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symptoms and measured signs suggestive of pulmonary oxygen toxicity increased across the
dive week, and some divers complained of excessive fatigue and exercise intolerance [3].
When six-hour resting dives were repeated, divers reported extreme fatigue and some cumula-
tive pulmonary effects were evident [2].

The further investigation of the pulmonary effects of six hour dives with PO, of 130 kPa
with divers resting is a continuation of the previous work. Measurement after six hour dives
while divers exercised is an extension of it. Of interest are which effects might be due to hyper-
oxia, which to immersion, and which to immersed hyperoxia; normobaric hyperoxia without
immersion is known to cause some direct oxidative damage to tissues and or surfactant [4,5].
Head out water immersion alters hemodynamic and pulmonary function, and the effects of
fluid shifts from long immersions persist long after emergence from the water. Divers who are
totally immersed and breathing from a demand regulator at the mouth have pulmonary static
loading equivalent to that of head-out water immersion in the matching posture. Water
immersion or submersion causes blood volume to move from the legs and splanchnic bed into
the thorax [6,7]. Resting end-expiratory lung volume decreases and pulmonary congestion fol-
lows [8]. The increase in pulmonary blood volume is great enough that it decreases vital capac-
ity [9]. Further, airway flow resistance increases because of reduced lung volume [10],
increasing the magnitude of pressure swings needed to generate inspiratory flow. The
increased output of the left ventricle limits the increase in pulmonary congestion but does not
eliminate it [11]. Thus, a diver breathing in a head-up position underwater with a demand reg-
ulator in his or her mouth 1) must generate increased pressure swings to overcome the static
load and the increased airway resistance; and 2) experiences pulmonary congestion because of
the translocation of blood into the chest. Exercise in the water exacerbates both effects [12].
These large intrathoracic pressure swings in the presence of pulmonary congestion, repeated
for hours and then for days, might be expected to cause post-exposure pulmonary symptoms
and changes in pulmonary function even without hyperoxia. This study compared those
effects of breathing underwater with those of breathing hyperbaric oxygen to answer questions
about pulmonary effects of repeated, long-duration dives.

To partition the effects of hyperoxia, immersion, and exercise, five phases of five, six-hour
dives repeated daily (“dive weeks”) were conducted: oxygen breathing underwater by divers
at rest (“wetO,”); air breathing underwater by resting divers (“wetAir”); oxygen breathing in
the hyperbaric chamber at the same partial pressure as that in the water, also by resting sub-
jects (“dryO,”); oxygen breathing underwater by divers who exercised: (“wetO,X”); and air
breathing underwater by divers who exercised (“wetAirX”). The pulmonary data-symptoms
that may indicate pulmonary oxygen toxicity, and specific forced flow-volume indices (forced
vital capacity [FVC], forced expired volume in 1 second [FEV,], and forced expired flow from
25% to 75% volume expired [FEF,5_;5] from those phases are presented here. Differential
effects of mild hyperoxia, submersion and negative pressure breathing, and exercise are
discussed.

The physiology of special environments—e.g., hyperoxia, immersion, altitude-has been
studied mostly when various government and military programs needed specific information,
and funding has been sparse for any studies when this was not the case. Aviation and oxygen
diving physiology were studied intensively during the Second World War and immediately
after. Immersion studies were funded extensively as surrogate microgravity exposures as the
space program began and later, as long sojourns in space were contemplated. Diving research
over the last decade or so, including this work, has been driven by the desire to spend longer
underwater. Available references reflect these cycles of funding.
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Methods
Ethics, consent, and permissions

All studies were approved by the Institutional Review Board at Navy Experimental Diving
Unit. Each subject gave written informed consent before participating, and all procedures con-
formed to the Declaration of Helsinki.

Subjects

Healthy U.S. Navy divers dove for six hours per day on five consecutive days, with 18-hour
surface intervals (SI). Before and after each day’s diving, forced flow-volume loops (forced
vital capacity maneuvers) were recorded using a spirometer-based pulmonary function
machine (CPL, nSpire Medical, Longmount CO). The loops were examined for quality and
consistency of values, but only FVC, FEV, and FEF,5_,swere compared statistically and are
presented. The times of measurement for each individual were consistent. Morning measure-
ments were made from 5:30 AM to 8:30 AM and afternoon measurements from about 2 PM to
about 5 PM. Forced vital capacity maneuvers were also conducted within the week before div-
ing, on the morning following the fifth dive, and three days after the fifth dive. The average of
parameters from three flow-volume loops reproducible according to American Thoracic Soci-
ety standards [13] was used at each time point, and was compared to a baseline average of six
reproducible values, three from the week before diving and three from the morning before the
first dive. In-water (“wet”) dives were conducted in a 4.6 m (15 foot) deep, fresh water pool,
kept comfortably warm (31.7 + 1.7°C [89 + 3°F] rest, 30.6+1.7°C [87+3°F] exercise). At those
temperatures the divers needed no thermal protection, and wore just shorts and T-shirts, as
they did in the lab before submersion and after changing into dry clothes after diving. Divers
with lung centroid at a depth of 3.4 to 4.0 m (11 to 13 feet) breathed surface-supplied, humidi-
fied gas, open circuit from full face masks with self-contained demand regulators (AGA Diva-
tor mask, Interspiro, Clifftwood Beach NJ).

Up to four divers participated during any dive week. They entered the water individually at
intervals of about an hour. After three hours of immersion they surfaced to stand in shoulder-
deep water and breathe room air during a 10-minute lunch break. The breathing gas underwa-
ter was either air (“air dives”) or 100% oxygen (“O, dives”), for a PO, of approximately 30 or
130 kPa (0.3 or 1.3 atm), respectively. Divers either rested in chairs on the bottom (“resting
dives”) or exercised prone but about 30° head-up on in-water cycle ergometers (“exercise
dives”). During exercise dives, divers alternated 30 minutes of seated rest with 30 minutes of
exercise, and ergometer brake power was adjusted to generate heart rates of 90 to 110 beats/
min. The load was an attempt to mimic the workload of a hypothetical average dive without
current.

Five different sets of dive conditions were investigated, four in the water and one in a dry
hyperbaric chamber. Different divers participated in the five phases. Dry hyperbaric exposures
(“dry dives”) were conducted in a large hyperbaric chamber that was compressed with air to
130 kPa. Seated divers breathed humidified oxygen from hoods (Amron 8891, Amron Interna-
tional, Vista, CA). Divers locked into the chamber individually at approximately one hour
intervals. They removed the hoods after three hours exposure to breathe chamber air and eat
and drink for no more than 10 minutes before resuming oxygen breathing.

Specific symptoms—inspiratory burning, cough, chest tightness or dyspnea—were consid-
ered to indicate pulmonary oxygen toxicity. Subjects were queried about symptoms, which
were scaled as “none”, “mild”, “moderate”, “moderately severe”, or “severe”, whenever pulmo-
nary function was measured and hourly during the dives. A diver who reported any symptom
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from that list was considered to have possible pulmonary oxygen toxicity on that day (S1
Table, S2 Table). When the fraction of person-days with symptoms was calculated, a full diver-
day was allocated.

Changes in flow-volume parameters that fell outside the normal non-diving 95% confi-
dence limits as previously measured at the Navy Experimental Diving Unit [2] also were con-
sidered to be evidence of pulmonary oxygen toxicity. Specifically, decreases from baseline in
FVC greater than 7.7%, in FEV greater than 8.4%, or in FEF,s_;5 greater than 16.8% were con-
sidered to be deficits, collectively termed “AFV”. Incidences of symptoms and of AFV were
compared across dive conditions using Fisher’s Exact Test.

To account for differences across dive phases, fractional changes from baseline in pulmo-
nary function indices were compared rather than the raw values. The average fractional
changes from baseline in flow-volume parameters FVC, FEV;, the ratio of FEV;/FVC, and
FEF,5_,5 were assessed across dive weeks.

For the in-water data, the initial statistical analysis was an analysis of variance (ANOVA)
with two between-subjects factors, gas (oxygen or air delivered) and rest or exercise, with
repeated measures on the within-subject factors dive day (Dives 1 to 5) and time of measure-
ment (immediately after a dive [“PM”] or the following morning [“AM”]). Differences were
considered to be significant if o = 0.05 after Greenhouse-Geisser (G-G) correction for non-
sphericity as appropriate. If a significant interaction of gas was found with rest and exercise or
with time of day, repeated measures ANOV As were repeated on each of the conditions, that is,
one ANOVA for rest and one for exercise, or one for AM and one for PM. Further interactions
including gas were similarly investigated, then time of measurement, with the final drilling-
down a Sidak-corrected pairwise comparison of dive days and comparison of dive days to
baseline.

The resting oxygen dives in the hyperbaric chamber (DryO,) were compared to the resting
in-water oxygen dives (WetO,) with a one factor (wet or dry) repeated measures ANOVA.
Measurements within the condition were made using repeated measures ANOVA with no fac-
tors. Follow-up measurements were compared to baseline using t-tests.

Results

Numbers of divers and their characteristics are presented by type of dive in Table 1.

All participants were healthy and had met physical examination criteria for diving. Never-
theless, a number had baseline FEV/FVC ratios lower than 75%: one diver for wet resting O,
two for wet resting air, one for dry resting O,, two for wet exercise O,, and five for wet exercise
air. Divers were included in the study regardless of baseline FEV,/FVC ratio. All analysis was
of comparison to baseline, and population normative values were not considered.

Table 1. Subject characteristics.

Dive week type Number Age (Years) Height (cm) Weight (kg)
Wet resting O, 10 33 (28-44) 179 (175-185) 86 (75-100)
Wet resting air 10 36 (19-44) 178 (170-191) 85 (73-98)
Dry resting O, 12 28 (20-36) 180 (173-193) 86 (71-102)
Wet exercise O, 10 (12) 25 (20-44) 178 (168-185) 82 (68-105)
Wet exercise air 14 32 (23-44) 182 (173-193) 84 (71-107)

Values listed are medians, with the minima and maxima in parentheses. Parentheses in the “Number” column indicate the number of divers for whom data are included

for only part of the week. Two divers withdrew from the wet exercise O, weeks with symptoms of pulmonary oxygen toxicity.

https://doi.org/10.1371/journal.pone.0202892.t001
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Occurrence of pulmonary signs and symptoms

The fractions of divers who reported symptoms or who had measurable changes in flow-vol-
ume (AFV) parameters are reported in Table 2 for the five phases. Divers frequently reported
symptoms without measurable flow-volume deficits (“signs”), and occasionally vice versa;
symptoms, signs, and both (i.e., any pulmonary oxygen toxicity) are tabulated individually.
The incidences include those reported during a dive, those evident immediately post-dive and
those first measured or reported on the following morning.

From Table 2 one cannot differentiate between multiple individuals each affected in rela-
tion to a small number of dives and a small number of people affected across many dives. Fig
1 shows the number of individuals affected one or more times during the dive weeks. The val-
ues are the number of divers with symptoms, AFV, or both any time during the dive week
expressed as a fraction of total number of divers for the condition. They are an estimate of the
probability that any one diver will have symptoms or signs of pulmonary oxygen toxicity at
any time during a dive week.

Exposures with elevated PO,, wet or dry, were associated with higher probabilities of symp-
toms and of combined symptoms and signs than were air dives. By Fisher’s Exact Test, the
fraction of divers with either signs or symptoms even once during the dive week with dry rest-
ing O, dives did not differ from wet resting O, dives. Similarly, the number affected during
wet resting O, or air dive weeks did not differ from those during wet O, exercise or air exercise
dive weeks, respectively. The numbers during wet exercise air dive weeks were lower than
those during wet exercise O, dive weeks (p<0.01), and those during wet resting air dive weeks
were marginally lower than those during wet resting O, dive weeks (p<0.06).

Table 2. Incidences of symptoms and of changes in flow-volume parameters (AFV) by day during a dive week.

Dive 1
Wet resting O, dives (WetO,) n = 10
symptoms 20%
AFV 20%
either 40%
Wet Resting air dives (WetAir) n = 10
symptoms 0%
AFV 10%
either 10%
Dry resting O, dives (DryO,) n = 14
symptoms 17%
AFV 17%
either 25%
Wet exercise O, dives (WetO,X) n = 12
symptoms 33%
AFV 17%
either 50%
Wet exercise air dives (WetAirX) n = 14
symptoms 7%
AFV 7%
either 7%

2 3 4 5 |later
10% 0% 10% 10% 10%
30% 20% 30% 10% 30%
30% 30% 40% 20% 40%
10% 0% 0% 0% 0%
10% 20% 20% 10% 0%
10% 20% 20% 10% 0%
42% 33% 58% 50% 33%
8% 33% 17% 0% 25%
50% 58% 75% 50% 38%
50% 45% 60% 60% 60%
17% 18% 20% 30% 20%
67% 64% 80% 90% 80%
0% 0% 0% 0% 0%
0% 0% 0% 7% 21%
0% 0% 0% 7% 21%

Symptoms: inspiratory burning, cough, chest tightness or dyspnea
AFV: Decreases of FEVC > 7.7%, FEV, > 8.4%, FEF,5_75 > 16.8% from baseline. “Either”: at least one symptom or AFV, sometimes both.

Note: For WetO,X, one diver aborted during Dive

https://doi.org/10.1371/journal.pone.0202892.t002

2 and one aborted the series before Dive 4.
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Fig 1. Probability of evident pulmonary oxygen toxicity on one or more days of a dive week. The incidence was
calculated as the number of divers with evidence of toxicity even once during the week divided by the total number of
divers. Solid grey: incidence of symptoms; hash marks: incidence of AFV; and grey with hash marks: symptoms and/or
AFV, that is, any evidence of pulmonary oxygen toxicity. Error bars represent the binomial 95% confidence intervals.
The statistical differences that are noted apply to the combined evidence of pulmonary oxygen toxicity. Dive
conditions labeled “a” or “b” do not differ from other similarly-labeled conditions by Fisher’s Exact Test. “*” and the
arrow indicate a significant pairwise difference (p<0.01). Two divers who did not complete the dive week because of
symptoms (wet exercise O, dives) were included in both numerator and denominator for the days when they
participated.

https://doi.org/10.1371/journal.pone.0202892.g001

Another index, the fraction of diver-days with evidence of pulmonary oxygen toxicity (Fig
2), may give a better indication of total pulmonary insult. The number of diver-days with evi-
dence of pulmonary oxygen toxicity was divided by the total number of diver days (e.g., 50 for
ten dives for a dive week). Here also, elevated PO, was associated with greater incidence of pul-
monary oxygen toxicity; wet O, dives showed a higher fraction of diver-days with symptoms
than did wet air dives (p<0.04 at rest, p<0.01 with exercise). However, for this statistic, sub-
mergence appears protective; dry O, dives had a significantly larger (p<0.01) incidence of
symptoms than did wet O, dives. Further, submerged exercise increased the effects of O,; wet
resting O, dives produced fewer symptoms than did wet exercise O, dives (p<0.01), but wet
resting and wet exercising air dives did not differ from each other.

The numbers of person-days with AFV showed fewer differences across conditions than
did the numbers with symptoms because AFV was a rarer event. The number of person days
with AFV was not different between wet resting air and dry resting oxygen, nor between rest-
ing and exercise air. Additionally, the number of person days with AFV did not differ between
wet resting and wet exercise oxygen. However, exercise exacerbated the effects of wet O, to the
extent that exercise dives with O, produced significantly more (p<0.01) person-days with
AFV than did exercise dives with air.

Fig 2 reflects the aggregate for all divers across the dive weeks but does not describe the var-
iability among divers. As shown in Fig 3, the variability is quite large both for number of days
with signs and symptoms, and for severity as assessed by number of separate signs and symp-
toms (“number of problems”) per day. The full individual tabulation appears in the Supporting
Information (S1 Table, resting dives and S2 Table, dives with exercise).
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Fig 2. Fraction of person-days when divers showed evidence of pulmonary oxygen toxicity. Solid grey: incidence of
symptoms; hash marks: incidence of AFV, and grey with hash marks: symptoms and/or AFV. Error bars represent the
binomial 95% confidence intervals. Statistics in roman face represent symptoms comparisons indicated by the ends of
the solid lines, and those in italics, the AFV comparisons indicated by the dashed lines (Fisher’s Exact Test). Dives
labeled “a” do not differ from each other for either indication. Two divers who did not complete the dive week because
of symptoms (wet exercise O, dives) were included in both numerator and denominator for the days when they

participated.
https://doi.org/10.1371/journal.pone.0202892.9002
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Fig 3. Per diver fractional signs and symptoms. Per diver fraction of dive and recovery days with AFV or pulmonary
symptoms, and per diver average number of problems per day as functions of phase, where a “problem” is any one
symptom from the list, or a deficit in FVC, FEV,, or FEF,s_55. Solid gray: fraction of dive days with any signs or
symptoms; hash marks: average number of problems per day. Bars: median; error bars: 1% and 3" interquartile
difference; round spots: maxima. The minima were zero for all conditions.

https://doi.org/10.1371/journal.pone.0202892.9003
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Fig 3 and S1 and S2 Tables allow assessment of individual responses. The progression of the
dive weeks to affect the fewest to the most divers were

1. WetAir, WetAirX: almost no one was affected, although one diver in the resting air series
showed more than one change at nearly all assessments;

2. WetO,, DryO,: half of divers showed evidence of pulmonary oxygen toxicity on one quarter
to one half of days and one or two divers had evidence of toxicity every day, though three
divers wet and one dry had no evidence of pulmonary oxygen toxicity;

3. WetO,X: half of divers manifested pulmonary oxygen toxicity on nearly every assessment
day, with an average of 1.5 problems per day, though one diver had no signs or symptoms
on any day, and one averaged three problems per dive.

Mean values

Baseline. Baseline values are listed in Table 3. Changes in mean values of pulmonary func-
tion indices were minimal in relation to normal variation, but some statistically significant
changes did occur. Fractional changes from baseline for all divers are shown in Figs 4-8.

Submersion effects. None of FVC, FEV, or FEF,5_;5 was significantly different between
WetO, and DryO, (both resting dives). However, resting wet and dry O, exposures were not
considered together because of marginal interactions of the wet-or-dry condition and dive day
for some of the variables.

Within the dry dive FEV, and FEF,s ;5 varied with time of day (p<0.006, p<0.003, respec-
tively), with AM values lower than PM values. FEF,s ;5 also changed with dive day, with only
AM values after Dives 1 and 2 less than baseline.

O, effects in the water. FVC. There were no significant differences in FVC ascribable to
breathing gas.

FEV,.FEV| tested across all in-water dives showed no effect of breathing gas per se (no
main effect), and no significant interactions of breathing gas with other variables.

FEF,s5_ 5. For FEF,5 ;5 there was a significant effect of breathing gas (main effect p<0.008),
as well as a significant interaction of breathing gas with time of day (p<0.04), and a marginal
interaction with rest or exercise (p<0.06). Breathing gas had no significant effect on FEF,s ;5
PM, while FEF,s ;5 AM was significantly more depressed with O, than with air (p<0.002)
with no interactions with rest or exercise or dive day.

Exercise effects in the water. FVC. FVC showed only a marginal difference (p<0.07)
between rest and exercise, with values slightly larger after resting dives than after exercise
dives.

FEV,. FEV, showed a strong effect of exercise (main effect p<0.005, but the exercise effect
also interacted significantly with time of day (p<0.05) and with dive day (p<0.04). FEV,; PM

Table 3. Mean values of pulmonary indices at baseline.

Mean (standard deviation)

WetO,
WetAir
DryO,
WetO,X
WetAirX

Values are presented as means (SD).

https://doi.org/10.1371/journal.pone.0202892.t003

EVC FEV, FEV,/FVC FEFy FEF,s_s
(L) (L) L/s L/s
5.88 (0.58) 4.68 (0.47) 79.5 (4.8) 11.1 (2.1) 4.40 (0.74)
5.47 (0.58) 4.39 (0.69) 80.0 (8.2) 114 (1.4) 4.43 (1.64)
5.78 (0.74) 4.56 (0.64) 79.0 (6.2) 113 (1.7) 4.16 (1.08)
5.78 (0.73) 4.66 (0.70) 80.7 (5.8) 11.6 (1.0) 4.40 (1.14)
6.12 (0.68) 4.61(0.38) 75.9 (7.5) 11.2 (1.5) 3.89 (0.88)
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Fig 4. Wet resting O, dives, individual differences from baseline. #: within 1 hour post dive; ¢: approximately 17
hours later, shown offset by 0.7 days; 4: follow-up three days after diving ended. Dashed lines show lower limits of
normal variation. The extremely low values of FEF,5_;5 are from one subject across multiple days.

https://doi.org/10.1371/journal.pone.0202892.g004
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Fig 5. Wet resting air dives, individual differences from baseline. 4: within 1 hour post dive; ¢: approximately 17
hours later, shown offset by 0.7 days; 4: follow-up three days after diving ended. Dashed lines show lower limits of
normal variation.

https://doi.org/10.1371/journal.pone.0202892.9g005

was greater after exercise dives than after resting dives (p<0.002), though for neither rest nor
exercise dives was any individual PM value different from baseline. However, FEV; AM was
only marginally different (p<0.1) between rest and exercise, with more depression from
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Fig 6. Dry resting O, dives, individual differences from baseline. #: within 1 hour post dive; ¢: approximately 17
hours later, shown offset by 0.7 days; 4: follow-up three days after diving ended. Dashed lines show lower limits of

normal variation.

https://doi.org/10.1371/journal.pone.0202892.9g006
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normal variation.

https://doi.org/10.1371/journal.pone.0202892.g007
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Fig 8. Wet air dives with exercise, individual differences from baseline. #: within 1 hour post dive; ¢: approximately
17 hours later, shown offset by 0.7 days; 4: follow-up three days after diving ended. Dashed lines show lower limits of
normal variation.

https://doi.org/10.1371/journal.pone.0202892.9g008

baseline after resting dives than after exercise dives. For FEV; AM, rest or exercise interacted
significantly (G-G p<0.003) with dive day; the exercise conditions differed significantly (exer-
cise FEV; AM was lower) only on the mornings after Dives 3 and 4. After WetAirX, FEV; PM
was greater than baseline after Dives 1 and 5. For all other phases and dives, it did not differ
from baseline.
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Table 4. Differences from baseline at three-day follow-up.

FVC FEV, FEF;5_75
WetO, -3.0% p<0.006 -3.7% p<0.04 -6.4% (p<0.08)
WetAir -3.6% (p<0.09) -2.6% (p<0.07) -3.8% n.s.
DryO, -0.9% n.s. -0.5% n.s. -2.2% n.s.
WetO,X -0.4% n.s. -3.9% p<0.03 -10.3% p<0.01
WetAirX -3.0% p<0.04 -2.3% (p<0.07) +0.2% n.s.

Mean difference and statistical significance (single value t-tests) are listed.

https://doi.org/10.1371/journal.pone.0202892.t004

FEF,s5 ;5. There was a strong effect of exercise FEF,5_,5 (main effect <0.006), but also an
interaction of exercise with time of day (p<0.03). FEF,5 ;5 PM was larger after exercise dives
than after resting dives (p<0.0003), not different from baseline after the resting dives but sig-
nificantly elevated in the afternoon after Dives 1, 4, and 5. FEF,s 75 AM showed only an inter-
action between rest and exercise and dive day; after resting dives, dive day did not significantly
affect FEF,5 75 AM, but FEF,s5 ;5 was depressed more after Dive 4 at rest than Dive 4 with exer-
cise. After WetAirX, FEF,s ;5 PM was greater than baseline, and after all other phases, it did
not differ from baseline for any dive.

Follow-up. At the follow-up measurements three days after the fifth dive, FVC and FEV;
were below baseline for WetQO,, FEV, and FEF,5_5 values were below baseline for WetO,X,
FVC was depressed for WetAirX, and a few other values remained marginally different from
baseline (Table 4).

Discussion

The comparisons of dry oxygen to wet oxygen dives and wet oxygen to wet air dives indicate
that the constellation of signs and symptoms strongly suggested pulmonary oxygen toxicity
rather than an immersion phenomenon of some sort: 1) strikingly few divers had any pulmo-
nary signs or symptoms after wet air dives, even with exercise (Fig 3); 2) incidences of signs
and symptoms were high only for oxygen dives (Table 2); 3) the probability of symptoms or
signs at least once during the weeks was not different among the different oxygen dives,
including the dry dives, but was greater for oxygen than for air dives (Fig 1); and 3) dry oxygen
dives generated more symptoms on all but the first dive day (Table 2) and more person-days
with symptoms (Fig 2) than did wet oxygen dives. Thus, the hypothesis that large pressure
swings in the presence of pulmonary congestion is responsible for altered pulmonary function
indices and for symptoms after diving was not substantiated. Exercise exacerbated the oxygen
effect without itself causing any change in signs or symptoms after air dives.

The incidence of symptoms or of AFV in any individual is very different from the average
change in pulmonary function across a group. This study, like others reported previously [2,3],
shows that average changes are minimal. Nonetheless, some individuals experiencing pulmo-
nary oxygen toxicity have results far from the group mean (Figs 4-8). Also like the previous
reports, this study shows the lack of correlation between pulmonary symptoms and pulmonary
signs.

Divers generally participated in only one phase of the study. This opens the possibility that
the apparent effects of the dive conditions were, in fact, individual responses; some divers may
be more aware of respiratory symptoms than others. Here, the fact that divers did not partici-
pate in all phases of the study reduces the ability to separate effects of conditions from individ-
ual succeptibility. However, as differences are usually greater, not smaller, in a repeated design,
we have confidence that the differences seen betweem conditions were real. Divers knew what
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gas they were breathing and whether or not others had reported symptoms, knowledge that
could have influenced their thresholds for reporting symptoms. Even had all divers partici-
pated in all phases, group influence could not have been removed. Pulmonary function mea-
surements, though, are objective.

Occurrences of signs and symptoms of pulmonary oxygen toxicity

The incidences of reported symptoms following the wet resting, six-hour oxygen exposures of
these dive weeks were apparently lower than those seen previously following similar dives,
while the incidences of AFV were greater. Previous single, six-hour resting dives with PO, of
130 kPa showed incidences for symptoms of 33% (95% confidence interval 20% —46%) after
single dives (n = 44); 34% (18%- 54%) after two dives with an 18-hour SI (n = 29); and 44%,
50%, and 31% (n = 16) after three, four, and five resting six-hour dives with 18-hr SI, closer to
those from the current dry O, exposures. The concurrent incidences of AFV were 6% (1%-
16%) after one dive; 3% (0.1%— 18%) after two dives; and 25%, 6%, and 6% after three, four,
and five dives, respectively [2]. Given the relatively small numbers of participants and the low
incidences in the current dives, binomial confidence intervals are large, but the apparent dif-
ference between current and previous wet resting oxygen dive series (and between the inci-
dence after three dives and the rest of the series) remains a puzzle.

The differences between wet and dry oxygen dives in the current series was surprising,
since an earlier study showed no difference in the incidence of signs or symptoms of pulmo-
nary oxygen toxicity between single wet and single dry six-hour dives with a PO, of approxi-
mately 160 kPa, where 36% of 34 divers in both groups reported symptoms [3]. However, that
study involved only one day of diving, and the current results also show no difference between
the first dive of the dry and wet resting oxygen dives series. For days 2 through 5, the breathing
apparatus is unlikely to have caused the difference; the slight threshold negative pressure
needed to start the gas flow and the hydrostatic load of the seated posture underwater might be
expected to have increased, not decreased, pulmonary injury relative to a hood with a very
slight positive pressure surrounding the head. (Both devices had a slight positive pressure
threshold for exhalation.) For both situations, the oxygen supply was humidified by bubbling
it through water before it was delivered to the divers, although the bubblers were different
(home built for the wet dives, commercial bubblers made for use with the hoods for the dry
dives), and perhaps the gas delivered in the water was also humidified by water leakage into
the masks. However, the difference is not that the dry dives had a higher incidence of pulmo-
nary oxygen toxicity than that expected, but more that the wet dives had a lower incidence
than had been reported earlier.

Submersion itself seems an unlikely source of protection against pulmonary oxygen toxic-
ity. Acutely, the centralization of blood volume leads to higher pulmonary blood volume and
flow and higher pulmonary capillary pressure than that in a dry environment, all factors which
would promote fluid transfer into interstitial spaces through any leaky capillary walls; alveolar-
capillary leaks have been detected after 17 hours of dry normobaric hyperoxia [14]. It seems
reasonable to assume that a small translocated volume can generate local interstitial edema suf-
ficient to irritate nerves without affecting overall pulmonary function parameters. However,
the hypovolemia that follows from immersion [15,16,17] may have moderated the increased
filtration pressures in the lungs in the wet divers despite the sustained increase in central
venous pressure [18]. Hypovolemia was likely cumulative across the dive week [15], and per-
haps more severe than that during the previous series of six-hour wet resting oxygen dives [2]
when divers were less restricted. The sympathetic responses to hypovolemia [15,19,20] may
have reduced some of the immediate post-dive symptoms; for example, terbutaline has been
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reported to alleviate the impaired mucociliarly clearance seen after six-hour normobaric
hyperoxic exposures [21].

Parameters of forced flow—Volume maneuvers: changes overall

None of the measured parameters changed from baseline immediately after the first dive of
any of the series. However, FEV, and FEF,5_,5 values about 17 hours after surfacing from the
second and subsequent in-water dives were lower than those immediately post surfacing. Val-
ues immediately after surfacing from exercise dives were higher than those immediately after
surfacing from resting dives. Finally, values after immersed dives with oxygen were lower than
those after dives with air; in-water diving with oxygen generally depressed FEV; and FEF,5_s,
and the effect persisted through the follow-up day three days after the fifth dive.

Depressed values at follow-up indicate that the values not different from or above baseline
immediately post dive do not represent recovery, but rather a phenomenon of immersion or
immersion with exercise. The pattern is suggestive of an inflammatory effect that begins from
the morning after the first oxygen dives until several days after the last oxygen dives, but with
intervening immersion (and sometimes exercise) effects that somehow increased these indices
of pulmonary function. The pattern of increase without inflammation is seen for WetAirX.

Both FEV; and FEF,5_;5 provide information about small airway resistance and lung elastic
recoil. FEV is usually preferred in clinical practice because it is the more reproducible of the
two parameters. The primary difference is that FEV, spans a wider and, across subjects, a
more variable range of lung volumes than does FEF,5_ ;5. FEV always includes information
from the first 25% of the volume expired, flow dominated by resistance of the large airways.
When FEV /FVC is less than 75%, FEV, does not include the entire middle half of expiration.
Thus, when FEV,/FVC is low, FEV; may appear normal while FEF,5_;5 shows increased small
airway resistance [22]. Of these dives only the wet air exercise cohort included a large number
of divers with FEV,/FVC ratio less than 75%, and in that cohort, FEV, did not show as many
changes related to diving as did FEF,5_7s.

Diving-related changes in FEV, and FEF,5_ ;5 must be functional, not structural changes;
they have rapid onset and are self-reversing. Possible sources of altered small airway resistance
are changes in smooth muscle tone, degree of bronchiolar mucosal edema, airway fluid cuft-
ing, or mucus obstruction. Lung elastic recoil could be altered reversibly by capillary engorge-
ment or surfactant degradation.

The deficits in FEV, and FEF,s_;5 on the mornings after diving but not at the initial post-
dive assessment strongly suggest a post-dive inflammatory cause. Oxygen-induced injury to
the airway epithelium may have caused later mucosal swelling and even smooth muscle activa-
tion. The inflammation seems to have required immersion during the oxygen exposure. This
is consistent with the argument advanced above, that high PO, causes capillaries to become
leaky, and that the leaks become worse when a hemodynamic pressure head forces fluid
through them to cause mild interstitial and perivascular edema and fluid cuffing around bron-
chioles and bronchial junctions. Mucus accumulation in the airways seems unlikely because
cough was not a common symptom.

Restoration or increase in FEV; and FEF,5_,5 immediately after both air and oxygen expo-
sures in the water, enhanced by exercise, suggests a cause that is independent of any oxygen-
induced injury. Water immersion causes lung vascular engorgement, but that has been shown
to decrease lung elastic recoil at low lung volume [8], and is thus not an explanation for the
increase in FEF,5_;5 shortly after dives. Further, all measurements were averages of three valid
tests, and the first vital capacity maneuver can be expected to expel much of the excess blood
from the pulmonary vasculature. Breakdown of pulmonary surfactant would increase lung
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recoil pressure, and, at least in mice, surfactant turn-over takes between 3 and 6 hours [23],
which makes the time course possible, but changes in surfactant are more likely after O, than
air dives. Another possible cause for the early recovery of or increase in FEV, and FEF,s_ ;s is
bronchodilation secondary to generalized increased sympathetic nervous system activity after
the dives: Muscle sympathetic nervous activity increases after three days of dry immersion [19]
and in response to hypovolemia [20], and six-hour water immersion induces significant hypo-
volemia [15]. Heart rate variability indices of sympathetic activity decrease after single six-
hour resting air dives [24].

Diurnal differences may also have influenced the post-dive vs. pre-dive values. FEV| is low-
est during the normal sleep cycle when many of our morning measurements occurred, and
highest in the early afternoon when some divers were exiting the water [25]. However, the
measurement schedule was very similar for air and oxygen dives, wet or dry, while the patterns
we observed were not. The time of day effect was not significant for DryO,. Further, the first
diver of a series performed pulmonary function testing easily five hours before the last diver of
a set of dives, an effect that should blur the diurnal effect [26].

Rest vs. Exercise

The pulmonary effects differed considerably between exposures at rest and those with exercise.
For air dives, apparent improvement in indices of small airway function immediately post-
dive was more pronounced after exercise dives, when values after WetAirX were greater than
baseline. For O, dives, the overall incidence and severity (number of separate problems) of
pulmonary oxygen toxicity was much greater after exercise dives than after resting dives while
average changes in pulmonary function were not evident until the end of the dive week. This
may be related to the further elevation by in-water exercise of pulmonary vascular pressures,
already elevated by immersion at rest relative to the non-immersed state [12].

Exercising divers had a slightly lower hydrostatic respiratory load than did those resting,
because they were semi-prone at a 30° head-up angle during their exercise periods rather than
vertical in the water column as they were at rest. However, the exercise-induced increase in
pulmonary blood volume is much greater than that for a small change in static load [11].

When divers breathed air underwater, the incidence of pulmonary signs and symptoms
after diving was not increased by exercise; presumably, if the capillaries have not been dam-
aged by hyperoxia, they don’t leak. However, when divers breathed oxygen, the incidence of
pulmonary oxygen toxicity increased with exercise, possibly because increased pressures
“found” more leaks. After the second or later dives the increase was more pronounced, per-
haps because the inflammatory response to the first dive’s oxygen insult made the tissue more
fragile. This is consistent with previous studies with four hour dives with rest or exercise,
where the increase in pulmonary toxicity with exercise was not clear until the second day of
diving [3].

Conclusion

Repeated shallow six-hour dives with air as the breathing gas generate very few respiratory
symptoms or reductions in pulmonary function even when the divers perform moderate aero-
bic work half the time; the pulmonary vasculature appears to be able to handle the immersion
effects without injury. However, exposures to a PO, of approximately 130 kPa cause symptoms
of pulmonary oxygen toxicity and individual changes in pulmonary function parameters
whether the exposure is in a dry chamber or underwater. If the underwater oxygen exposure
includes moderate aerobic exercise for half the time, both incidence and individual severity of
pulmonary oxygen toxicity are exacerbated. FEV; and FEF,5_;5 are more affected than is FVC,
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and both show a pattern of late (about 17-hour) post-exposure deficit followed by improve-
ment early after the next exposure. Evidence of increased small airway resistance remains
three days after the end of in-water O, dive weeks. For individuals who must exert themselves
while breathing PO, of 130 kPa, a schedule of 6 hours per day for more than two days is ill-
advised.

To further work in this area, studies including more functional parameters should be com-
pleted. Moreover, pulmonary function should be examined in the context of more global
“whole-body” oxygen toxicity that may impact diver safety and physical performance.

Supporting information

$1 Table. Incidence of pulmonary oxygen toxicity (PO,tox) for individual subjects at rest.
A. Wet resting O, (WetO,). B. Wet resting air (WetAir) C. Dry resting O, (DryO,). Pulmonary
oxygen toxicity in the morning after a dive is ascribed to the dive preceding it. Any reports
from follow-up day post dive +1 were included with Dive 5. There are 6 possible days consid-
ered: 5 dive days, and the follow-up day, post dive +3, or day 8.

(PDF)

$2 Table. Incidence of pulmonary oxygen toxicity for individual subjects who exercised
under water. A. Wet O, with exercise (WetO,X). B. Wet air with exercise (WetAirX). Pulmo-
nary oxygen toxicity in the morning after a dive is ascribed to the dive preceding it. Any
reports from follow-up day post dive +1 were included with Dive 5. There are 6 possible days
considered: 5 dive days, and the follow-up day, post dive +3, or day 8.

(PDF)

Acknowledgments

The authors thank all of the participants. These studies could not have been completed
without the divers and the large number of support personnel required to conduct the dives
and to collect the associated data. This research was supported by Office of Navy Research
N0001409WX20220 and Naval Sea Systems Command Deep Submergence Biomedical Devel-
opment Program N0002411WX02303.

Author Contributions
Conceptualization: Barbara E. Shykoff, John P. Florian.
Data curation: John P. Florian.

Formal analysis: Barbara E. Shykoftf.

Funding acquisition: John P. Florian.
Investigation: Barbara E. Shykoff, John P. Florian.
Methodology: Barbara E. Shykoff, John P. Florian.
Project administration: John P. Florian.
Resources: John P. Florian.

Supervision: John P. Florian.

Validation: John P. Florian.

Visualization: Barbara E. Shykoff.

PLOS ONE | https://doi.org/10.1371/journal.pone.0202892 September 7, 2018 18/20


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0202892.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0202892.s002
https://doi.org/10.1371/journal.pone.0202892

Pulmonary effects of repeated six-hour dives

Writing - original draft: Barbara E. Shykoff.

Writing - review & editing: Barbara E. Shykoff, John P. Florian.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Clark J, Lambertsen C. Pulmonary oxygen toxicity: a review. Pharmacol rev. 1971; 23: 37-133. PMID:
4948324

Shykoff BE. Pulmonary effects of submerged oxygen breathing in resting divers: repeated exposures to
140 kPa. Undersea Hyperb Med. 2008; 35: 131-143. PMID: 18500077

Shykoff BE. Pulmonary effects of submerged exercise while breathing 140 kPa oxygen. Undersea
Hyperb Med. 2008; 35: 417—426. PMID: 19175197

Pace P, Yao L, Wilson J, Possmayer F, Veldhuizen R, Lewis J. The effects of hyperoxia exposure on
lung function and pulmonary surfactant in a rat model of acute lung injury. Exp Lung Res. 2009; 35:
380-398. PMID: 19842840

Zenri H, Rodriguez-Capote K, McCaig L, Yao L, Brackenbury A, Possmayer F, et al. Hyperoxia expo-
sure impairs surfactant function and metabolism. Crit Care Med. 2004; 32: 1155—-1160. PMID:
15190966

Greenleaf JE, Morse JT, Barnes PR, Silver J, Keil LC. Hypervolemia and plasma vasopressin response
during water immersion in men. J Appl Physiol. 1983; 55: 1688—1693. https://doi.org/10.1152/jappl.
1983.55.6.1688 PMID: 6363363

Harrison MH, Keil LC, Wade CA, Silver JE, Geelen G, Greenleaf JE. Effect of hydration on plasma vol-
ume and endocrine responses to water immersion. J Appl Physiol. 1986; 61: 1410-1417. https://doi.
org/10.1152/jappl.1986.61.4.1410 PMID: 3781957

Prefaut C, Lupi-h E, Anthonisen NR. Human lung mechanics during water immersion. J Appl Physiol.
1976; 40: 320-323. https://doi.org/10.1152/jappl.1976.40.3.320 PMID: 931843

Hong SK, Cerretelli P, Cruz JC, Rahn H. Mechanics of respiration during submersion in water. J Appl
Physiol. 1969; 27: 535-538. https://doi.org/10.1152/jappl.1969.27.4.535 PMID: 5822562

Agostoni E, Gurtner G, Torri G, Rahn H. Respiratory mechanics during submersion and negative-pres-
sure breathing. J Appl Physiol. 1966; 21: 251-258. https://doi.org/10.1152/jappl.1966.21.1.251 PMID:
5903920

Bjurstedt H, Rosenhamer G, Hesser CM, Lindborg B. Responses to continuous negative-pressure
breathing in man at rest and during exercise. J Appl Physiol Respir Environ Exerc Physiol. 1980; 48:
977-981. https://doi.org/10.1152/jappl.1980.48.6.977 PMID: 7380709

Christie JL, Sheldahl LM, Tristani FE, Wann LS, Sagar KB, Levandoski SG, et al. Cardiovascular regu-
lation during head-out water immersion exercise. J Appl Physiol (1985). 1990; 69: 657—-664. https://doi.
org/10.1152/jappl.1990.69.2.657 PMID: 2228879

Standardization of Spirometry, 1994 Update. American Thoracic Society. Am J Respir Crit Care Med.
1995; 152: 1107-1136. https://doi.org/10.1164/ajrccm.152.3.7663792 PMID: 7663792

Davis WB, Rennard S, Bitterman PB, Crystal RG. Pulmonary oxygen toxicity. Early reversible changes
in human alveolar structures induced by hyperoxia. N Engl J Med. 1983; 309: 878-883. https://doi.org/
10.1056/NEJM198310133091502 PMID: 6888481

Boussuges A, Gole Y, Mourot L, Jammes Y, Melin B, Regnard J, et al. Haemodynamic changes after
prolonged water immersion. J Sports Sci. 2009; 27: 641-649. https://doi.org/10.1080/
02640410902717001 PMID: 19296363

Jimenez C, Regnard J, Robinet C, Mourot L, Gomez-Merino D, Chennaoui M, et al. Whole body immer-
sion and hydromineral homeostasis: effect of water temperature. Eur J Appl Physiol. 2010; 108: 49-58.
https://doi.org/10.1007/s00421-009-1187-2 PMID: 19756708

Florian JP, Chon KH, Faes L, Shykoff BE. Breathing 100% oxygen during water immersion improves
post-immersion cardiovascular responses to orthostatic stress. Physiol Rep. 2016; 4: 1-14.

Norsk P, Bonde-Petersen F, Warberg J. Central venous pressure and plasma arginine vasopressin dur-
ing water immersion in man. Eur J Appl Physiol Occup Physiol. 1985; 54: 71-78. PMID: 4018059

Iwase S, Sugiyama Y, Miwa C, Kamiya A, Mano T, Ohira Y, et al. Effects of three days of dry immersion
on muscle sympathetic nerve activity and arterial blood pressure in humans. J Auton Nerv Syst. 2000;
79: 156-164. PMID: 10699647

Kimmerly DS, Shoemaker JK. Hypovolemia and MSNA discharge patterns: assessing and interpreting
sympathetic responses. Am J Physiol Heart Circ Physiol. 2003; 284: H1198—1204. https://doi.org/10.
1152/ajpheart.00229.2002 PMID: 12595281

PLOS ONE | https://doi.org/10.1371/journal.pone.0202892 September 7, 2018 19/20


http://www.ncbi.nlm.nih.gov/pubmed/4948324
http://www.ncbi.nlm.nih.gov/pubmed/18500077
http://www.ncbi.nlm.nih.gov/pubmed/19175197
http://www.ncbi.nlm.nih.gov/pubmed/19842840
http://www.ncbi.nlm.nih.gov/pubmed/15190966
https://doi.org/10.1152/jappl.1983.55.6.1688
https://doi.org/10.1152/jappl.1983.55.6.1688
http://www.ncbi.nlm.nih.gov/pubmed/6363363
https://doi.org/10.1152/jappl.1986.61.4.1410
https://doi.org/10.1152/jappl.1986.61.4.1410
http://www.ncbi.nlm.nih.gov/pubmed/3781957
https://doi.org/10.1152/jappl.1976.40.3.320
http://www.ncbi.nlm.nih.gov/pubmed/931843
https://doi.org/10.1152/jappl.1969.27.4.535
http://www.ncbi.nlm.nih.gov/pubmed/5822562
https://doi.org/10.1152/jappl.1966.21.1.251
http://www.ncbi.nlm.nih.gov/pubmed/5903920
https://doi.org/10.1152/jappl.1980.48.6.977
http://www.ncbi.nlm.nih.gov/pubmed/7380709
https://doi.org/10.1152/jappl.1990.69.2.657
https://doi.org/10.1152/jappl.1990.69.2.657
http://www.ncbi.nlm.nih.gov/pubmed/2228879
https://doi.org/10.1164/ajrccm.152.3.7663792
http://www.ncbi.nlm.nih.gov/pubmed/7663792
https://doi.org/10.1056/NEJM198310133091502
https://doi.org/10.1056/NEJM198310133091502
http://www.ncbi.nlm.nih.gov/pubmed/6888481
https://doi.org/10.1080/02640410902717001
https://doi.org/10.1080/02640410902717001
http://www.ncbi.nlm.nih.gov/pubmed/19296363
https://doi.org/10.1007/s00421-009-1187-2
http://www.ncbi.nlm.nih.gov/pubmed/19756708
http://www.ncbi.nlm.nih.gov/pubmed/4018059
http://www.ncbi.nlm.nih.gov/pubmed/10699647
https://doi.org/10.1152/ajpheart.00229.2002
https://doi.org/10.1152/ajpheart.00229.2002
http://www.ncbi.nlm.nih.gov/pubmed/12595281
https://doi.org/10.1371/journal.pone.0202892

Pulmonary effects of repeated six-hour dives

21.

22,

23.

24,

25.

26.

Sackner MA, Landa J, Hirsch J, Zapata A. Pulmonary effects of oxygen breathing. A 6-hour study in nor-
mal men. Ann Intern Med. 1975; 82: 40-43. PMID: 1235760

Rao DR, Gaffin JM, Baxi SN, Sheehan WJ, Hoffman EB, Phipatanakul W. The utility of forced expiratory
flow between 25% and 75% of vital capacity in predicting childhood asthma morbidity and severity. J
Asthma. 2012; 49: 586-592. https://doi.org/10.3109/02770903.2012.690481 PMID: 22742446

Lamonica G, Amigoni M, Vedovelli L, Zambelli V, Scanziani M, Bellani G, et al. Pulmonary surfactant
synthesis after unilateral lung injury in mice. J Appl Physiol (1985). 2014; 116: 210-215. https://doi.org/
10.1152/japplphysiol.01535.2012 PMID: 24336880

Florian JP, Simmons EE, Chon KH, Faes L, Shykoff BE. Cardiovascular and autonomic responses to
physiological stressors before and after six hours of water immersion. J Appl Physiol (1985). 2013; 115:
1275-1289. https://doi.org/10.1152/japplphysiol.00466.2013 PMID: 23950166

Spengler CM, Shea SA. Endogenous circadian rhythm of pulmonary function in healthy humans. Am J
Respir Crit Care Med. 2000; 162: 1038—1046. https://doi.org/10.1164/ajrccm.162.3.9911107 PMID:
10988127

Guberan E, Williams MK, Walford J, Smith MM. Circadian variation of F.E.V. in shift workers. Br J Ind
Med. 1969; 26: 121-125. PMID: 5780103

PLOS ONE | https://doi.org/10.1371/journal.pone.0202892 September 7, 2018 20/20


http://www.ncbi.nlm.nih.gov/pubmed/1235760
https://doi.org/10.3109/02770903.2012.690481
http://www.ncbi.nlm.nih.gov/pubmed/22742446
https://doi.org/10.1152/japplphysiol.01535.2012
https://doi.org/10.1152/japplphysiol.01535.2012
http://www.ncbi.nlm.nih.gov/pubmed/24336880
https://doi.org/10.1152/japplphysiol.00466.2013
http://www.ncbi.nlm.nih.gov/pubmed/23950166
https://doi.org/10.1164/ajrccm.162.3.9911107
http://www.ncbi.nlm.nih.gov/pubmed/10988127
http://www.ncbi.nlm.nih.gov/pubmed/5780103
https://doi.org/10.1371/journal.pone.0202892

