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Abstract

(Wingelaar TT, Brinkman P, Hoencamp R, van Ooij PJAM, Maitland-van der Zee AH, Hollmann MW, van Hulst RA.
Assessment of pulmonary oxygen toxicity in special operations forces divers under operational circumstances using exhaled
breath analysis. Diving and Hyperbaric Medicine. 2020 March 31;50(1):2-8. doi: 10.28920/dhm50.1.2-8. PMID: 32187611.)
Introduction: The Netherlands Maritime Special Operations Forces use closed circuit oxygen rebreathers (O,-CCR), which
can cause pulmonary oxygen toxicity (POT). Recent studies demonstrated that volatile organic compounds (VOCs) can
be used to detect POT in laboratory conditions. It is unclear if similar VOCs can be identified outside the laboratory. This
study hypothesised that similar VOCs can be identified after O,-CCR diving in operational settings.

Methods: Scenario one: 4 h O,-CCR dive to 3 metres’ seawater (msw) with rested divers. Scenario two: 3 h O,-CCR dive
to 3 msw following a 5 day physically straining operational scenario. Exhaled breath samples were collected 30 min before
and 30 min and 2 h after diving under field conditions and analysed using gas chromatography-mass spectrometry (GC-MS)
to reconstruct VOCs, whose levels were tested longitudinally using a Kruskal-Wallis test.

Results: Eleven divers were included: four in scenario one and seven in scenario two. The 2 h post-dive sample could
not be obtained in scenario two; therefore, 26 samples were collected. GC-MS analysis identified three relevant VOCs:
cyclohexane, 2,4-dimethylhexane and 3-methylnonane. The intensities of 2,4-dimethylhexane and 3-methylnonane were
significantly (P = 0.048 and P = 0.016, respectively) increased post-dive relative to baseline (range: 212-461%) in both
scenarios. Cyclohexane was increased not significantly (P = 0.178) post-dive (range: 87-433%).

Conclusions: VOCs similar to those associated with POT in laboratory conditions were identified after operational O,-CCR
dives using GC-MS. Post-dive intensities were higher than in previous studies, and it remains to be determined if this is
attributable to different dive profiles, diving equipment or other environmental factors.

Introduction

Exposure to a high pressure of oxygen (PO,) can induce
cerebral and pulmonary oxygen toxicity (POT).'?> While
recreational divers and patients receiving hyperbaric oxygen
therapy are at risk, divers using closed circuit oxygen
rebreathers (O,-CCR) may be at increased risk of POT due
to the duration and PO, of exposure.>® For covert special
operations forces (SOF) diving, the beneficial properties
of O,-CCR, such as endurance and stealth, outweigh
the potential health hazards associated with these diving
systems.*” To limit the risk of POT, oxygen exposure

is restricted to a specific dose calculated according to
mathematical models (such as units of pulmonary toxicity
dose; UPTD).3'® However, the foundation of these models
has been questioned.>!!

The most important flaw of the UPTD concept is the use of
vital capacity as a marker of POT, which has substantial inter-
and intrapersonal variation.'>!* In addition, the correlation
between UPTD and a decrease in vital capacity has been
determined after ‘dry dives’ (i.e., inside a recompression
chamber), which exclude factors related to diving that affect
pulmonary function, such as immersion and hypothermia.'*!
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The authors of the studies that first described the UPTD
recognised this and assumed that newer techniques would
overcome these limitations in due time.>'"°

Exhaled breath analysis has recently been utilised to detect
POT in ‘wet’ (i.e., diving) and ‘dry’ conditions. This
technique seems able to distinguish between wet and dry
hyperbaric hyperoxia and between oxygen and air diving.'¢-8
Two separate groups of volatile organic compounds (VOCs)
in exhaled breath have been detected: markers associated
with inflammation, such as cyclohexane; and methyl alkanes,
which are markers of lipoperoxidation.!'® These methyl
alkanes originate from the membrane of alveoli in response
to lipoperoxidation.'

While these markers fit within the pathophysiological
framework of POT, the aforementioned studies were
conducted in a controlled environment. This strengthens the
methodological validity; however, it cannot be assumed that
these findings translate to the real working environment of
SOF divers. Many internal factors (e.g., continuous physical
exertion, sleep deprivation and a very limited amount of
food) and external factors (e.g., air contamination, weather
conditions and no access to a clean environment during
sample collection) can affect exhaled breath profiles and may
limit the practical applicability of exhaled breath markers to
determine POT in the field.?**!

This study aimed to determine exhaled breath profiles
after simulated operational dives. We hypothesised that
markers associated with inflammation and lipoperoxidation
as reported in our previous studies (i.e., cyclohexane and
methyl alkanes) can be detected after oxygen dives of
practical relevance to military operations.

Methods
SETTING

This observational study was approved by the Ethics
Committee of the University of Amsterdam (reference:
2017.183) and the Surgeon General of the Ministry of
Defence. In accordance with the Declaration of Helsinki, all
participants gave written informed consent on a voluntary
basis, which could be retracted at any time without any
consequences. According to privacy regulations, no study
data were included in the medical files of the participants.

The study consisted of two scenarios, both of which
simulated an operational dive of the Royal Netherlands
Navy Maritime Special Operations Forces (NLMARSOF).
Eligible for inclusion were healthy NLMARSOF divers,
who were fit according to the European Diving Technical
Committee standards, with the exception that pulmonary
function tests were assessed using the reference values of
the Global Lung Function Initiative.?>?* Exclusion criteria
were recent respiratory tract infection or use of medication.

Participants were not exposed to hyperbaric conditions for
at least 72 h prior to the start of the dive.

In the first scenario, no strenuous physical exercise (including
sports) was performed on the day before the measurements
were taken. In the second scenario, the divers completed a
5-day training exercise, which involved vigorous physical
exertion. To avoid affecting the exhaled breath profiles,
divers fasted for 1 h before the first measurement and within
1 h of sample collection, with the exception that drinking
water was allowed.?*

The scenarios were carried out in Q4 2018, with different
individuals in both scenarios to avoid any carry-over effects.

Scenario one:

Divers were rested and well-fed, and completed a 4 h tactical
dive to a maximum depth of 3 metres’ seawater (msw)
(131.7 kPa) breathing 100% oxygen using Lambertsen
Amphibious Respiratory (LAR) 5010 equipment (Dréger,
Germany). This dive profile represented a 355 UPTD oxygen
exposure. Water temperature was 11°C, with visibility
estimated at 2-3 metres.

Scenario two:

Divers completed a 5-day training exercise, which involved
vigorous physical effort including, but not limited to,
kayaking 140 km, walking and running with approximately
50 kg of equipment and having very little sleep (estimated
at 2-3 h per 24 h). After this exercise, a 3 h operational dive
breathing 100% oxygen using LAR-5010 equipment up to a
maximum depth of 3 msw was performed. This dive profile
represented a 266 UPTD exposure. Due to the operational
scenario, there were some restrictions regarding sample
collection, which are described below. The diving location
was the same as that used in scenario one, with a registered
water temperature of 10°C and limited visibility due to
night-time conditions.

MEASUREMENTS

The procedures for collection and analysis of exhaled breath
samples have been published previously.'™'® Briefly, exhaled
breath samples were collected in accordance with European
Respiratory Society (ERS) recommendations.” The diver
breathed for 5 min through a disposable two-way non-
rebreathing valve (Carefusion, Utrecht, the Netherlands)
combined with an inspiratory VOC filter (Honeywell, USA
in scenario one and Dréger, Germany in scenario two)
to prevent contamination by exogenous particles. After
5 min, a single expiratory breath was collected in an empty
uncoated aluminium balloon (Globos Nordic, Denmark).
After collection, 500 mL of exhaled breath was pumped
though a stainless-steel tube filled with Tenax™ GR 60/80
sorbent material (Camsco, Houston, USA) using a calibrated
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Table 1
Baseline characteristics of the study population. Data are mean
(standard deviation)

Total Scenario one | Scenario two

(n=11) n=4) n=17
Age 28.0(52) | 31.0(7.7) 25.8(2.2)
) .0 (5. .0(7. .8 (2.
Height
(cm) 184 (9.7) 180 (4.7) 186.9 (11.3)
Weight

82 (7.6 78.8 (4.8 83.4 (8.7
ke) (7.6) 48) 87

automatic air sampler pump (Gastec, Kanagawa, Japan) at
a rate of 250 mL-min’!, resulting in entrapment of VOCs.
Pre-dive measurements were performed 30 min before
diving. Post-dive measurements were performed at 30 min
and 2 h after diving.

Exhaled breath samples were analysed using gas
chromatography-mass spectrometry (GC-MS) based on
standardised procedures.” Briefly, the tubes were heated
to 250°C for 15 min with a flow rate of 30 mL-min™' using
a thermal desorption unit (Markes, Sacramento, USA).
VOCs were captured in a cold trap at 10°C, which was then
heated rapidly to 300°C for 1 min. Thereafter, molecules
were transferred via splitless injection into a 30 m gas
chromatography column with a diameter of 0.25 mm
(Restek, Bellefonte PA, USA) at a rate of 1.2 mL-min".
Molecules were ionised using electron ionisation at 70
eV. Fragments were detected using a quadrupole mass
spectrometer (GCMS-GP2010, Shimadzu, Japan) with
a scan range of 37-300 Da. Ion fragments were used for
statistical analysis. The predicted fragment ions were
manually checked in the raw chromatograms, and the
corresponding metabolites were tentatively identified based
on National Institute of Standards and Technology (NIST)
library matching, using the OpenChrom software package.
Metabolites were considered identified if the first five hits
in the library were the same compound and all matching
factors were higher than 90%.

STATISTICAL ANALYSIS

Our previous studies investigating VOCs after hyperbaric
hyperoxia (PO, 192 kPa; 1 h) reported a 35% increase in
emission of methyl alkanes. A 50% increase in emission was
estimated in the present study. Using nQuery 7.0 (Statistical
Solutions Ltd, Cork, Ireland) and assuming a power of 80%
and a significance level of 0.05, a minimum sample of five
participants was needed to detect such an increase.

After GC-MS analysis, an ion fragment peak table was
generated with de-noising, alignment and peak detection
(signal-to-noise ratio 100:1).”” Subsequently, data were
tested univariately using the Wilcoxon rank-sum test (i.e.,
pre-dive vs. 30 min post-dive and pre-dive vs. 2 h post-dive)
to identify potentially relevant ion fragments. Then, ion
fragments with retention times (+ 2 s) that correlated (0.98

Figure 1
Overview of data and statistical analysis. GC-MS = gas
chromatography-mass spectrometry; NIST = National Institute
of Standards and Technology; VOC = volatile organic compound

26 GC-MS
samples
collected

Peak detection,
alignment, de- [—
noising

3,826 ion
fragments

Univariate
testing

269 ion
fragments

Correlating
retention times |-
>0.98

99 ion
fragments

Identification
with NIST
database

4 unique VOCs

3 clinically
relevant

1 contaminant

or higher) were selected. Compounds could be identified
from this selection of ion fragments/retention times. As
intensities of the GC-MS signal are commonly non normally
distributed, the medians of the VOCs were longitudinally
tested using a Kruskal-Wallis test with correction for
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Table 2
Intensities of the identified VOCs. Data are median (IQR) and relative to the baseline in scenario one for each compound. The
increase in percentage is relative to its respective baseline. A. Cyclohexane (Kruskal-Wallis chi-squared = 5.391, df = 2, P = 0.178).
B. 2,4-Dimethylhexane (Kruskal-Wallis chi-squared = 8.002, df = 2, P = 0.048). C. 3-Methylnonane (Kruskal-Wallis chi-squared =
10.227, df =2, P =0.016)

Pre-dive

1.00 (0.67-1.37)

A. Cyclohexane 30 min post-dive

1.87 (1.51-2.01)

2 h post-dive
3.82 (2.67-7.19)
+87%

+ 282%
1.09 0.80-333) | >82 (i-g;;lo-ZO) ]
0
30 min post-dive

2.73 (2.18-5.03)

Scenario one

Scenario two

B. 2,4-Dimethylhexane

Pre-dive

1.00 (0.77-1.31)

2 h post-dive
5.61 (2.69-8.16)
+273%

+461%
1.22 (0.91-3.43) 5-12i‘;jf;8-06) 3
(o

30 min post-dive
2.70 (2.16-2.83)

Scenario one

Scenario two

Pre-dive

1.00 (0.60-1.47)

C. 3-Methylnonane 2 h post-dive

4.15 (3.34-6.90)
+270% +415%
1.53 (1.23-3.60)

0.49 (0.30-1.56) +212% _

Scenario one

Scenario two

Figure 2
Intensities of the identified VOCs with IQR. Raw data are plotted as dots next to their respective boxplot. Results of the Kruskal-Wallis
test are shown above each figure. Significant difference between pre- and post-dive intensities are marked with an asterisk (*). Note that
2 h post-dive measurements were not collected in scenario two

a. Cyclohexane b.
Typical fragments (mz): 40, 53, 66, 74, 77, 91 and 92

2,4-Dimethylhexane * c.
Typical fragments (mz): 43, 55, 56, 71

3-Methylnonane *
Typical fragments (mz): 63 and 79

Kruskal-Wallis chi-squared = 5.391, df = 2, p-value = 0.178

Kruskal-Wallis chi-squared = 8.002, df = 2, p-value = 0.048

Kruskal-Wallis chi-squared = 10.227, df = 2, p-value = 0.016
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repeated measurements using the FDR-concept as described
by Benjamin and Hochberg.?

All statistical analyses were performed using the R software
package (version 3.6.1, R Foundation for Statistical
Computing, Austria), including surrogate variable analysis
(SVA version 3.32.1) and Methods for the Behavioural,
Educational and Social Sciences (MBESS version 4.6.0).
A P-value of < 0.05 was considered statistically significant.

Results

This study included 11 male divers of the NLMARSOF.

Their baseline characteristics are shown in Table 1. Two
divers in scenario two were smokers. All other divers were
non-smokers. The dives were completed without incidents.

In total, 26 GC-MS samples were collected: 12 in scenario
one and 14 in scenario two. The 2 h post-dive sample
could not be collected in scenario two due to operational
limitations, meaning that only pre-dive and 30 min post-
dive samples were collected. Analysis of these samples
identified 3,826 ion fragments, of which 269 were significant
(P < 0.05) after univariate testing. Overall, in contrast with
previous studies under controlled (laboratory) conditions,
the GC-MS signals contained a moderate amount of noise.
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Of the 269 ion fragments, 99 had a retention time (+ 2 s)
with a correlation of > 0.98. Following grouping of these
fragments using the Standard Reference Dataset (NIST),
four unique VOCs were identified (Figure 1): cyclohexane;
2,4-dimethylhexane; 3-methylnonane; and toluene.

The intensities of cyclohexane, 2,4-dimethylhexane and
3-methylnonane were significantly higher post-dive
than pre-dive in both scenarios (P < 0.05). All values,
relative to the baseline of scenario one, are displayed in
Table 2. The increase (in percentage) is to the baseline of its
respective scenario. Notably, the baselines of cyclohexane
and 2,4-dimethylhexane were higher in scenario two than
in scenario one, while the baseline of 3-methylnonane is
higher in scenario one than in scenario two.

Toluene was only identified in scenario two (both pre- and
post-dive) and should be considered a contaminant due
to its exogenous origin.? To ensure that toluene did not
originate from the LAR-5010 diving set or the VOC filter,
we conducted an additional test in which a subject breathed
pure oxygen for 4 h using the LAR-5010 rebreather at an
ambient pressure of 101.3 kPa. Samples were collected pre-
and post-exposure as described above. Small amounts of
toluene were identified both pre- and post-exposure. In the
sample with the highest signal intensity, the signal-to-noise
ratio was 45:1 and thus this can be discarded as background
noise. We conclude that this contamination is attributable to
the nearby generator used to generate electricity, not to use
of the LAR-5010 rebreather.

Discussion

This study identified similar VOCs in operational oxygen
diving using an O,-CCR as in laboratory conditions,
including markers of inflammation (cyclohexane) and
lipoperoxidation of membranes (2,4-dimethylhexane and
3-methylnonane). The relatively low number of VOCs may
be attributable to the overall ‘noisy” GC-MS signals, which
may have masked potential subtle changes. Toluene has not
been previously identified in oxygen diving and should be
considered a contaminant.

Cyclohexane, 2,4-dimethylhexane and 3-methylnonane
were identified as clinically relevant in previous studies
analysing exhaled breath after hyperbaric hyperoxic
exposure.!*!8 Although a dose-response relationship has not
been established, the exhaled concentrations of cyclohexane,
2,4-dimethylhexane and 3-methylnonane were much
higher in the present study than in our previous studies,
which used shorter and deeper dive profiles in a controlled
environment.'®'” In the present study, the intensities of the
identified compounds increased by 87-482% after exposure
to an inspired PO, of 131.7 kPa for 3 and 4 h (Table 2).
By contrast, the intensities of the same compounds only
increased by 16-88% after exposure to a PO, of 192.5 kPa
for 1 h in a previous study.!” This could indicate that time
is more important than inspired PO, in the development of

POT or that other factors in operational diving affect or
accelerate the development of POT.

None of the divers in our study experienced clinical symptoms
of POT. It could be argued that this can be attributed to the
relatively low hyperbaric hyperoxic exposure; scenario one
(355 UPTD) provides 80% of the ‘daily limit’ of 450 UPTD,
while scenario two (266 UPTD) gives 60%. However,
clinical symptoms of POT are rarely reported in SOF diving,
perhaps due to the covert nature of the operations.’ Recent
data showed several divers having severe symptoms of POT
after hyperbaric hyperoxic exposure (560 UPTD, or 125%
of the daily limit) and repeated dry and wet hyperbaric
hyperoxic exposures.’*3! Knowledge of the transition from
subclinical to clinical symptoms of POT is limited and it
seems that clinical symptoms of POT can occur at exposures
lower than the daily limit. We feel this further substantiates
the need for an alternative parameter to express oxidative
damage to the lung.

The baseline intensities of cyclohexane and
2,4-dimethylhexane were 9% and 22% higher in scenario
two than in scenario one, respectively, while that of
3-methylnonane was 51% lower. It cannot be concluded
with certainty whether this is because the intensities of
cyclohexane and 2,4-dimethylhexane are increased in
operation settings, possibly due to subclinical infections or
other stressors, or whether this reflects individual variation.
As there are no reference values for these VOC:s, the clinical
implication of these variations at baseline are unknown.
The intensity of cyclohexane was almost 5-fold higher in
scenario two than in scenario one at 30 min post-dive, even
though the exposure was 1 h longer in scenario one than in
scenario two. Conversely, the intensity of 3-methylnonane
increased 212% in scenario two while in scenario one at 30
min post-dive the intensity increased 270%. Perhaps this
can be attributed to the lower starting intensity. Although
the intensities of the identified compounds were increased
post-dive in both scenarios, we cannot explain the difference
between scenarios one and two. It is possible that factors
in operational diving, such as fatigue and little food, affect
the development of POT. This should be investigated in
future studies.

The identified VOC toluene is commonly present in working
environments.?>23 For clarification: exogenous VOCs may
still be present in exhaled breath even after correct use of
inspiratory VOC filters, as some particles may still reside
in the alveolar space after 5 min of pre breathing through
the filters.?*** This chemical compound is widely used as a
solvent and in fuels, and prolonged exposure to it elicits a
wide range of clinical symptoms.**3> [In vitro experiments
demonstrated that human epithelial lung cells (A549) are
damaged upon exposure to toluene, but this is repaired within
24 h of exposure.’ The effects of toluene on the pulmonary
system in vivo are unclear.® We attribute the detection of
toluene in the present study to exhaust fumes from the nearby
diesel generator, not to use of LAR-5010 equipment and/or
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VOC filters. It is unclear to what extent toluene or exhaust
fumes affected our results.

STRENGTHS AND LIMITATIONS

Caution is needed when comparing the results of this study
with those of previous studies that used other dive profiles.
However, the same compounds were identified post-dive,
which strengthens the hypothesis that these compounds are
associated with POT. In addition, the scenario used in the
current study (3 or4 h at an inspired PO, of 131.7 kPa) more
accurately mimics the circumstances in which SOF divers
are deployed, perhaps making these results more relevant
than those reported in our previous study (1 h at an inspired
PO, of 192.5 kPa)."’

Fewer compounds were identified in the present study than in
our previous studies. This may be attributable to the amount
of noise in the GC-MS signals, which might have masked
subtle changes in compounds. The total number of subjects
was low, and the small number of samples was prone to
bias. However, according to our sample size analysis, we
included enough participants to provide sufficient statistical
power at the group level. We must acknowledge that this
could be confounded by inter- and intra-subject variability
which we did not measure, and which is therefore unknown.
Additionally, a Kruskal-Wallis test can be less reliable with
small samples. We have performed additional tests with
bias corrected and accelerated (BC)) bootstrap resampled
data (n = 1,000) for cyclohexane, 2,4-dimethylhexane and
3-methylnonane, which generated P-values of 0.068, 0.018
and 0.006 respectively. While this increases statistical
validity of the Kruskal-Wallis test, we feel that interpreting
bootstrapped data should be done carefully and does not
necessarily increase clinical validity, therefore, we did
not report these values in the results section. We identified
cyclohexane, 2,4-dimethylhexane and 3-methylnonane in
our previous studies; therefore, despite the small sample
size, noisy GC-MS signals, possible influence of toluene
and two subjects that were smokers, the associations can
be considered robust. Lastly, intensities of measured VOCs
are dependent upon concentrations of the substances
present in the exhaled breath. Even though the post dive
samples were collected 30 min after emerging, we cannot
rule out remaining changes in the functional dead space
due to immersion or hyperoxia, thus affecting exhaled
breath concentrations. Therefore, we cannot be sure that
the intensities we have found are an accurate representation
of the ‘true’ concentration. Usage of an internal standard
could have overcome this, and we recommend using one
in future studies.”

This study confirms our hypothesis that markers associated
with inflammation and lipoperoxidation (i.e., cyclohexane
and methyl alkanes) can be detected in exhaled breath after
oxygen dives of practical relevance to military operations
using GC-MS. These molecular markers could potentially
form the basis of a field test for pulmonary oxygen toxicity.

However, further work is required to associate VOC levels
with clinically relevant pulmonary change following oxygen
exposure, assess the sensitivity and specificity of the test,
and to develop a measurement instrument suitable for
deployment in the field.

Conclusion

The present study identified cyclohexane, 2,4-dimethylhexane
and 3-methylnonane after operational 3 and 4 h dives with
0,-CCR (LAR-5010). These compounds were previously
noted after oxygen dives, which strengthens the hypothesis
that they are related to POT. However, the signal intensities
are higher than in a controlled environment; therefore, it
remains to be established if these findings are solely due
to oxygen diving or other factors in operational diving. In
addition, further studies are required to determine which
intensities can be regarded as safe and which risk reversible
pulmonary damage when diving with increased oxygen
mixtures.
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