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Physiology of oxygen breathing in pilots: a brief review

Abstract

This non-exhaustive survey presents literature describing some effects of breathing
oxygen partial pressures between normoxic 21 kPa and normobaric hyperoxic 100 kPa
(160 to 760 Torr). Absorption atelectasis is a concern when the fraction of oxygen (FiOz2)
in the breathing gas is high, but for all other risks, oxygen partial pressure (PO2) is the
variable of interest. Gas transport and oxygen delivery in people with healthy lungs is
not improved by elevated alveolar PO2. Atelectasis (absorption injury) is of concern if
F102>80% and small airways (or eustachian tubes or sinus ostia) are blocked.
Absorption becomes faster as altitude increases. Pulmonary oxygen toxicity and direct
oxidative injuries are improbable in flight -- No pulmonary oxygen toxicity has been
found when POz < 55 Pa (418 Torr), symptoms reported for PO2 of 75 kPa (520 Torr)
were reported after 24-hours’ exposure, and the earliest signs reported at PO2 of
approximately 100 kPa (760 Torr, 100% oxygen at sea level) occurred after 6 hours.
However, aviators who are treated for suspected decompression sickness run the risk
of pulmonary oxygen toxicity. Other effects of elevated POz include constriction of blood
vessels, changes in blood pressure control, and poor response to low blood sugar.
Finally, the near zero humidity of the gas stream in which oxygen is delivered to the air
crew may predispose susceptible individuals to bronchoconstriction.



Introduction

Although the oxygen supply to the brain and tissues must be maintained, an excess of
oxygen can be dangerous. Hypoxia represents a more immediate risk to pilots at
altitude than does hyperoxia, but “more” is not necessarily “better” when oxygen is
concerned. This brief review addresses the risks of oxygen breathing for pilots.

Adverse effects of oxygen (O2) can be grouped into physical effects (i.e., atelectasis),
toxic effects, and deleterious other effects of oxygen (e.g., otherwise inappropriate
vasoconstriction). An additional physical factor of oxygen delivery, inspired humidity,
can exacerbate the physical and toxic responses. The variable of importance for
atelectasis is the fraction of oxygen in the inspired gas. For all other effects, the oxygen
partial pressure (POz) is the critical quantity. POz is both the driving force for oxygen
transfer (both into the blood in the lungs and to tissue in the periphery) and a close
approximation of the chemical activity of oxygen.

In gas, POz is the pressure that would prevail if all other gas species were removed. It is
calculated as the fraction of oxygen present (number of oxygen molecules per total
number of molecules in a given volume) multiplied by the ambient pressure. POz is
thus an index of the amount of oxygen available for any chemical process.

In liquid, POz is a measure of dissolved oxygen, again an indicator of the amount of
oxygen available for chemical processes. If a gas phase and a liquid phase are in
contact with each other, oxygen will move between the two until they are equilibrated.
When there is no net transfer between the phases, the POz in the liquid is said to equal
that in the gas. Thus, POz in a liquid is defined as the POz in a hypothetical gas in
equilibrium with the liquid. POz differences, for example, blood to tissue or alveolar gas
to pulmonary capillary blood, are the driving force for (diffusive) oxygen transfer.

Gas exchange

The rate of oxygen delivery to the tissues and brain is a function of local capillary
oxygen partial pressure and blood flow, and the local oxygen partial pressure,
representing the oxygen dissolved in the blood, is in equilibrium with the hemoglobin
oxygen saturation.

Ideal lungs: Consider first an “ideal” lung in which alveolar gas is homogenous, blood
flow to the lungs is well-distributed, and thus arterial oxygen partial pressure (PaO2)
equals alveolar oxygen partial pressure (PaOz2). PAO: is related to but always less than
the PO2 of inspired gas. The alveolar gas equation (Fenn et al., 1946; Taylor et al.,
1989) is derived from the premise that at steady state, the amount of inert gas inhaled



equals the amount of inert gas exhaled. If inhaled gas contains no carbon dioxide
(CO2), the result is that at steady state,

PaO2 = PIO2 — (PACO2/R) - [1-FIO2 (1-R)] [1]
=P0O2-[V'CO2/ (V'a-R)] - (Pt—Pw) - [1 - FO2 (1-R)] [2]
=Pi02—-[V'O2/ V'A] - (PT—Pw) - [1 - FIO2 (1-R)] [3]

where PaCO:z is alveolar carbon dioxide partial pressure, FiOz is inspired oxygen
fraction, R is respiratory ratio V'CO2/(V'O2), V'CO: is the rate of CO: release into lung
gas from the blood, V'O is the rate of oxygen uptake from lung gas into the blood, Pt is
ambient (total, cabin) pressure, Pw is the partial pressure of water vapor in air saturated
at body temperature, and V'a is the rate of alveolar ventilation, that is, the volumetric
flow of fresh gas to the gas exchange zones of the lungs. All volumes here are
expressed at standard temperature and pressure. All fractions are expressed on a dry
gas basis, i.e., where FO2 + FCOz2 + Finert gas = 1, With the fraction of water vapor not
included in the summation.

If the gas breathed is 100% oxygen or if R = 1,

PaO2 = PiO2 — PACO2 [4]
=FO2 - (Pt —Pw)— PaCO2 [5]
=Pi02—-[V'CO2/ V'A] - (PT—Pw) [6]

This equation in the several forms given above indicates that i) inhaled O: is diluted by
CO:2 and by water vapor in the lungs; ii) that the amount of dilution with CO2 depends on
the ratio of metabolic rate (V’'O2) to the volume and rate of breathing (V’a); and iii) that
ambient pressure and inhaled oxygen fraction have effects individually, not only as the
product PiO2 = FIO2 - P1. Both PACO2 and Pw are independent of ambient pressure;
from equation 5 it is clear that PACO2 begins to infringe upon PaO: if Pt is low.

Hemoglobin oxygen saturation SaOz2 is a direct function of POz in the blood. However,
the sigmoidal hemoglobin dissociation curve determines that no more oxygen can be
taken up by hemoglobin once POz exceeds about 100 Torr. For a person with a normal
hemoglobin concentration, approximately 20 mL (STPD) of oxygen is bound to
hemoglobin in each 100 mL of arterial blood for PAO2 2100 Torr.



If PAO2 is greater than 100 Torr only the amount of oxygen dissolved in blood can
increase. The capacity for oxygen in solution in 100 mL of blood is 0.003 mL
(STPD)/Torr. A five-fold increase in inhaled oxygen partial pressure leads to less than a
10% increase in the total volume (STP) of oxygen, dissolved and bound, contained in
arterial blood.

Hemoglobin oxygen saturation affects CO2transport in the blood (the Haldane effect),
with high hemoglobin oxygen saturation decreasing the sequestration of COz2 in the
blood and thus slightly increasing local PCO2. PCO: affects the hemoglobin saturation
curve (the Bohr effect), with decreased PCO: increasing the affinity of hemoglobin for
oxygen, and thus slightly decreasing the local POz2 for a given oxygen content. In
someone with healthy lungs, the practical effects of hyperoxia on gas exchange are
minimal, particularly because the effects tend to counteract each other.

Heterogeneous ventilation: Not all regions of the lung receive the same fraction of the
air flow or of the blood flow. Each small region of the lung (acinus) has its own acinar
POz and its own fraction of blood flow which equilibrates with the acinar gas. Regional
pulmonary blood flow is sensitive to regional POz and PCOz2. Particularly, blood vessels
delivering blood to a region in which the POz is low constrict, teleologically to redirect
the blood to better-ventilated acini. When POz increases, even acini with low air flow
see an increase in local PaO2, and the local “hypoxic pulmonary vasoconstriction”
relaxes, causing a more-uniform distribution of blood flow in the lung. This is coupled
with better gas exchange in those acini, increasing the effective surface area for gas
transfer in the lung and reducing the presence of those in which gas exchange was
occurring but poorly. If the mismatch of ventilation (air flow) and perfusion (blood flow) in
the lungs is sufficiently disturbed to impact oxygenation, hyperoxia can improve
oxygenation status. This is one of the main bases for clinical use of elevated oxygen
partial pressures in patients. Unfortunately, zones of low ventilation are prone to closing
completely if they contain 100% oxygen and the airway closes.

If some regions of the lung receive no ventilation because of airway closure and/or
atelectasis, any blood passing through those zones (“shunted”) will have the PO: of
venous blood. The PaO2 in the arterialized blood entering the left side of the heart is a
volume average of the POz from all zones of the lung. If the shunt fraction (fraction of
total blood flow not undergoing gas exchange in the lungs) is large, systemic arterial
POz will be depressed, and provision of even 100% oxygen in inspired gas will not
increase it. SaO2 corresponds to systemic PaCOz.

Summary: When the lungs are healthy, increasing PaO2 above about 100 Torr cannot
significantly improve gas exchange or oxygen transport. Clinical use of higher P102 is
justified if regions of the lungs are poorly ventilated. In that case, increased PAO2 will

increase Sa0O:2 as long as the small airways in the poorly ventilated regions stay open,
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but may decrease it if they do not. If blood flows through non-ventilated regions of the
lungs, PaO2 > 100 Torr will not increase SaO2.

Adverse physical effects of oxygen fraction: atelectasis

Oxygen is readily absorbed into tissues, because tissue metabolism consumes it. Thus,
if a volume of gas that contains oxygen is enclosed in a poorly-ventilated gas space in
the body, the volume of contained gas will shrink as molecules of oxygen leave the
space. If the gas is room air, the volume can shrink only to about 80% of its initial size,
leaving nitrogen behind. However, if the gas is 100% oxygen, the entire volume can be
absorbed, causing, for example, the disappearance of an oxygen gas bubble, a
reduction of pressure in a rigid space sufficient to draw liquid from the surrounding
tissues, or the collapse of a pliant structure to the point where the surrounding tissues
touch.

Gas bubbles: Because oxygen bubbles are totally reabsorbed, oxygen prebreathing
before decompression provides a degree of protection against decompression sickness.
Although bubbles may form in blood and tissues as a result of tissue supersaturation,
normal metabolism will clear them fairly rapidly. (They may begin a cascade of adverse
effects while they last, but that is a different topic.)

Rigid space: When a large fraction of oxygen is trapped in the paranasal sinuses or in
the middle ear, the resulting decrease in pressure as the gas is absorbed causes acute
pain, fluid leakage from tissue into the gas space, and, in the case of the ear, eardrum
deformation and altered hearing. The oxygen absorption effectively causes an ear or
sinus "squeeze" several hours after the exposure. (Because this is a common after-
effect of breathing on Draeger 100% oxygen rebreather underwater breathing apparatus
(UBA), Navy divers know the phenomenon as “Draeger Ear”. Medical literature may call
it aural atelectasis or middle ear absorption syndrome.)

Pliant structure: When gas with a large fraction of oxygen is trapped in a region of the
lung, that region will collapse as the oxygen is absorbed, causing absorption atelectasis.
Symptoms of atelectasis include cough and a sense of chest tightness or the inability to
inhale deeply, a feeling that is similar to that of lying on one's chest on a hard surface.
This is a common side-effect of surgery when patients are ventilated with high oxygen-
fraction gas (Dugan and Kavanagh, 2005). Atelectic regions of the lung cannot
contribute to gas exchange and can be hard to reinflate.

Absorption atelectasis occurs only if parts of the lungs are poorly ventilated or not
ventilated at all because of closure of small airways. Airway closure often occurs when
lung gas volume is reduced, for example, by a restrictive vest (Caro et al., 1959), or



when blood is translocated into the chest, for example, during head-out water
immersion (Balldin et al, 1971) or on inflation of an anti-gravity ensemble (Gronkvis et
al., 2003). For some individuals, airway closure is normal in a supine posture (Webb et
al., 1993; LeBlanc et al, 1970), or at the base of the lungs even when seated (LeBlanc
et al, 1970), because of movement of blood into the chest or compression of the lowest
parts of the lungs by the abdomen. Occasional deep breaths can reopen closed
airways. Alveolar stretch also renews the film of lung surfactant, the detergent-like
substance that helps to stabilize alveoli by reducing surface tension, on alveolar
membranes (Duggan and Kavanagh, 2005). Thus, the inability to take deep breaths
promotes atelectasis.

Altitude increases the need for anti-closure maneuvers like deep breaths. As total
pressure decreases, a volume of oxygen represents fewer molecules than it does at
ground level, and the rate of volumetric absorption of oxygen behind closed airways
increases (Robertson and Farhi, 1965).

Even in healthy people, atelectasis can remove significant fractions of the lungs from
gas exchange. For example, Balldin et al. (1971) found that two hours of water
immersion to the chin reduced vital capacity (the volume of gas between maximum
inspiration and maximum expiration, that is, the changeable lung gas volume) by about
8% when subjects breathed air, but by 22% when the subjects breathed 100% oxygen.
Atelectasis during and after surgery can be severe enough to cause arterial oxygen
desaturation (Hedenstierna, 2010). Rothen et al. (1995b) documented an effective
average shunt fraction of 9.8% of cardiac output in six patents ventilated with 100%
oxygen, but an average shunt fraction of only 3.2% in six people ventilated with 30%
oxygen.

Shunt fraction is the fraction of the cardiac output (blood flow from the heart) that
effectively bypasses gas exchange in the lungs; a shunt fraction of 10% means that
90% of the blood is oxygenated, probably to 100% saturation, but 10% is not. The
arterial blood leaving the heart is a mixture of the two. For example, if the content of
oxygen in the blood leaving the lungs is 20 mL(STPD) /100 mL and that in the mixed
venous blood reaching the lungs is 15 mL/100 mL, with a 10% shunt the arterial content
will be (0.9 x 20) + (0.1 x 15) = 19.5 mL/100 mL. Paradoxically, high oxygen fraction in
the breathing gas sometimes can reduce the amount of oxygen available to the brain
and tissues by promoting atelectasis, and hence, shunt.

Only small fractions of nitrogen need to be present in breathing gas to prevent total
alveolar collapse. Gas with 80% or less oxygen has been suggested as sufficient to
significantly reduce atelectasis after surgery (Edmark et al., 2003), with the incidence
and severity of atelectasis after anesthesia similar for 80% or 30% oxygen. Another
study showed that atelectasis can be cleared in the long term by lung re-inflation with
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40% oxygen, while it rapidly reappeared after similar re-inflation with 100% oxygen
(Rothen et al., 1995a). In one individual, 5% nitrogen (95% oxygen) was shown to
prevent atelectasis at altitude (DuBois et al., 1966), but a case study of one individual
cannot be generalized very far.

Recommendations: To prevent absorption atelectasis in flight, the fraction of oxygen in
the breathing gas should be as low as possible commensurate with maintaining PaOs..
Further, pilots should be encouraged (and able) to take very deep breaths periodically,
particularly at high altitude.

Adverse effects of elevated PO2
1. Oxygen toxicity

Central nervous system (CNS) oxygen toxicity produces neurological symptoms, the
most severe of which is convulsion. It does not occur under normo- or hypobaric
conditions. The threshold for any concern in diving (submerged) is inspired an PO: of
1.3 atm (approximately 130 kPa; 990 Torr) (Naval Sea System Command, 2016). In dry
exposures (treatment chambers) the seizure rate with inspired PO2s of 2 to 2.5 atm
(approximately 200 to 250 kPa, 1580 to 1980 Torr) for 60 to 120 minutes is only 0.03%
(Hampson and Atik, 2003).

Pulmonary oxygen toxicity is a clinical entity that begins with airway symptoms and
some degradation of pulmonary function. If left unchecked, it can progress over the
course of hours or days of continuous exposure, depending on the POz, to serious lung
injury and even death. Data (Clark and Lambertsen, 1971) indicate that PO2 of 0.55 atm
is safe for multiple days of continuous exposure while 0.75 atm is not; there have been
no measurements between those values. The nervous system is implicated in
pulmonary oxygen toxicity after exposure to high, hyperbaric PO2zs (>200 kPa; 1520
Torr) (Demchenko et al., 2007).

Symptoms of pulmonary oxygen toxicity are initially those of a tracheo-bronchitis: a
burning or aching sensation in the central chest that is made worse by rapid or deep
inhalation; cough; chest tightness, breathlessness, or shortness of breath; and
sometimes hoarseness. Those with even low levels of pulmonary oxygen toxicity also
often report unreasonable fatigue and exercise intolerance for up to days after the
oxygen exposure. The fatigue is probably not related to pulmonary injury — there is no
correlation with any indices of pulmonary function — but rather, a different manifestation
of oxygen toxicity.



Pulmonary oxygen toxicity with PO2 from about 75 kPa (0.75 atm; 570 Torr) to about
160 kPa (1.6 atm) begins in the lungs, with an inflammatory process following the initial
oxygen insult (Demchenko et al, 2007). It is somewhat analogous to a sunburn, in that
an inflammatory injury follows the initial damage, and that the injury exists before the
symptoms and signs are apparent. The first attack, presumably by reactive oxygen
species, damages the pulmonary capillary endothelium, that is, the lining of the small
gas-transfer blood vessels in the lung. The resulting immune response causes further
damage, leading to leaks from the blood into the interstitial spaces (i.e., the spaces
between the cells). Lung volume changes caused by interstitial edema are within the
error of measurement of vital capacity measurements (Shykoff, 2001), though the fluid
cuffing of airways may decrease forced expired volume in 1 s (FEV1). If the injury
progresses, liquid will leak into the alveoli themselves, where alveolar edema can be
measured as a decrease of vital capacity. Continued oxygen insult will lead to what
amounts to scarring and permanent thickening of the alveolo-capillary membrane as
fibrous material is laid down. Continued oxygen exposure can lead to death, an
endpoint reached in many animal studies. In one human study, patients with terminal
brain damage were ventilated on 100% oxygen until death; after 30 hours, arterial
oxygen saturation began a rapid decline (Barber et al., 1970).

Three sets of studies provide evidence that pulmonary oxygen toxicity is related to
oxygen partial pressure (PO2) and not to oxygen fraction (FO2). 1) Comroe et al. (1945)
compared 34 subjects who breathed 100% oxygen at normal atmospheric pressure to
ten who breathed 50% oxygen at normal pressure and six who breathed 100% oxygen
in an altitude chamber at 18,000 ft (50 kPa [0.5 atm] total pressure). Those for whom
inspired PO2 was 50 kPa had no symptoms regardless of whether the gas was 50% or
100% oxygen, while 30 of 34 for whom POz was 1 atm complained of substernal pain.
2) A hyperbaric chamber exposure to air at 5 atm (PO2 approximately 1 atm) (Eckenhoff
et al, 1987) produced results indistinguishable from those after several studies
conducted at atmospheric pressure with 100% oxygen. 3) A series of three underwater
exposures to POz = 130 kPa (1.3 atm) (Shykoff, 2005, 2007a, 2007b), one at a total
pressure of 130 kPa with 100% oxygen, one at a total pressure of 160 kPa (1.6 atm)
with 80% oxygen, and one at a depth of 50 feet with a rebreather UBA that controls to
PO2 = 1.3 atm, produced indistinguishable signs and symptoms of pulmonary oxygen
toxicity.

Pulmonary oxygen toxicity was not evident in any of 13 reports of exposures to PO2 less
than or equal to 0.55 atm (Clark and Lambertsen, 1971). Note, though, that although
exposure to POz of 50 kPa (0.5 atm; 380 Torr) for 24 hours caused no symptoms in 16
subjects, it may have reduced vital capacity by a meaningful amount in one person, as
read and interpreted from the figure in the paper (Comroe et al, 1945).



Inspired POz does not need to be much higher than 55 kPa (0.55 atm; 418 Torr; 8.1 psi)
to be toxic to the lungs after prolonged exposures. After 24 hours, PO2 of 75 kPa
provoked symptoms in five of nine subjects . That exposure also caused a meaningful
decrease in vital capacity in one or perhaps two individuals, again as read and
interpreted from the figure in the paper (Comroe et al., 1945). Pulmonary oxygen toxicity
with PO2 from 83 to 89 kPa (0.83 to 0.98 atm) has been reported by five other groups
after exposures of 24 hours or more, as reviewed by Clark and Lambertsen (1971).
Since that review, Davis et al (1983) reported evidence of alveolo-capilary leaks after 17
hours' exposure to POz of 95 kPa (0.95 atm). Additionally, Sachner et al. (1975)
showed tracheitis and impaired mucociliary transport in 10 subjects after only six hours'
exposure to PO2 of 95 kPa. Pilots at cabin altitude below 18,000 feet who breathe
nearly 100% oxygen are exposed to POz2s that could provoke pulmonary oxygen
toxicity, but toxic effects at those POz2s require exposures longer than a typical sortie.

Exposures to high oxygen fraction with POz less than 55 kPa (0.55 atm, 473 Torr) that
is, to 100% oxygen at altitudes greater than 18,000 feet, appear to be free of pulmonary
oxygen toxicity, though not of ear and nasal passage effects (Comroe, 1945; Morgan et
al., 1963; Herlocher et al., 1964; DuBois et al., 1963). Multi-day exposures to 100%
oxygen at low total pressure may cause other problems; at a total pressure of 190 Torr,
17 days' exposure to 100% O2 provoked symptoms -- perhaps from the altitude -- in
some of the 8 subjects participating.

The greatest risk of pulmonary oxygen toxicity for pilots comes from post-flight
treatments, whether with normobaric oxygen for a prolonged period (Comroe, 1945;
Davis, 1983; Sackner, 1975) or with hyperbaric oxygen (Smerz, 2004; Shykoff, 2008).

2. Increased oxidative stress

Oxidative stress, usually from the action of reactive oxygen species (ROS) in the body,
has been associated with many disease states and with the process of aging. The
concern that exposure to elevated oxygen levels could increase overall disease risk is
valid. However, most, if not all, studies of increased oxidative stress after exposure to
oxygen are conducted with 100% oxygen at the laboratory altitude, that is, with P/O2
close to 100 kPa (760 Torr). They therefore represent a much higher POz than that
encountered by pilots at altitude. The risk of increased oxidative stress for pilots
breathing oxygen at altitude is minimal. For those breathing 100% oxygen at low
altitude, duration of exposure is probably important, but data are hard to find.



3. Other effects of altered PO:

Carotid body:

Ventilatory control: Elevated PO2 depresses some of the functions of the carotid bodies.
In cats, arterial PO2 greater than 200 Torr eliminates carotid body chemoreceptor output
(Lahiri and DeLaney, 1975). Elevated POz causes a time lag between changes in
arterial blood and the respiratory responses that can occur only after the change
communicates across the blood — brain barrier to the central chemoreceptors.

Blood sugar control: The response to hypoglycemia, particularly the release of adrenalin
and glucagon that counteract it, has been shown to be depressed in people breathing
100% oxygen at atmospheric pressure (Wehrwein et al., 2010).

Cardiovascular variables: Hyperoxia (100% O2 at atmospheric pressure) enhances the
baroreflex control of heart rate, decreasing heart rate further in response to elevations in
blood pressure (Sinski et al., 2014). It also increases the blood pressure response to
isometric exercise and to the presence of metabolites in local tissue beds (e.g., post-
exercise occlusion) even though lactate production decreases (Houssiére et al., 2005).

Hyperoxic vasoconstriction: Elevated arterial POz stimulates systemic vasoconstriction,
that is, narrowing of the resistance arteries in the body and brain. This increases blood
pressure until reflex systems, primarily those in the carotid body, reduce heart rate to
normalize blood pressure. Oxygen delivery to the brain is unaffected, but CO2 washout
may decrease. In other tissues, the diffusion distance for oxygen and CO2 may increase
because fewer capillaries are open. This is a graded effect of oxygen partial pressure; a
progressive increase in oxygenation from normal to mildly hyperoxic (transcutaneous
PO2 from 20 to 60 kPa; approx.150 to 460 Torr) causes a progressive increase in
vascular resistance and decrease in stroke volume in supine subjects (Bak et al, 2007).

Hyperoxic hyperventilation: One effect of vasoconstriction is a reduction in brain blood
flow, which, by slowing the removal of carbon dioxide (CO2) from the central
chemoreceptors, increases respiratory minute ventilation if breathing is unencumbered.
At rest, this produces a mild degree of hyperventilation, that is, respiratory minute
ventilation high enough to decrease the arterial PCO».

Additional mechanisms have been proposed for hyperoxic hyperventilation (Dean et al.,
2004). Independent of the mechanism that increases ventilation, though, the central
chemoreceptor response to the lowered PCOz2 that results limits the increase in
ventilation, and resting PaCO2 decreases only slightly (Becker et al., 1996). The
hypocapnia is not sufficient to be expected to cause cognitive changes (Otis et al, 1946)
or any significant shifts in hemoglobin oxygen affinity in either arterial or venous blood.
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Note that the healthy ventilatory response to hypoxia is hyperventilation (Taylor et al,
1989). Equations [4], [5], and [1] indicate that a decrease in PACOz2 yields an increase
in PaO2. An additional advantage is that decreased PaCO: increases hemoglobin affinity
for oxygen, permitting higher SaO:2 for a given PO2. Since the hyperventilatory response
begins when arterial saturation drops, the increased affinity favors loading of oxygen
onto arterial blood in the lungs. At the tissue, local CO2 will still lower the affinity relative
to that in arterial blood to improve oxygen delivery to tissues, though perhaps not to
normoxic baseline.

During hypoxic exposures as ventilation increases, respiratory CO2 washout greatly
exceeds metabolic CO2 production, and the respiratory ratio R increases above 1 (Fenn
et al., 1946). Once the PACOz2 stabilizes at the value corresponding to the new
ventilatory rate, the ratio will once again match that of metabolism.

Although hyperventilation can cause symptoms and loss of function, at least some
measures of brain performance are normal at PACO:2 of 30 Torr (Otis et al., 1946).
Mentally functional climbers breathing air on Mt. Everest had PACO2 from 11 Torr at
6050 m down to 7.5 Torr at the summit (West et al., 1983). At high altitude, exercise
performance is greatest in those with high hypoxic ventilatory responses (Schoene et
al., 1986). It can be argued that adequate brain and tissue PO takes precedence over
concerns for low PaCOo.

4. Oxygen delivery at low humidity predisposes to increased airway reactivity

All current tactical aircraft deliver breathing gas at near zero relative humidity. Very dry
gas is a known airway irritant which can induce bronchoconstriction (that is, narrowing
of the large to medium airways as a result of smooth muscle contraction) in susceptible
individuals (Stensrud et al., 2006). While personnel with diagnosed asthma are
excluded from flight training, objective screening is not standard in the U.S. Navy or
U.S. Air Force as it is in other air forces (Schwarz, et. al., 1997). As a result, personnel
with asymptomatic reactive airway disease may become pilots. Approximately 7% to 8%
of the U.S. population has some form of asthma or reactive airways disease (CDC,
2011). This percentage is not significantly different among the young adults that make
up the active duty population (Al-Hazmi, et al., 2007; Bar Dayan, et al., 2004). It would
be reasonable to hypothesize that when exposed to the low humidity environment of
tactical aviation, susceptible individuals may develop obstructive pulmonary function
changes. Bronchoconstriction may manifest as shortness of breath, chest tightness
and/or cough. Although this is not an oxygen effect, it may be confused with one, and it
potentially contributes to gas trapping in the lung, the first step towards absorption
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atelectasis when FiOz is high. Additionally, the drying of mucous membranes
predisposes to sinus and middle ear gas entrapment.

Conclusions

1. The composition of alveolar gas at steady state can be estimated using the
alveolar gas equation. The variables involved are PACO2 and respiratory ratio
R. These are related directly to metabolic rate and alveolar minute ventilation.

2. Absorption atelectasis is a risk for anyone breathing gas with an oxygen
fraction in excess of about 80%. Trapped volume decreases faster at altitude
than at sea level. Frequent, very deep breaths could be protective of the lungs,
and “ear clearing” maneuvers can reduce middle ear problems. These
maneuvers should be recommended both at altitude to maintain gas volume
and on return to breathing air, to add nitrogen to the spaces.

3. In healthy lungs, no gas exchange advantage is obtained by increasing PaO2
above about 150 Torr. As a first approximation, this suggests that the supplied
FO2 should target 190 /Pt, where Pt is in Torr.

4. Toxic chemical effects of oxygen are unexpected if P1O2 < 380 Torr (0.5 atm, 50
kPa, 100% O:2 at and above 18,000 ft). (Note point 2: absorption atelectasis IS
a risk with 100% O3 at any altitude.) Toxic effects of oxygen at lower altitudes
are not expected unless exposure duration is long, but early, self-correcting
problems have been noted after 6 hours with 100% oxygen on the ground.

5. Carotid body chemoreceptor function is decreased by high PaOz2, and is
probably absent when PaO2 >200 Torr (100% O:2 below about 28,000 ft). Pilots
breathing oxygen at these altitudes may compensate poorly for hypoglycemia.
Heart rate and blood pressure control may be altered.

6. Low humidity of breathing gases may provoke bronchoconstriction in
susceptible individuals.

12



REFERENCES

Akca O, A Podolsky, E Eisenhuber, O Panzer, H Hetz, K Lampl, FX Lackner, K
Wittmann, F Grabenwoeger, A Kurz, A-M Schultz, C Negishi, DI Sessler (1999).
Comparable Postoperative Pulmonary Atelectasis in Patients Given 30% or 80%
Oxygen during and 2 Hours after Colon Resection. Anesthesiology 91:991-998

Al-Hazmi M., Wooldrage K., Anthonisen N. R., Becklake M. R., Bowie D., Chan-Yeung
M, Van Til L. (2007). Airflow obstruction in young adults in Canada. Canadian
Respiratory Journal, 14(4), 221-227

Bak Z, F Sjoberg, A Rousseau, | Steinvall, B Janerot-Sjoberg (2007). Human
cardiovascular dose—response to supplemental oxygen. Acta Physiologica 191: 15-24

Balldin Ul, GO Dahlback, CE Lundgren (1971). Changes in vital capacity produced by
oxygen breathing during immersion with the head above water. Aerospace Medicine
42(4):384-387

Bar Dayan Y, Elishkevits K, Goldstein L, Goldberg A, Fichler M, Ohana N, Levi Y,
Dayan YB (2004). Screening for common respiratory diseases among Israeli
adolescents. Can Respir J. May-Jun;11(4):298-300.

Barber RF, WK Hamilton (1970). Oxygen toxicity in man: a prospective study in patients
with irreversible brain damage. N Engl J Med 283(27):1478-1484

Becker HF, O Polo, SG McNamara, M Berthon-Jones, CE.Sullivan 1996). Effect of
different levels of hyperoxia on breathing in healthy subjects. J. Appl. Physiol. 81(4):
1683-1690

Caro CG, J Butler, AB DuBois (1959). Some effects of restriction of chest cage
expansion on pulmonary function in man: an experimental study. J Clin Invest 39: 573—
583, 1959

Centers for Disease Control and Prevention (2011). Asthma in the US. CDC Vital signs
https://www.cdc.gov/vitalsigns/asthma/index.html

Clark JM and CJ Lambertsen (1971). Pulmonary oxygen toxicity: a review.
Pharmacological Reviews 23(2): 37-133, 1971

Comroe JH, RD Dripps, PR Dumke, M Deming (1945). Oxygen toxicity: the effect of
inhalation of high concentrations of oxygen for twenty-four hours on normal men at sea
level and at a simulated altitude of 18,000 feet. JAMA 128(10):710-717

13


https://www.cdc.gov/vitalsigns/asthma/index.html

Davis WB, Sl Rennard, PB Bitterman, RG Crystal (1983). Pulmonary oxygen toxicity —
early reversible changes in human alveolar structures induced by hyperoxia. N Engl J
Med 309:878-883, 1983

Dean, JB, DK Mulkey, RA Henderson, SJ Potter, RW Putnam (204). Hyperoxia, reactive
oxygen species, and hyperventilation: oxygen sensitivity of brain stem neurons. J Appl
Physiol 96:784-791

Dubois AB, RW Hyde, E Hendler (1963).Pulmonary mechanics and diffusing capacity
following simulated space flight of 2 weeks duration. J Appl Physiol 18(4): 696-698

DuBois AB, T Turaids, RE Mammen, FT Nobrega (1966). Pulmonary atelectasis in
subjects breathing oxygen at sea level or at simulated altitude. J Appl Physiol 21(3):
821-836

Dugan M, BP Kavanagh (2005). Pulmonary atelectasis: a pathogenic perioperative
entity. Anesthesiology 102:838-854

Eckenhoff RG, JH Dougherty Jr, AA Messier, SF Osborne, JW Parker (1987).
Progression of and recovery from pulmonary oxygen toxicity in humans exposed to 5
ATA air. Aviat Space Environ Med 58(7):658-667

Edmark L, K Kostova-Aherdan, M Enlund, G Hedenstierna (2003). Optimal oxygen
concentration Induction of general anesthesia. Anesthesiology 98: 28-33

Fenn WO, H Rahn, A Otis (1946). A theoretical study of the composition of alveolar air
at altitude, Am J Physiol 146(5):637-653

Gronkvist, M, E Bergsten, O Eiken, PM Gustafsson (2003). . Inter- and intraregional
ventilation inhomogeneity in hypergravity and after pressurization of an anti-G suit. J
Appl Physiol 94: 1353-1364

Hampson NB, DA Atik (2003). Central nervous system toxicity during routine hyperbaric
oxygen therapy. Undersea Hyperbar Med 30(2): 147-153.

Hedenstierna G, L Edmark (2010). Mechanisms of atelectasis in the perioperative
period. Best Practice & Research Clinical Anaesthesiology 24(2):157-169

Herlocher JE, DG Quigley, VS Behar, EG Shaw, BE Welch (1964). Physiologic
response to increased oxygen partial pressure 1: Clinical Observations. Aerospace Med
35(7):613-618

Houssiére A, B Najem, N Cuylits, S Cuypers, R Naeije,, P van de Borne (2006).
Hyperoxia enhances metaboreflex sensitivity during static exercise in humans. Am J
Physiol Heart Circ Physiol 291: H210-H215

14



Lahiri S, RG DelLaney (1975). Relationship between carotid chemoreceptor activity and
ventilation in the cat. Respir Physiol 24: 267-286

Leblanc P, F Ruff, J. Milic-Emili. (1970). Effects of age and body position on “airway
closure” in man. J Appl Physiol 28(4):448-451

Morgan TE Jr, F Ulvedal, RG Cutler, BE Welch (1963). Effects on Man of Prolonged
Exposure to Oxygen at a Total Pressure of 190 mm Hg. USAF School of Aerospace
Medicine, Aerospace Medical Division, Brooks Air Force Base, TX.
http://www.dtic.mil/dtic/tr/fulltext/u2/423948.pdf

Naval Sea Systems Command (2016). U.S. Navy Dive Manual, Rev. 7. Chapter 3,
paragraph 3-9.2.2, page 3-42

Otis AB, H Rahn, MA Epstein, WO Fenn (1946). Performance as related to composition
of alveolar air. Amer J Physiol 146(2): 207-221

Robertson WG, LE Farhii (1965). Rate of lung collapse after airway occlusion on 100%
02 at various ambient pressures. J Appl Physiol 20(2): 228-232

Rothen HU, B Sporre, G Engberg, G Wegenius, M Hégman, G Hedenstierna (1995a).
Influence of gas composition on recurrence of atelectasis after a reexpansion maneuver
during general anesthesia. Anesthesiology 82: 832—842

Rothen HU, B Sporre, G Engberg, G Wegenius, A Reber, G Hedenstierna (1995b).
Prevention of atelectasis during general anaesthesia. Lancet 345(8962):1387-1391

Sackner MA, J Landa, J Hirsch, A Zapata (1975). Pulmonary effects of oxygen
breathing: a 6-hour study in normal men. Ann Intern Med. 82(1):40-43

Schoene RB, S Lahiri, PH Hackett, RM Peters,Jr., JS Milledge, CJ Pizzo, FH Sarnquist,
SJ Boyer, DJ Graber, KH Maret, JB West (1984). Relationship of hypoxic ventilatory
response to exercise performance on Mount Everest. J Appl Physiol 56(6): 1478-1483

Schwarz YA, Erel J, Davidson B, Caine Y, Baum GL (1997). An algorithm for pulmonary
screening of military pilots in Israel. Chest 111(4):916-21

Shykoff BE (2002). Pulmonary Effects of Submerged Breathing of Air or Oxygen. Navy
Experimental Diving Unit TR 02-14, Panama City, FL. http://archive.rubicon-
foundation.org/3483

Shykoff BE (2008). Pulmonary Effects of U.S. Navy Treatment Table 6 Hyperbaric
Exposure. Navy Experimental Diving Unit TR 08 -04, Panama City, FL
http://archive.rubicon-foundation.org/7967

15


http://archive.rubicon-foundation.org/7967

Shykoff B (2007). Pulmonary oxygen toxicity: POz, not FIO2. Abstract of the Undersea &
Hyperbaric Medical Society 2008 Annual Scientific Meeting June 26-28, 2008 Salt Lake
City Marriott Downtown, Salt Lake City, Utah. http://archive.rubicon-foundation.org/7792

Shykoff B. (2005). Pulmonary Effects of Eight Hours Underwater Breathing 1.35 ATM
Oxygen: 100% Oxygen or 16% Nitrogen, 84% O». Navy Experimental Diving Unit TR
05-18, Panama City FL. http://archive.rubicon-foundation.org/3474

Shykoff, B (2007). Pulmonary Effects of Eight-Hour MK 16 MOD 1 Dives, Navy
Experimental Diving Unit TR 06-15, Panama City, FL. http://archive.rubicon-
foundation.org/6869

Sinski M, J Lewandowski, J Przybylski, P Zalewski, B Symonides, P Abramczyk, Z
Gaciong (2014). Deactivation of carotid body chemoreceptors by hyperoxia decreases
blood pressure in hypertensive patients. Hypertension Research (2014), 1-5

Smerz R (2004) .Incidence of oxygen toxicity events during the treatment of dysbarism
Undersea Hyperb Med 31(2):199-202

Stensrud T, Berntsen S, Carlsen, KH (2006). Humidity influences exercise capacity in
subjects with exercise-induced bronchoconstriction (EIB). Respir Med.
Sep;100(9):1633-41

Taylor A, K Rehder, RE Hyatt, JC Parker. Clinical Respiratory Physiology, Saunders
1989, pp 273-274; p 259 (or most textbooks of respiratory physiology).

Webb WR, EJ Stern, N Kanth, G Gamsu (1993). Dynamic pulmonary CT: findings in
healthy adult men. Radiology 186(1):117-124

Wehrwein EA, Basu R, Basu A, Curry TB, Rizza RA & Joyner MJ (2010). Hyperoxia
blunts counter regulation during hypoglycaemia in humans: possible role for the carotid
bodies? J Physiol 588, 4593-4601

West JB, PH Hackett, KH Maret, JS Milledge, RM Peters, J., CJ Pizzo, RM Winslow
(1983). Pulmonary gas exchange on the summit of Mount Everest. J Appl Physiol 55(3):
678-687

16


http://archive.rubicon-foundation.org/3474
http://archive.rubicon-foundation.org/6869
http://archive.rubicon-foundation.org/6869

	Request for Clearance for Authored Works
	Part A – Background Information
	Part B – Purpose/Forum
	Part C – Required Disclaimers and Acknowledgments
	Part D – Author Attestation & Directorate Review



