American military study of eye injuries among 3276 casualties for whom eye 
protection status was known, during Operation Iraqi Freedom and Operation 
Enduring Freedom from 2004 to 2006, reported that 17% (451/2671) of those 
wearing eye protection vs. 26% (155/605) of those not wearing eye protection had 
an ocular injury (p < 0.01) [29]. An earlier study of ocular injuries during Operations 
Desert Shield and Desert Storm found that 40% of corneoscleral lacerations were 
caused by fragments <10 mm in size, and the authors postulated that the majority 
of these objects would have been stopped by polycarbonate eye protection [21] 
Retrospective analysis of ocular injuries in the Vietnam War estimated a 39% 
reduction in morbidity had even basic 2 mm polycarbonate lenses been available 
at the time [14].

Despite the clear demonstration of efficacy, these statistics have not necessarily 
bolstered rates of eye protection adoption within the armed forces. Concerns over 
scratches from sand or other particulate matter, restrictions of the field of vision due 
to poor design, basic complaints of being too hot or too bulky, the inaccurate per-
ception of being in relative safety, or even fear of social stigma over wearing glasses 
of any form, can prompt servicemen to remove their eyewear [15]. The American 
service member appears particularly convinced of the negative potential on visual 
function from eye protection, and US military history is riddled with attempts at 
protective eyewear that have run into one or more of these objections.

The need for and development of eye protection for warfare has long focused on 
two major sources of risk, divided into: (1) hazards derived from the operational 
environment that impede vision, and (2) ballistic injuries sustained during simulated 
or real combat scenarios. On one hand, the first category encompasses strictly envi-
ronmental perils like fine particular matter such as dirt and sand that scratch eye and 
eyewear alike, potentially resulting in incapacitation from corneal abrasions or the 
risk-inducing removal of eyewear, respectively [15]. It also includes man-made haz-
ards not involving immediate combat, such as laser aids and flashes from high-
powered (i.e. nuclear) weaponry [35]. The second is comprised of injuries resulting 
from threats roughly analogous to the high-velocity particle motion criterion previ-
ously discussed for sports and heavy industry, the difference being that in this case, 
the high-velocity particles in question are weaponized projectiles – bullets and frag-
ments produced by explosions.

Additionally, although injuries from chemical warfare fail to fit neatly into 
either category, they have a demonstrated ability to cause debilitating ocular inju-
ries. Sulfur mustard (bis(2-chloroethyl) sulfide), also known as mustard gas, one of 
the earliest and most notorious of chemical warfare agents, can irritate the eye at 
concentrations as low as 100 ppm, substantially lower than the concentration at 
which exposed skin reacts to the gas [35]. Exposure to mustard gas can cause cor-
neal stromal inflammation and later permanent scarring, and this particular injury 
was not uncommon during gas warfare in the trenches of World War I, when the 
rarely-used American eye protection was a heavy metal face mask with open slits 
for eyes [15].

The pressing need for effective military eye protection was further acknowl-
edged when advances in protection of other body areas both reduced injury risk to 
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those areas and improved survival from previously fatal trauma. Most prominently, 
advances in body armor, in particular heavy-plate ceramic armor like the US 
Army’s Improved Outer Tactical Vest (IOTV) that provides an unprecedented level 
of protection for vital organs, are contributing to increased survival rates even in 
situations such as IED detonations. Data from Operation Iraqi Freedom echo find-
ings from the IDF [9], with ocular injury being the second most common bodily 
injury after amputation (although traumatic brain injury and post-traumatic stress 
disorder were, overall, more frequent than eye trauma) [34]. Even prototypes of the 
futuristic Tactical Assault Light Operator Suit (TALOS) for special operations – 
hyped with Iron Man comparisons and featuring self-healing and instantaneously 
hardening liquid body armor – have only marginal improvements to safety in the 
ocular area [16].

The future development of military eye protection will be calibrated to provide 
even more of a defense against the two previously-listed major threats – ballistic 
fragmentation and operationally challenging terrain and variable weather condi-
tions of wartime environments – plus growing concerns over laser damage.

Efforts to increase ballistic fragmentation resistance are focused on modifying 
the polycarbonate lenses and frames that have become the staple components of 
impact-resistant eyewear. Researchers at the US Army Natick Soldier Research, 
Development and Engineering Center (NSRDEC) have worked to incorporate pro-
prietary blends of nylon materials into spectacle lenses; such materials have hereto-
fore been used in spectacle frames but not lenses. Preliminary results indicate a 
15–20% improvement in impact resistance as well as overall reduction in the weight 
of the eyewear [4].

Laser-resistant eyewear would be taking on a critical timeline even if increased 
battlefield usage of aids such as laser-based range finders and target designators 
were the sole impetus. The prospect of the long-anticipated transition of laser weap-
onry from science fiction into real-life warfare has only accelerated the need, as 
evidenced by the 30 kW test AN/SEQ-3 laser weapon system installed on the USS 
Ponce, and Lockheed Martin’s revealed plans to manufacture 60 kW lasers for 
inclusion in directed-energy weapons on the new F-35 fighter jet [18].

Setting the laser weapons of the future aside for the moment, even the standard 
laser aiming systems of current artillery rangefinders can cause flash blindness/
dazzle, corneal edema, or severe retinal burns and choroidal hemorrhages, due to 
the high degree of focusing by the eye that can decrease the effective diameter of a 
laser spot to 10–20 μm and magnify the energy density by a factor of 105 [11]. 
Currently, in the military and industry alike, laser protective eyewear uses either an 
implanted absorptive dye, effective across only a restrictive wavelength range, or an 
optical filter layer, similarly constrained in range. Military research now centers on 
trying to eliminate this reliance on different tints or filters for different wavelengths 
of light, leading optimally to an adaptive, single-lens system. No operational system 
exists currently.

To address one perennial environmental hazard, variable lighting conditions, 
fast-tint protective eyewear (FTPE), has been proposed as the future eye protection 
of the Navy SEALS. FTPE takes ordinary transitional lenses – such as the common 
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prescription eyeglasses that gradually darken to act as sunglasses when exposed to 
ultraviolet energy – and expands the tinting options while cutting the transition time 
by using LCD technology. In less than half a second, an electric impulse, applied 
manually or automatically, causes the constituent liquid crystal solution to adopt 
one of three hues or a clear output in accordance with light in the surroundings. In 
contrast, transitional lenses can take several minutes to darken with UV exposure 
and return to clarity when UV light is withdrawn. FTPE units will be produced to 
the same ballistics standards as existing combat goggles, but with an appearance 
and weight similar to sports sunglasses (Office of Naval Research, unpublished 
information). Other work at NSRDEC seeks to address the most common com-
plaints from soldiers about protective eyewear – scratches from sand and greatly 
reduced vision in fog – by developing new goggle coatings.

�Civilian Accidental Trauma

Looking outside of industry for similar injuries in a civilian setting, three categories 
stand out – pyrotechnics-related, arms-related, and amateur sports-related – all shar-
ing the high-velocity, high-momentum, and/or high-temperature characteristics of 
the aforementioned accident-prone industrial contexts.

According to retroactive analyses of two eye injury registries (Eye Injury 
Registry of Alabama and the Hungarian Eye Injury Registry), approximately 4.4% 
of reported eye injuries between January, 1980 and December, 1997 were fireworks-
related, with no use of eye protection in any reported incident, injuries to both per-
petrators and bystanders, and an especially high rate of injury to young males [13]. 
In both children and adults, burns to the hand are the most common injury from 
fireworks; however, children may be at even higher risk of eye injuries than adults 
when handling fireworks, as a study during Diwali in New Delhi reported 65 cases 
of pediatric fireworks-related injuries in which 21 (32%) involved the face and 7 
(11%) involved the eyes [2]. Data from the US Centers for Disease Control and 
Prevention (CDC) corroborate these findings, with injuries to the eyes as the second-
most-commonly reported injury in US fireworks-related scenarios, trailing only 
hand and finger injuries [31]. While burns from fireworks are the most-common 
reported injury on an overall basis (54.3% of all cases, again according to the CDC), 
eye injuries are unique in featuring a high rate of non-burn injuries including, but 
not limited to, contusions and lacerations (84.6%). In a 6-year survey of fireworks-
related eye injuries in northern China, eyelid laceration and orbital fracture were the 
most common injuries seen; multiple ocular injuries were not uncommon, and cor-
neoscleral laceration repair was required in 35 of 99 patients as was vitrectomy in 
33 [12]. Final visual outcome was counting fingers or worse in 42.9% of all 105 
injured eyes [12]. While eye protection status was not reported systematically, its 
use rarely occurs or is encouraged by amateur fireworks users.

While firearms are a concern for military eye injuries, civilians are more likely to 
incur eye injuries from pressure-driven weapons such as air, BB, and paintball 
guns – all of which deserve particular emphasis for their injury rates among children. 
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A 1994 study using eye injury registry data reported a median age of 13 in air gun 
eye accidents, with an adult present in only 14/130 (11%) of cases where a child was 
injured [28]. A 2012 study from a tertiary care hospital reported 3161 emergency 
room visits for children suffering eye injuries in nonpowder gun-related injuries, 
and only 1 in 71 patients was wearing eye protection at the time of injury [17]. The 
same authors reported a trend of decreasing paintball-related injuries but increasing 
air gun-related injuries [17]. In the United States, the fear of liability and lawsuits 
has led commercial paintball and air gun facility operators to require eye protection 
use, but these rules do not apply to individuals when they are on their own property 
or elsewhere. Though air guns have been marketed as a safer alternative to BB guns 
due to their use of plastic pellets rather than metal ones, the occurrence of ocular 
penetration injuries, oftentimes resulting in post-surgery visual acuity or 20/200 is 
worse, is greater for air guns [28].

Civilian recreation and sporting activities deserve a note in part for their differ-
ences from the “industrial” level of professional sports in terms of safety attitudes 
and measures. For instance, looking back at the three specific examples of famous 
professional sports injuries, youth levels of each enforce safety measures to reduce 
the same exact risks: Little League Baseball required two-earflap batting helmets 
beginning in 1958, youth squash players (through U19) are required to wear poly-
carbonate goggles at the international level, and all non-adult participants in USA 
Hockey-sanctioned events must wear facemasks (even more encompassing than 
visors). However, in some sports, such as lacrosse, cultural attitudes on gender con-
tinue to affect eye protection rules, with eyewear required for women’s competi-
tions, but merely recommended for men’s. Still, despite higher safety standards at 
youth levels, many of which have been in place for decades, about one-third of the 
>100,000 annual civilian sports-related injuries and their associated $175 million 
price tag are pediatric [25]. Improper fit of protective wear in children remains a 
challenge, and the cost of replacing protective gear as a child grows can be a sub-
stantial barrier to its proper acquisition and use.

�Conclusions

Eye protection in hazardous environments remains challenging. Cultural and practi-
cal barriers impede the widespread use of eye protection in heavy industry despite 
regulations that have been issued over the years. Failure to train workers in the use 
of protective equipment and even the lack of the equipment itself leads to prevent-
able injuries that can cost workers their livelihood. Similarly, high-profile accidents 
have ended the careers of professional athletes, but using eye protection at the elite 
levels of competition remains options in many sports. Taking advantage of its hier-
archical culture, the military has had some success in reducing eye injuries by man-
dating use of eye protection in combat and training environments. Finally, children 
remain the disproportionate victims of civilian ballistic eye injuries, and further 
efforts are needed to identify the best methods to protect them from these largely 
avoidable insults.
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