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ABSTRACT

The use of breathing mixtures richer in oxygen than air has been shown to allow longer
working times for a diver than is possible with air alone. This method, called "enriched
air" or "nitrox” diving, has been used extensively and successfully, but there is still some
concern about its validity.

In order to make the decompression and safety advantages of enriched air nitrox diving
available to the Swedish diving community we have performed a study of the back-
ground of the method, its history and its hazards, and have carried out a test program
simulating a representative series of commercial working dives with extensive biomedical
monitoring and assessment of diver tolerance of the method. The main advantages of
enriched air diving accrue from mixtures of 30 to S0% oxygen used over the depth range
of about 12 to 40 msw depth; the possibility of oxygen toxicity limits the range in which
the method can be used. Special decompression schedules can be used, or they can be
derived from existing air tables for shallower depths according to the principle of
"equivalent air depth.” We found no evidence in the literature that this is not valid, and
some careful experiments have supported it. Central nervous system oxygen toxicity is
avoided by working at a PO, of 1.4 bar or less, and longer duration toxicity of the lung
and body in general can be managed by an empirical schedule of exposure limits worked
out from laboratory and field experience. With proper regard for oxygen safety the gas

mixtures can be mixed in advance or on line using "blenders" designed for this purpose,
~ and most kands of breathing equipment can be used; rebreathers for mulitary use have
been a source of much relevant experience.

The tests with 8 commercial divers involved 7 consecutive days of chamber diving at 21
msw with a 50% oxygen, 50% nitrogen mixture for 220 min/day. This was intended to
test the decompression procedures and be slightly beyond propesed oxygen exposure
limits over enough days duration to validate the method for most commercial jobs.
Extensive pulmonary, exercise, and biochemical monitoring produced a few changes,
most of them anticipated, but nothing to indicate that the method should not be considered
acceptable for commercial use.
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PHYSIOLOGICAL AND OPERATIONAL CONSIDERATIONS
1. INTRODUCTION

A. Objective

This project has the objective of providing a firm rationale for the introduction of modemn
oxygen enriched air or "nitrox” diving procedures for commercial and military use in
Sweden. Enriched air nitrox can improve efficiency of certain modes of diving; it has
been used for some time and in various setings, but neither the details of the method, the
track record of its use, nor the biomedical effects have been well documented. This
project is intended to address these needs. First, the leading technical approaches and
procedures are described and analyzed. Next, a test program has been carried out to
validate a typical commercial work pattern; this covered decompression, work schedules,
and the physiological and medical effects of the exposure.

This report is intended as a comprehensive coverage of the topic, but it is not a proce-
dures manual or "cookbook,” nor does it in any way presume to set formal standards.

As Appendix B is enclosed a copy (in Swedish) of the report from the project group to
the sponsoring organizations.

B. Description of enriched air nitrox diving

"Oxygen enriched air” or "nitrox” diving 1s a method for reducing a diver's decom-
pression obligation by using as a breathing gas a mixture of air and oxygen, with the
effect that some of the nitrogen in atmospheric air is replaced with oxygen. Because of
limitadons of exposure to elevated oxygen the method 1s usable only in the depth range
down to about 40 msw (msw--meter of sea water, as a unit of pressure--is defined as
1/10 bar or 10 kPa), and its advantages are not significant shallower than about 12 msw.
The special requirements of vsing the method are determining the decompression,
avoiding the effects of oxygen toxicity, and preparation and handling of the needed gas
mixtures.

The term "nitrox" is used also to describe mixtures used in nitrogen-based saturation
diving, in which the mixture is one with less oxygen than air. In this report "nitrox”
refers to the enriched air mixture, although limiting its use to the "unriched" mixture is
preferred by some.

C. Decompression and the "equivalent air depth”

In order 10 take full advantage of the lower nitrogen level in the enriched air or nirox
mixture an adjustment has to be made in the decompression time. Nitrox diving has been
practiced for some years by use of a principle called the "equivalent air depth.” Thisisa
principle--or assumption--that only the inert gas need be considered in a decompression,
The "EAD" is a calculation of the depth of an air dive that has the same nitrogen partial
pressure as the dive 1o be made with an oxygen-enriched mixture; the air dive will be for a
shallower depth, and will thus require less decompression time.

1. Decompression savings

This shorter decompression table for the equivalent air depth is then used for decomp-
ressing from the deeper nitrox dive. In Figures 1 and 2 are seen the increases in
maximum exposure time before direct ascent when using nitrox with 30, 40, and 50%
oxygen. For example, note that as much as 7 times more no-stop bottom time is allowed

11
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at 18 msw when using a mixture of 50% oxygen; 50% air, than when using air. The
slight difference in maximum exposure times between Figures 1 and 2 depends on the
difference in required decompression between the Comex and Swen-88 tables on which
these graphs are based (Imbert & Bontoux, 1987; Hamilton, Muren, et al, 1988).

¥

480
420 ‘
? COMEX 87
360
T 300 Breathing gas
E B ar
g 240 7 30 % oxygen
= ‘ 40 % oxygen
180 4 50 < oxygen
120 4
80
0
9 12 15 1821 24 27 30 33 36 39 42
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420 SWEN 88
360
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. 300
E N ar
b 240 30 % oxygen
E 40 % oxygen
= 180 A 50 % oxygen
120
60
9 12 15 18 21 24 27 30 33 36 39 42
DCAP cale. max- Diving depth (msw)

Figure 1 and 2. Maximum no stop time (min) versus depth (msw) for
different breathing gases, using COMEX 87 (fig 1) and SWEN 88 ( fig 2).
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2. Improved decompression réfiability

Not only are the nitrox decompression times shorter, it appears from theory and from
both operational and physiological experience that the decompressions are likely to be
more reliable, involving a slightly lower risk of decompression sickness. One reason for
this is straightforward in cases where there are decompression stops. While the
decompression tdme for a given dive will be shorter based on a shallower equivalent air
depth, the decompression stops will also be taken with a higher oxygen level, and this
will make them more conservatdve. In addition, the reduction of decompression time
reduces overall decompression stress for a given bottom working time (Hamilton R W, D
J Kenyon, R E Peterson, 1978); this is the same principle that most sets of decom-
pression tables are more reliable in the shorter, shallower dives that in longer, deeper
dives.

However, a decompression based on equivalent air depth will in general be subject to the

same decompression risks as the original air table used for determining the equivalent
dive.

D. Oxvgen exposure

"Nitrox" diving invokes a concern about both of the traditional types of oxygen toxicity,
the CNS toxicity that can lead to epileptic-like convulsions. when oxygen is breathed at
too high partial pressures for short imes (several minutes to tens of minutes), and the
longer term effects primarily on the lungs due to breathing oxygen at lower but still

~ elevated doses for longer periods (several hours to days). Oxygen toxicity can be
avoided in nitrox diving by use of proper techniques, principally by limnitation and uming
of the exposure.

E. Qrher diving technigues

The use of oxygen enriched air during diving is but one of several methods of improving
efficiency in diving through reduction of decompression time. Some of these involve
inwater oxygen decompression, surface decompression with oxygen, pure oxygen and
mixed gas rebreathers, saturanon, and saturaton-excursion diving. Although some of
these may offer advantages as great as enriched air diving they each pose a separate set of
problems, and are not addressed in this report.

II. HISTORY

While nitrox diving has been practiced extensively for some years, documentation of its
use is relatively limited. This is due largely to the fact that many of the applications
require relatively little in the way of detailed written procedures, and even where such
procedures have been prepared they are mostly internal unpublished documents or simple
algorithms for selecting the proper table. The results have often been unexciting in terms
of reportable incidents. In commercial use there has been no great incentive on the part of
the companies using these special techniques to tell the details to competitors, and the
competitors would hardly be eager to be complimentary about an exotic procedure that
offers their competitors an advantage.

‘We are not aware of the earliest use of nitrox diving, but the benefits of replacing some of
the inert gas with oxygen was well undersiood by early decompression researchers such
as J.§. Haldane. Galerne reports commercial use of nitrox methods as early as 1957
{(Galeme, 1989),

13



Ornhagen, and Hamilton; OXYGEN ENRICHED AIR -"NITROX"- IN SURFACE ORIENTED DIVING

A, Military interest in nitrox

As leaders in the development of both techniques and equipment for diving, various
navies have done work with nitrox diving. There has always been an interest in
improving decompression, but in most cases military development has been related to the
use of various diver-worn breathing devices. Although not identified as such, use of
enriched air mixtures dates back at least to the 1915 version of the U.S. Navy's diving
manual (Stillson, 1915).

The Swedish Navy began work with nitrox methods in the early 1960's. In two series of
dives reported by Muren (1973; plus internal navy reports by Muren 1970.10.29 and
1973.04.18) divers breathed from an AGA on-line nitrox mixer. This was a prototype
that was not produced. Some dives were done in the pressure chamber in the 20-30 msw
range for bottom times up to 3 h, to test primarily the tolerance of the divers to the oxygen
level and to look for a buildup of CO»; some others were done at sea. Few really taxing
decompressions were performed. One result was that the divers felt their work was
easier when they were breathing the mixtures higher in oxygen. The Diving Manual of
the Royal British Navy includes a section on EAD, but it is quite conservative and offers
little operational benefit or information on the reliability of the concept.

Although the U.S. Navy does not do air-equivalent diving today, it is seriously interested
in "nitrox" as these mixtures are used in rebreathers. A substantal multi-year program
dedicated to the development of both a diver carried decompression computer and the
algorithms to program 1t has been reasonably successful in providing these for "special
warfare” swimnmers, and just as important has provided improved knowledge about
nitrogen/oxygen decompression (Thalmann, 1984; Thalmann, 1986).

Another extensive air/foxygen decompression development program has been carried out
by the Canadian Forces and DCIEM. This has led to 2 new and highly regarded set of air
decompression tables with some special features like inwater oxygen decompression,
surface decompression with oxygen, diving at altitude, and repetitive diving, but the only
interest in nirox tables and techniques again seems to be devoted to the special decom-
pression problems of rebreathers (Nishi, 1989).

B. Erriched air nitrox in commercial diving

Because it results in more efficient ways of performing diving work commercial
companies have adopted nitrox diving techniques. As mentioned earlier, in many cases
this has not been highly publicized because of competiive motives; there was no point in
telling the competitors how to do it. In some countries only specific decompression
tables are authorized for use in commercial diving, and this has limited the use of nitrox.

Where the technique has been used its use has in some case been extensive, and the
results have been uniformly good. In 1982 the F. Selmer construction company
employed niTox techniques for installing a pipeline landfall near Kallstg, Norway
(Hartung, 1982; Bge and Hartung, 1983). Some 4500 dives were performed, without
significant DCS (decompression sickness) problemns. The EAD procedures used in these
dives were included in a set of tables primarily dedicated to surface decompression,
published by Arntzen and Eidsvik as a NUTEC report (1980); Arntzen also reported use
of a combination of nitrox and surface decompression, again with excellent results
(1986); in one group of 1809 dives there was only one case of DCS reported.

14
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The AGA blender evaluated in 1970-71 by the Swedish Navy has been in commercial use
by the Swedish diving company DYKAB. A typical set of dives performed by the
company is given in Table 1. The important thing about this senes is that it represents a
documented use of nirox techniques, with a reasonable oxygen exposure and without
significant problems with either oxygen or decompression. The diver reported typical
symptoms including some numbness in fingertips and toes and some reduction of
physical working capacity on weekends towards the end of the series of dives.All dives
were done by a single diver using a prototype AGA blender at a partial pressure setting of
1.5 bar PO;. The oxygen toxicity dose is discussed below in the section on oxygen
toxicity.

Table 1

An example of accumulated nitrox dives for a construction diver at 20 m,

Dat No of Total exp. Total decomp. Toral Remarks
week of  dives time time OoTuU -
the year (min) (min)

20 3 99 12 198

21, 8 383 32 793

22 7 392 24 789

23 11 719 42 _, 1447

24 10 382 32 796

25 4 248 16 492

Vacation 4 weeks

30 4 146 - 284

31 5 284 - 542

32 16 443 - 873

33 14 617 16 1227

34 2 106 - 208

35 5 380 15 755

36 2 08 - 198

37 "2 135 3 282

Andre Galerne of [UC says he began diving with niox in 1957 and has used it
repeatedly since then whenever the situation justified it (Galerne et al, 1984; Galerne,
1989). One specific case was a job in high current where 1t was hard to maintain depth
during decompression; this situation was handled nicely by getting rid of the requirement
for decompression stops. Another application he reports is to use enriched air for dives at
high altitudes.

In a summary of the enriched air nitrox diving activides of Oceaneering International,
Overland (1989) reports a series of some 7000 nitrox dives in 1982-83. These were
mostly in the North Sea, and were mostly performed with fixed mixes, 40 % oxygen to.
30 msw and 32.5 % to 40 msw. These used a PO» of 1.6 bar, which has worked for OI
and is their limit for the working depth. Mixing was with the Driager Polycom 101
blender, which mixes oxygen and air and is used with a backup bank of either com-
pressed air or the mixture in use. Most dives have been done in the range 21 to 30 msw.
Overland reported that they had no problems with either oxygen toxicity or DCS.

15
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C. Niroxi ientific divin

Onxygen enriched air diving is the subject of considerable current interest in the scientific
diving community in the U.S. The insttutonal scientific divers are strictly regulated by
their own organization.

Scientific diving rarely exceeds 40 msw and most is done at depths less than 20 msw.
Virally all such diving is done with scuba, and almost all dives are within the no-stop
decompression limits. Because of the no-stop limits there is a strong incentive to use
oxygen enriched air techniques to increase bottom time. The leader in nirox diving
among scientific divers in the U.S. is NOAA, the National Oceanic and Atmospheric
Admnistration, which published it's first manual in the 1970's (NOAA Diving Manual,
1979; Wells, 1989). The NOAA manual contains procedures and tables for diving with a
mixture of 32 % oxygen, 68 % nitrogen, which is designated as "NOAA Nitrox 1." The
tables are direct conversions from the standard USN air tables using the principle of
equivalent air depth (EAD); their format is the same as that used by the USN air tables so
itis familiar. A few test dives were performed before the tables were issued, but the
result have not been published--possibly because of lack of interest since they revealed no
problems with the method. However, field use of these tables has proven satisfactory in
thousands of dives, and they are considered operational. NOAA plans to offer Nitrox II
soon, a mix with 37.5 % oxygen. Although the NOAA Diving Office provides some
specific tables and mixes, they also use and endorse the EAD principle.

-A number of institutional and scientific diving programs have added enriched air nitrox to
their programs (Crosson, 1986; 1987). They use both the "fixed mix" method of NOAA
and the EAD method where other mixes are preferable. Because these programs are all
scuba oriented a major procedural and training factor exists in preparing mixes, and in
fact the mixing of high pressure gases rich in oxygen is regarded as significantly more
dangerous than the diving with these mixes (Dinsmore, 1989; Rutkowski, 1989).

Recreational divers eager to increase their bottorn time without decomnpression stops are
showing increased interest in nitrox. It is now possible to purchase NOAA Nitrox I (32
%} mixture in specially labelled scuba tanks, and there are several courses offered to train
divers and diving operations managers in nitrox diving methods (Rutkowski D, 1989).

III. DECOMPRESSION

This section is the heart of enriched air nitrox diving. An improvement in decompression
1s the motivation for the method. This improvement appears in several ways. It allows
longer dives for a given decompression, and it also yields a "cleaner” diver, one less
likely to develop DCS when compared with the same diver using air. This saving carries
over to operations, where the ability to complete a job with one dive, for example, that
might otherwise take two or three not only affords a substantial cost saving but is safer
overall.

A. Physiology

The theoretical basis of enriched air diving is that a diver can be decompressed based only
on exposure nme and the partial pressure of nitrogen breathed, and that the oxygen
component need not be considered. This principle is called the "equivalent air depth.” It
has been practced more or less at face value by extensive commercial diving projects, but
it is not known how closely these dives approached the theoretical limits (Amtzen, 1986;
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Galerne, 1989; Overland, 1989). A set of tables calculated on this basis has been
published in the NOAA Diving Manual (1979) and has been in use for some years
without significant problems (Wells, 1989).

Berghage and McCracken using rats tried to test the equivalent air depth principle (1979 a;
1979 b). Their conclusion was that it should be questioned, but if one looks at the data
the only animals that had a higher incidence of DCS were those exposed at well above the
oxygen levels allowed by the proposed procedures. Vann (1989) explains this as a
function of oxygen extraction; when the oxygen is at "physiological” levels the amount
remaining in the tissues is almost insignificant, but at higher levels there is enough
oxygen remaining for it to be effective as an inert gas. In addition, high PO; has a
-prominent effect on blood flow in tissue and this could also play a role (Lambertsen,
1987). Earlier work by Rashbass and Eaton (1957) using rats showed agreement with
the EAD at up to 2.2 atm PO».

In early USN work Logan (1961) made dives with the same PN; but at high and low
PO;, and had 2 cases of DCS at the higher PO; and one at the lower, but he had far to
few data points to produce a statistically significant difference.

Weathersby and colleagues put this to the test in a series of very tightly controlled human
dives (1987). The results showed absolutely no "error” in the EAD principle in 477 dives
at varying depths, comparing dives with oxygen at 10 to 12 % to others at 30 to 40 %.
Monitoring was especially strict, making this one experiment an excellent justification for
the method. Vann has performed a thorough review of the literature relevant to the EAD,
and concludes that there 1s not enough evidence to warrant abandening the EAD theory
(1989).

In a different approach, another USN investigator, Thalmann (1986), considers that
oxygen may play a role and has modified his E-L algorithm to account for this gas in the
case where there i1s more oxygen present than normal metabolism would be expected to
consume. Whether this is valid or not is not likely to be an issue with enriched air diving
because the PO;'s used are not expected to be high enough to show this effect.

B. Methods for determining decompression

It seems clear from work discussed in the previous section that the decompression can be
based solely on the inert gas partial pressure; there are three general ways to do this.
These are 1o use the equivalent air depth as a method of determining the decompression,
to prepare and perhaps publlsh tables for specific situations, or to prepare the tables
needed for a specific job on a "custom" basis.

1. EAD (Eguivalent Air Depri)

As mentioned in the general discussion, a decompression can be planned based on the
equivalent air depth. The EAD formula calculates the depth in msw that has the same
nitrogen partial pressure with air as the dive depth has with the nitrox mix, and the table
appropriate for this equivalent depth can be used for decompression. The EAD is
calculated according to the following equation:

(1-FOy) (D + 10 msw)
EAD = - 10 msw
0.79
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where FO; is the fraction of oxygen in the inspired air, 0.79 is the fraction of nitrogen in
air,

D is depth of the dive in msw, and 10 msw is the number of msw in one bar.
Atmospheric pressure is considered to be one bar. For example, if a diver is breathing
40% oxygen at 22 msw the EAD is ((1-0.4) (22+10) /0.79) - 10. or 14.3 msw. Fora
one hour dive at 22 msw the next deeper Swen-88 table for 24 msw requires 39 min
decompression time, but using the table for 15 msw no decompression stop is required.

2.  Enriched air nirrox tables

An alternative to the EAD method i to use one or more fixed mixtures and specific nitrox
tables; these are usually calculated on the EAD concept. ‘

The table approach offers more operational convenience and fewer places to make a
mistake, but where the mixture is not optimal they are not as efficient as can usually be
arranged using the EAD method.

3. Custom rables

The most efficient decompressions can be planned where the capability for direct
calculation of decompression tables of proven reliability is available. In this case the
mixture can be selected as optimal for the depth and desired working time, and the table
calculated for just that situation.

4. Dive compurers

Several types of diver-worn computer are available for short-duration diving in the air
range. At present none is available that can be set for a non-air gas mix. When such a
device based on a properly conservative model becomes available it could be an out-
standing tool for nitrox diving.

Whatever the method used for determining decompression, its efficiency will depend in
part on how close the gas mixture approaches the optimum tolerance level of oxygen.
Optimal mixtures can be prepared by means of a variety of mixers, as discussed below in
the section on mixing methods.

5. Repetitive diving

Repetitive dives may be made with nitrox according to the rules for the air dives, using
the equivalent air depths. That is, the repetitive designation is determined for the air-
equivalent first dive, the one that was carried out, and the air-equivalent second dive is
reduced appropriately. In a study devoted primarily to evaluaring the basic tables, Leitch
and Barnard (1982) demonstrated that repetitive dives seem to follow the EAD principle.

IV. OXYGEN

Oxygen is a gas that has to be within limits; there has to be a certain amount to maintain
life processes, but too much can be toxic in a variety of ways. The possibility of oxygen
toxicity plays an important role in the planning and conduct of diving that uses higher
than normal oxygen levels, and although it can be managed, using it requires special care.
This section covers these topics.
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A. Physiology of oxvgen roxicity

The physiology of oxygen as a poison has been reviewed historically in great detail by
Clark, and Lambertsen, 1971), and by Shilling et al (1976). Clark has recently
performed a more recent review specifically directed at oxygen enriched air nitrox diving
(Clark, 1989). The objective here is to avoid oxygen toxicity as a problem, and this can
be made more logical by considering a few aspects of its physiology. The important
aspects are the major toxic effects, time relationships, reversibility, and factors that can
maodify the basic limitations. Despite the fact that hyperoxia is rare in nature, evolution
seems to have dealt with oxygen as much as a toxin as the basis for metabolism, and
anti-oxidant biochemistry is apparently universal in all living things. The implicaton of
this is that the anti-oxidant factors are continuously being created but exposure to elevated
oxygen levels depletes them. Managing oxygen toxicity while taking advantage of high
levels of it in diving requires good iming. A well understood application of this is the
use of intermittent oxygen breathing--air breaks--to allow relatively high oxygen levels to
be used in treating DCS. Higher levels of oxygen lead to toxicity more quickly, but even
short periods of reduced PO2 can postpone problems. This applies to both of the major
types of toxicity, CNS and "whole body.” The proposed methods of managing oxygen
take this into account.

B. Central nervous system (CNS) roxicity

CNS toxicity, which has as its end point a convulsion, 1s the most serious threat.
Although numerous divers have survived convulsions in the water, many have not. The
hazard is drowning or mechanical injury; oxygen convulsions themselves do not appear
to leave lasting aftereffects. Convulsions can come without warning, and although there
may be warning signs of an impending convulsion, they cannot be relied on to avoid
occurrence. The approach recommended here is to stay well out of the zone where
convulsions are at all likely. The rationale for it is covered in more detail elsewhere, for
example in the Repex reports on nitrox saturation diving and the recent workshop on
scientific nitrox diving (Hamilton, Kenyon, and Peterson, 1988; Hamilton, Kenyon, et
al, 1988; Lambertsen, 1988; Hamilton et al, 1989).

The U.S. Navy Diving Manual in the section on mixed gas diving has a widely
recognized table of oxygen limits (USN, 1981). These limits, the "normal" rather than
the "exceptional,” are generally regarded as conservative, and indeed they are both
conservative and appropriate in the part of the exposure range that deals with CNS
toxicity; these imits are recommended here. On the other hand, exposure to PO»'s at 1.5
bar and below is not dealt with appropriately by the USN table; a new algorithm for
dealing with non-CNS limits-- generally lumped with “pulmonary" effects in the literature
but which covers more than just the lung--is included in the subsequent section on
pulmonary or somatic (whole-body) toxicity.

L

1.  Limits

Stating the CNS limits can be so brief that it does not justify including a table here. CNS
toxicity under normal diving conditions is quite unlikely below 1.5 bar (Clark, 1989;
Butler and Thalmann, 1984; 1986), so this can be used as an upper limit for routine
work. The time limit for exposure at 1.5 bar and lower is based on physiological factors
other than CNS toxicity. Routine working exposure at levels higher than 1.5 bar should
be limited to no greater than a PO, of 1.6 bar at any time, and this for a relatively short
time; the USN table just mentioned allows up 1o 30 min.
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2. Factors that modify suscepnbility

A number of modifying factors affect the susceptibility to CNS toxicity, and if present
can aiter the levels that are properly chosen as limits. An important exacerbating factor is
CO», which increases blood flow in the brain, and which can be affected by a number of
other factors such as work level, breathing resistance, gas density, inherent CO;
retention, and other conditons that allow CO5 to increase (Piantadosi et al, 1979; Clark,
1982). CO, distributes rapidly through the body, so it is not important to make a
distinction between, for example, lung or arterial levels, but some adjustments should be
made in the tolerable oxygen exposure times or PO levels if CO, is elevated. Increased
body temperature also may make a diver more susceptible to convulsions,

If the operating conditions cannot be kept within normal limits we suggest incorporating
deviations by some ARBITRARY "rules of thumb.” These have to be more or less
arbitrary because of the lack of precise knowledge of either the conditions or their
effectiveness. For example, a helmet CO; level of 1% [or 1.5%] can be accepied as the
normal situation, but for each 1/2% above that the tolerance time at 1.4 bar might have to
be reduced by a number of minutes and the maximum oxygen partial pressure threshold
reduced . Other deviations should be handled in a similar manner. Some caution should
be used in relying too much on arbitrary limits.

C. Whole body, including pulmonary toxicity

1. Rarionale

The second primary type of classical oxygen toxicity along with CNS is pulmonary. The
toxic effects of longer exposures to lower levels of oxygen than cause the CNS effects
just discussed are effects on the lungs. One of the best currently available indicators of
the degree of lung toxicity is a reduction in vital capacity (Clark and Lambertsen, 1971;
Shilling et al, 1976). VC is the amount of air that can be exhaled from a full inspiration; it
is reduced by the lung irritation that results from exposure to toxic levels of oxygen over
periods of hours to days. This reduction is the result of inflammation and edema
formation in the lung tissue. It is usually accompanied by chest pain and coughing, but
these symptoms may not appear until! after measurable changes in VC have taken place.

Extensive animal studies and clinical observations have not revealed any indication that
pulmonary changes of the sort encountered in diving (and hyperbaric oxygen therapy) are
not completcly reversible. (Crosbie et al, 1982; Hyacinthe ¢t al, 1981).

There are other effects of oxygen exposure in addition to those on the lung and CNS
Among these are paresthesia, headache, numb fingertips and toes, and a reduced aerobic
capacity. Other effects, including effects on the eye, come with still higher doses than
those just mentioned. (Clark, 1982). Because of the generality of these effects 1t might be
more appropriate to call them by a broader term than just pulmonary. Since the
symptoms are widespread throughourt the body they might be called "somatic,” but a
more palatable term 1s "whole body.” The use of the term “chronic” to describe this
syndrome is maybe inappropriate (Lambertsen, 1989), because "chronic lung oxygen
toxicity" already is applied to a condition that can result from weeks of exposure to
oxygen as in an oxygen tent.  This condition, which 1s not relevant to this project, can
result in fibrosis of a permanent nature, whereas the VC changes and other somatic
symptoms encountered in the shorter exposures used in diving appear to be completely
reversible (Eckenhoff, 1987; Miller, 1981).
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There is another interaction between high oxygen levels and COs. Oxygen affects the
transport of CO; by the blood (transport is inhibited by saturation of hemoglobin by O3)
and consequently CO, can build up slightly in the body tissues as a result of breathing
high oxygen, but the effects of this are presumed to be already included in the proposed
algorithm for managing oxygen (Lambertsen et al, 1987).

There are other benefits of breathing a mixture higher in oxygen. One is that the lungs
and body contain more oxygen and would allow a few more seconds, even minutes, for a
diver to deal with an emergency loss of breathing gas or mask. Also, it has been shown
that endurance of a hard working diver breathing against the resistance of a typical
demand type breathing apparatus may be increased at a PO; of 1.5 atm compared with his
normal 0.21 atm (Peterson et al, 1979). ‘

2. Oxygen Tolerance Units (OTU)

Because oxygen exposure acts somewhat in the same manner as exposure to other toxic
agents or to drugs, it seemed reasonable to Lambertsen and colleagues at the University
of Pennsylvania to try to establish a method of measuring or monitoring the "dose” of
oxygen as a means of controlling exposure. It was clear that toxicity builds up faster at
higher exposure levels, but the dose did not seem linearly related to exposure level.
Using vital capacity as an indicator of the effect of the exposure, this laboratory
developed a method of monitoring oxygen dose (Bardin and Lambertsen, 1970; Wright,
1972).

Vital capacity changes take place gradually and at different rates in response to different
oxygen levels. It takes patience and a lot of training to be able to measure VC changes in
the ranges needed--for example, reductions of less than 10 %--but Lambertsen and
colleagues were able to predict vital capacity changes as a result of the "dose"” of oxygen
exposure over a time interval in the range from a few to several hours (Shilling et al,
1976, Clark, 1982). This method, called the "cumulative pulmonary toxicity dose"
(CPTD) considers a pulmonary toxicity "unit” (a UPTD) to be an exposure of 1 min at 1
atm PO, (1.e., 1 bar). Units accumulate at a faster rate at levels above 1 bar, and ata
slower rate below that (but see Harabin et al, 1987). A more recent term having the same
value is Oxygen Tolerance Unit, OTU (see below).

3. Whole-body limits

Empirical measurements have been used to fit the curve of dose accumulation (VC
changes) to different exposure levels of time and PO;. Because other symptoms occur
and other parts of the body are affected, we feel a term not limited to "pulmonary” might
be preferable. Even so, the traditional "unit" serves as a suitable basis for long term
oxygen exposure management. The equation relating oxygen toxicity units to PO- level
and duration of exposure is a power functon,but it can be reduced to a simple chart
showing the number of units (OTU's) per minute of exposure at different PO5's. This is
shown in Table 2, and graphically in Fig 3.

The CPTD method is an accepted way of determining a dose of oxygen exposure, but
what 10 do with it is not so well accepted. This is due to the fact that recovery takes place
when exposures are low, but there is nothing in the calculation to account properly for

~ recovery (Hills, 1976; Harabin et al, 1986; Renie, 1987). A maximum CPTD of 615 has
been suggested, but the time period for which this is a tolerable exposure is not clear
(Wright, 1972).
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Table 2.
Oxygen toxicity rate (OTU/min) at different PO,

PO, OTU
(atm) (/min) (/h)
0.6 0.26 16
0.7 0.47 28
0.8 0.65 39
0.9 0.83 50
1.0 1.0 60
1.1 1.16 70
1.2 1.32 79
1.3 1.48 &9
1.4 1.63 o8
1.5 1.78 107
2.4 i : —
2,0 e

1,6 .............

O'I'U/min

0,4 +— Ll —

v |
o 6 12 18 24 30 36 42
Dive depth (m3w)

Figure 3. Oxygen Tolerance Units (OTU)/min versus depth (msw) for
different oxygen fractions.
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A possible solution to this dilemma has been developed for managing oxygen exposure in
divers making air excursions from an underwater habitat {(Hamilton, Kenyon, and
Peterson, 1988; Hamilton, Kenyon, et al, 1988; Hamilton et al, 1989). Inspired
primarily by the work of Sterk and colleagues (Sterk and Schrier, 1984; Sterk, 1986;
1987) but based on an assortment of data from many sources, the Repex approach uses
the UPTD--called here OTU, for Oxygen Tolerance Unit--as the unit of measure.
Although the original toxicity units were considered only to predict immediate and short
duration effects of hyperoxic exposure on VC, the algorithm seems to work quite well
for muiti-day exposures if assessed against the appropriate limts.

The important characteristic of the Repex approach to managing oxygen toxicity is that the
tolerable dose of oxygen is a function of the duration of the exposure. That is, the
average daily recommended dose depends on the number of days of exposure. For long
duration exposures (more than about 10 days) the Repex method Calls for an average of
about 300 OTU per day. This would allow slightly more than 400 units per day on the
basis of a 5-day week. For a single day, with no exposure on the days before and after,
the allowed dose is 850 units. This higher dose is acceptable because exposure is
presumed to be over and the damage threshold is not reached; the diver can then recover.
The Repex exposure limits proposed for use with nitrox diving in Sweden are given in
Table 3 and Fig 4.

Table 3.
Allowable daily oxygen doses
Exposure (mission) Avg daily Total this
duration, (days) dose (OTU) mission (OTU)
1 850 850
2 700 1400
3 620 1860
4 325 2100
-5 460 2300
6 420 2520
7 380 2660
8 350 2800
9 330 2970
10 310 3100
11 300 3300
12 300 3600
13 300 3900
14 300 - 4200
15-30 300 as req

The figures in table give guidelines for management of long-duration oxygen exposure.
The average daily dose predicted to be tolerable is given in the second column for various
mission durations; the tolerable daily level or average daily dose is a function of how
many days exposure are involved. Here "mission duration” 1s the number of days of
exposure to increased PO,. The 3rd column gives the total allowable exposure for the
full missions defined in the first two columns. The dose covers the entire period of a dive
when PO, > 0.5 atm.
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Allowabie cumulative
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Average daily dose

- @@%@%@@@@@m

1
o 1 2 1011 1213 14 15

Mission duration (days)

Figure 4. The maximally allowed daily oxygen dose (shaded bars) and
allowable cumulative oxygen dose (line) according to Hamulton et al 1988.

The concept of setting the daily exposure dose to be a function of exposure duration
seems sound. The exact daily dose to be used for a given diving situation 1s still subject
to modification on the basis of additional operational experience controlled with this
method. It is based on most of the available data on long duration exposures to high
oxyger, and has been shown 10 be workable, but refinements may be needed after
extended use so the limits should not be considered cast in concrete. The overall picture
of the daily allowed exposure is given in Figure 4.

The dose for a single day is an exposure that has been shown many tmes in deep
commercial bounce dives to be operationally acceptable. That is, an occasional person
will feel mild symptoms, but there is still enough "oxygen ime" remaining for a DCS
treatment using Treatment Table 6 without exceeding an average 10% decrease in vital
capacity.

Exposures for periods of from 2 to about 10 days have decreasing values as the number
of days of exposure increases, tapering down to a daily dose of about 300 OTU. The
exposure for 2 days is 1400 OTU, a daily dose less on the average than for a single day,
but stll much more than would be allowed if the long term value were used. The allowed
daily dose is the average for an exposure period, not a cumulative value. That is, if a
diver has received 850 units the first day his second day can only be 550 units in order to
stay within the proposed limits. It should be emphasized that this example is for a diver
who starts fresh and will have a few days of rest after the exposure; if exposure is to be
continuous for many days then the dose for that period has to be used.

For divers working in daily hyperoxia the average dose of 300 OTU per day can be
considered over a 5-day work week, making the daily dose equal 420 units. Sterk
(personal communication) is currendy using 400/day for a 5-day week. A chart for
planning OTU's for different depths and mixes is given in Table 4.
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Table 4. ‘
Example of oxygen toxicity rate (OTU/min) at different depths (msw) and
different oxygen fractions.

Depth 0,3 0,35 0,4 0,45 0,5

9 - - : - 0,9
12 - i 0,79 0,98 1,16
15 0,6 0,79 1,00 1,22 1,40
18 0,73 0,97 1,19 1,41 1,63
21 0,88 1,15 1,39 1,63 1,86
24 1,03 1,31 1,56 1,82 2,07
27 1,17 1,48 1,75 - -
30 1,32 1,63 1,93 - -
33 1,47 1,79 i - ;
36 1,60 199 - - -
39 1,73 - - - :
40 1,78 - - - -

An example of PO;'s and EAD's for different oxygen fractions and depths using Comex
87 tables is shown in Table 5. This table also shows the maximum allowable exposure
time before direct ascent for air breathing and the use of nitrox with 30, 40, and 50%
oxygen.

Table 5. :
Example of enriched air advantages using Comex 1987 tables with 30,
40, and 50 % O

Dive Calculated EAD (msw) Maximum exposure time
depth PO, (aim) Table EAD (msw) before direct ascent (min)
(msw) 30% ° 40% 50% 30% 40% 50% air 30% 40% 50%
9 0.57 0,76 095 6,8 4,4 2.0 -

9 6 3 360
12 0,66 088 1,10 9.5 6,7 3.9

12 9 6 165 270
15 0.75 1,00 1,25 122 9,0 5.8

15 9 6 80 100 360 .
18 0,84 1,12 1,40 150 11,2 7.7

15 12 9 50 80 165 360
21 0,93 1.29 1,55 17.5 13,5 9.6
’ . 18 15 12 35 50 100" 165
24 1.00 1,40 1,70 20,1 15,8 11,5

21 18 - 25 33 50
27 1,10 1,50 1,85 236 181 -

24 21 - 29 25 35 -
30 1,20 1,60 2,00 254 204 -

27 21 . 15 20 35 -
33 1,30 1,70 2,15 28,0 22,7 - '

30 - 10 15 - -
36 1,40 1,84 2,30 31,0 - - :

33 . - 10 10 . -
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Using the DCAP program and Swen-88 tables customized nitrox tables can be calculated.
Table 6 gives an example of maximum exposure time before direct ascent for different
depths and nitrox mixtures.

Table 6

Examples of enriched air advantages using SWEN 88 tables with 30, 40,
and 50% O,.

Dive depth PO, ; Max exposure before direct ascent

mSsw 21% - 30% 40% 50%

9 0.40/ 320 0.57 /oo ‘ 0.76 / o 0.95/ 07 dose
12 0.46/110 0.66 /260 0.88/ 480 1.10/ O3 dose
15 0.53/75 0.75/110 1.00 /300 1.25/ Oy dose
18 0.59/55 0.84/75 1.12/130 1.40 / Oy dose
21 0.65/40 0.93/55 1.29/90 -

24 0.71/30 1.00/45 . 1.40/ 65 -

27 0.78 /25 1.10/40 ‘ - -

30 0.84/20 1.20/ 30 - -

33 0.90/15 1.30/20 - -

36 097/10 1.40 /20 - : -

4. Dealing with individual differences

The individual difference in sensitivity to oxygen toxicity affects the optimal use of high
oxygen doses. No attempt has been made to define rigid limits, and we would prefer 1o
regard our recommendations as guidelines to be refined later. "This is for two reasons.
First, we may not really know the best values to be used for the different levels; these will
be modified as new data accumulates and more existing data is found. But there is also a
large aspect of individual sensitivity (Harabin et al, 1987). That is, there is a big difference
in the reaction of different individuals to an exposure. A large difference in the sensitivity of
a single individual on different days has also been observed.

Abundant evidence exists that if an exposure is too high and symptoms develop they are
reversible. In fact, most experienced divers have experienced the numb fingertips, tingling,
occasional chest pain or lung irritation, headaches, and reduction of aerobic capacity that
accompanies a long treatment for DCS on a dive or dives that required a lot of oxygen
breathing. If a diver has too many symptoms then his daily dose should be reduced. The
contrary, allowing a diver to increase his individual dose, is a more difficult situation to
regulate, but because the consequences of an excessive exposure are minor then there is not
much risk involved and the benefits of flexibility are great. This is not the same as decom-
pression, where the consequences of a failure of the methoed (the tables and procedures) can
be far more serious.
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V. MIXING METHODS
This section covers the operational aspects of enriched air nitrox diving as they relate to

preparing, handling, and breathing the special gas mixtures, and especially to the use of
correct practices in handling oxygen and oxygen enriched mixtures.

A. Mixing equipment and methods

There are several methods of preparing enriched air mixtures. These all require at least some
special equipment, and in some cases these are complex and can represent significant
investments. The methods include preparation of pre-mixed gas, on-line mixing, and use of
rebreathers.

l. Prepared mixtures

The simplest method of doing enriched air nitrox diving 1s to use scuba with premixed gas.
This is the method of choice for scientific and recreational diving. At least two methods are
in use for preparing these mixtures. The simplest one involves filling oxygen-clean scuba
cylinders to an appropriate pressure with oxygen and pressurizing to the full pressure with
oil-free air, then checking with an analyzer after mixing and adjusting if necessary. A rig for
this method is shown in Figure 5 (Dinsmore, 1989). The proportdons can be determined
using the gas laws and an accurare pressure gauge, or can be done by weighing the cylinder
as each component is added. In all cases, analysis for oxygen content in the final mix is

essential.

OXYQEN - MASTER GAUGE

()

ot

e,

RIX OIL-FREE | .
COMPRESSOR
AIR

Figure 5. NURP / UNCW nitrox mixing system.
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With this method it is necessary to allow the cylinder to mix before analyzing it. Mixing can
be hastened by several metheds, including rolling the tanks, heating them with a heat lamp
or sunshine, or installing a perforated mixing tube inside the tank. Once mixed a gas mix
will not separate, but if it is somehow allowed to become layered on mixing and allowed to
stand still in a cold place it can take weeks to mix by diffusion (this problem 1s worse with
heliox than nitrox mixtures). If a mix is high in oxygen it can be corrected by draining a
small amount of mix and replacing with air; since only the air fraction can be compressed to
full pressure (unless an oxygen-compatible compressor is used) to correct a mix too low in
 oxygen it will be necessary to reduce the pressure to below that of the oxygen supply
cylinder in order to add more, then more air can to be added. A more sophisticated mixing
method is to use a "blender” to feed an oil-free compressor which then fills the tanks or a
storage bank. This can be done with one of the "on-line” blenders mentioned later in this
chapter, or with a reladvely simple blender that can be constructed from standard parts. The
idea is to mix oxygen with air being fed to the intake of the compressor, check the analysis
and adjust flows until it is right, then fill the cylinder with the compressor. It is not
necessary to mix the gas in the cylinders after filling but they of course have to be checked
with an analyzer. One such rig1s shown in Figure 6 (Wells, 1989).

Oaypen Annlysor

Caz Mixing Coils @ Cistrbulion/Aralysis
Panal

PAmbinm
Air Ininke /i;// HD
/V' L E
cee )
Oaygon Qil-free HP.
Injsolion < *e Comproeuér

D xygn
Dyitnds

'Figure 6. Gas blender mixing air and oxygen before compression.
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In both approaches it is important to handle both oxygen and the enriched mixtures
according to the rules for handling oxygen. Failure to do so can lead to fire and/or
explosion. Itis standard practice and highly recommended that the diver check each tank
personally with an oxygen analyzer just before use. One benefit of mixing air with oxygen
is that hypoxic mixtures are not possible; that would be a significant added risk if pure
nitrogen were used as a source gas. It is important to start with an empty cylinder or make
allowance for the mix inside it to begin with.

There is of course always the opton to purchase premixed gases from the supplier. For
many jobs this will be the most cost-effective solution.

2. On-line mixing using gas blenders

The most appropriate method for preparing ritrox gas mixes for commercial diving is by use
of an on-line "blender.” These devices are fed with compressed oxygen and oil-free air and
provide an output mixture at sufficient pressure and flow to support one or more divers.
Normally the oxygen content can be adjusted for the desired oxygen mix or for a choice of
fixed mixes; ideally the blender would sense the diver's depth and supply the most efficient
mix. The most common type of blender uses precision, pressure-compensated regulators
and flow valves to prepare the mix. It usually goes into a mixing chamber where it is
analyzed before being fed 1o the diver's hose. Mixers usually have alarms for oxygen level
and gas pressures, and most systems have a bank of gas connected to the diver supply and
set at a slightly lower pressure than the blender output so that it will ta.ke over and gas flow
will not be interrupted in the event of blender failure.

The AGA blender, now Interspiro (Lidingd, Sweden) has been mentioned earlier in regard
to nitrox use in Sweden, and the Driger Polycom (Liibeck, West Germany) has been used
for the major Norwegian jobs. ( These two units are described in Appendix B) There have
been units available in the U.S. made by Airco and McDermott, for example, but the
availability of these from a supplier 1s doubtful due the difficult economic status of the U.S.
diving industry. Several new "custom” blender designs are offered by Reimers Engineering
in Alexandria, Virgina, USA.

There is another type of gas management system that might ofter an atractive option to the
blender. This is the membrane separator. By using selected polymer membranes it is
possible to separate gases according to their individual properties by means of pressure
alone. With such a unit it is not necessary to have oxygen on site, the mixes are made by
essentially filtering out some of the nitrogen. One unit available for enriched air nitrox use is
made by Krasberg (Aberdeen, Scotland); the "Air Splitter” will make mixes as rich as 42%
oxygen cn a single pass. These units are extremely reliable, with the compressor the only
moving part, and they have the advantage that they can be turned around and used for
"unriched” oxygen mixtures for nitrox saturadon diving.

- 3. Diver-worn rebreathers

Historically the most common use of enriched air mixtures has probably been in with closed
or semi-closed rebreather sets. This is almost exclusively a mulitary practice, and since any
details will depend on the nature of the specific rebreather this method is not covered here.
One problem with rebreathers is that they rarely give a constant fraction of oxygen, usually a
varying fraction or a constant partial pressure; this of course depends on the mechanism.
This may require adjustrnent of the decompression table or procedure to match the oxygen
behavior of the rebreather (Nishi, 1989).

29



Ornhagen, and Hamilton; OXYGEN ENRICHED AIR -"NITROX"- IN SURFACE ORIENTED DIVING

B. Breathing egw'gment

Any general type of diver's breathing equipment that is operationally suitable and that can be
used 1o deliver the desired gas mixture can be used for nitrox diving. The choice will
normally depend on the source of the nitrox mix. For premixed gas usually the divers
breathe by demand regulator and mouthpiece or mask. For the blenders the most common
usage seems to have been with traditional "hard hat” gear using free flow. Demand
regulators are also used with blenders. Breathing apparatus is an integral part of rebreather
units.

C. Handling oxygen

Whatever the source, mixes with oxygen fractions higher than that of air are considered oxygen rich
mixtures and are generally handled as oxygen. This can pose some design and fabrication ‘
Iimitatons, depending on how the diving operation is regulated. In any case standard

oxygen safety practices are mandatory. These should be routine for a modern diving

organization. One important factor is that a compressor working with enriched air will have

to be oil free and compatible with the mixes being pumped. The operator cannot do much

about how a compressor is built except to select the correct one for the job, and to be sure

that the piping and other fixtures are suitable for oxygen service and are cleaned before use.

For systems that only pump air, 1t is critical that the compressor output air be oil free, either

by design (e.g., teflon rings or seals) or by proper filtration. A dependable oxygen analyzer

1s essential. Even if "certified” mixes are purchased, it is still strongly advised that breathing

gases be checked with an analyzer at the worksite for the proper oxygen content. Most
experienced divers do this themselves. The oxygen analyzers using fuel cells or electro-

chemical cells are usually the best for field use, but paramagnetic analyzers may offer greater
precision. For checking gas in cylinders or a gas stream it may be necessary to make a

"cuvette” or small sampling chamber to ensure that the sensor is completely immersed in the

gas to be measured, and that there are no undesired pressure effects at the measurement site.
Nothing special is necessary, but sound gas analysis techniques should be used.
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PART TWO. BIOMEDICAL EVALUATION OF 7 DAYS OF ENRICHED AIR
NITROX DIVING

1. INTRODUCTION

As is pointed out in Part One, oxygen-enriched air or "nitrox" diving techniques allow more
efficient and reliable decompression for dives in the range 9 to about 40 msw. They involve
use of breathing mixtures for divers that have a higher fracton of oxygen than air, which
hereby reduces decompression time. The consequence of higher oxygen levels is, however,
of concern in mainly three areas: CNS toxicity, pulmonary toxicity, and other non-specified
effects (Sterk, 1984; 1985). Also, although the formula used for determining the decom-
pression time, the equivalent air depth (EAD), seems to work in practice and has theoretical
advantages, there still is sorne skepticism about its validity.

A. Rationale for performing the rests

In order to accumulate more biomedical data from divers using nitrox the Swedish Naval
Diving Center carried out a series of experimental chamber dives to add validation on both
the reliability and safety aspects of nitrox diving. This part covers a series of simulated
enriched air nitrox dives with extensive biomedical monitoring, with the objective of
identifying any significant medical problems that may result from its use. The targets were
oxygen exposure and decompression. ’

B. Test considerations

1. Laborarory or field

By using a "wet" laboratory chamber with standard operational equipment, experienced
commercial divers, and tasks designed to be representative of routine work, dives could be
carried out to the operatonal limit or slightly beyond and thus leave a margin of safety in the
validation. The laboratory chamber also allowed the quality control and biomedical
surveillance we felt was necessary, especially for the more subtle oxygen effects.

2. Maximum PO, during a dive

For CNS toxicity reasons POz in operational nitrox diving 1s seldom above 150 kPa.This
level affords a considerable range of diving within the method, yet is believed to almost
completely eliminate the risk of CNS toxicity.

3. Maximum daily oxygen dose

Daily oxygen doses are less clearly established. However, the literature is relatively clear on
the point that the tolerable dose is a function of the number of days of exposure. Therefore
we felt 1t was important to choose a dose related to the duration of the dive series.

For the daily oxygen exposure limit we used the empirical Repex oxygen management

algorithm (Harnilton, Kenyon, et al, 1988). This method sets the daily oxygen dose limit in
Oxygen Tolerance Units (OTU} as a function of the overall duration of the exposure.
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4. Overall exposure duration

We wanted the exposure to cover the maximum number of days that might be performed in
consecutive commercial diving in Sweden, without a break. This we decided would
normally be a 5-day work week, but that special considerations might lengthen this on
occasion. We felt it 1o be quite unlikely that a diver would work steadily for more than 7
consecutive days.

5. Decompression stress

Although a wide range of dives will no doubt be done, diving in the nitrox range will be
more convenient and operationally easier if dives can be made "no-stop” or with‘a direct
ascent from the bottom, and most commercial dives are done in this manner. Many
operators or divers will prefer to do it this way if possible. We therefore wanted to test
dives of this sort, but felt it necessary also to test the decompression procedures used to the
maximum allowable limit each day during the test period.

For decompression we chose the computational criteriz of the new "Swen-88" air decom-
pression tables under development by the Swedish Defence Research Establishment, Naval
Medicine Division (Hamilton, Muren, et al, 1988).

6. CO>load

(NS oxygen toxicity is particularly sensitive to the body level of CO;. This in turn is
strongly affected by the work load performed by the diver and the type of breathing
equipment used. We elected to have the divers stay busy constantly during the bottom time,
which would be entirely in water. The underwater tasks would be typical of what they
would do at work, and the work level we arbitrarily set so as to produce a heart rate 20 %
above resting for about 50 % of the bottom tme. For breathing equipment we felt only
equipment in current use would be appropriate.

7. Divers

To be a valid representation of the typical diving work pattern it is also important that the
divers be representative. Because the tests are pertinent to occupational medicine, it was felt
they should be performed on currently active commercial divers. This was possible because
of the collaboraton of the Swedish commercial diving contractors organization.

8. Synopsis of test schedule
To get a cumulative oxygen dose slightly higher than the Repex proposed limit over a 7-day
period, to test the decompression procedures to the limit, and to have time to do two dives in

one day (in order to optimize topside and investigator resources) we used a 50/50 oxygen-
nitrogen mix at 21 msw for a no-stop dive of 220 min each day.

C. Medical evaluation and monitoring

Medical monitoring was to be concentrated on the lungs and respiratory system, the heart
and circulatory system, and the brain and nervous system, concentrating particularly on
parameters that might reflect sensitivity to oxygen. For practical and budgetary reasons
these had to be limited to simple measurements that could be made at the ame of the dives
and standard hospital tests that could be performed before and after each dive series.
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II. METHODS

A. The dive series

Two 7-day dive series were carried out (Dec 88 and Feb 89) in the pressure chamber
complex at MDC, the Swedish Navy Diving Center. There were 2 two-man teams of divers
each week. The moming team was in the water from 0700 to 1045, and the afternoon team
was in the water from 1300 to 1645. This gave us a total of 56 man-dives. Each diver did a
220 min wet dive at a simulated depth of 21 msw breathing 50/50 nitrox each day for 7
days. '

B. The divers

Divers were active commercial divers that met the health qualifications for a commercial
diver in Sweden. They ranged in age from 22 to 45 years and were of average build. The
divers agreed to abstain from smoking, alcohol, and exhaustive physical exercise during the
test period. This began one day before the first medical exam (two days before the first
dive) and ended after the last exam had been approved the day after the last dive. All divers
were "informed” velunteers in the test, and they received their normal salary during the test
period. A summary of the divers is given in Table 7.

Table 7.

Divers

Diver no Age Height © Weight Team
Group I

I 45 years 180 cm 88 kg Moming
2 ‘ 40 years 186 cm 81 kg Afternoon
3 40 years 174 cm 78 kg Afternoon
4 22 years 186 cm 85 kg Mormning
Group II

) 27 years 170 cm 75 kg Morning
6 29 years 182 cm 76 kg Morning
7 36 years 182 cm 98 kg Afternoon
8 34 years 180 cm 92 kg Afternoon

C. Diver environment

1. Breathing equipment
Two types of gas supply and breathing rigs were used. During the first sedes all four divers

used standard "hard hats" modified for improved intemnal ventilation giving lower inspiratory
CO,. The second series was performed with Interspiro (née AGA) full face demand masks.
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| 2. Breathing gas

Gas was mixed on line from air and oxygen either by a Drdager Polycom 101 or a prototype
Interspiro (AGA) blender (see Part One, Sec. 5.A.2, and Appendix B). The oxygen fraction
was typically between (.49 and 0.51 as measured by in line paramagnetic analysis.
Breathing gas was also sampled in front of the mouth of the diver to a Centronics mass-
spectrometer. The mixed gas COs level averaged about 1 kPa in the hard hats. In the
demand mask mean inspiratory CO; level was lower, coming only from the inhalaton mask
dead-space.

3. Temperature

Water terhperature ranged between 4 and 80 C. Dry suits were used in both series, with
adequate wooly underwear.

4. Oxygen exposure

The overall oxygen exposure gave 413 OTU/day and a total of 2891 units at the end of 7
days, an entirely appropriate test value where the Repex dose is 2660. How this exposure
fits the limits given in Figure 4, Part One, is shown in Figure 7.

4000: '
Allowable cumulative
oxygen dose’

3600 -
3200 -
2800 ] e
2400 j
2000

1600 -

Average daily dose

Oxygen Tolerance Units

o 1 2 2T 4 5 6 7 8 9 10 11 12 13 14 15
Mission duration (days)-

Figure 7. OTU doses on Repex curve. The curve is the value deterrmned
empirically to be an acceptable exposure, on the average. The dot shows the
calculated exposure of each diver over 7 days. The Repex limit is exceeded
slightly during the 7th day.

D. Daily and in-dive monitoring

1. Pulmonary function

Spirometry was done daily at MDC with an Ohio rolling seal spirometer. This included two
FEV (forced expiratory volume) and two FIV (forced inspiratory volume) measurements
about 1/2 h before each dive and 15 min after.
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2. Interviews and questionnaires

Divers were examined and questioned by a physician-investigator, and they completed a
general questionnaire before and after each dive. They were asked specifically about
symptoms typical of oxygen exposure and decompression sickness.

3. Doppler bubble detection

Precordial ultrasound doppler signals were recorded 15, 75, and 135 min after surfacing,
using a Parks model 614 tuned at 2.25 MHz and recorded on a Fostex Mulutracker X-30.
Ratngs were taken at rest with the subject standing, then again after a deep knee bend.
Bubble grades were determined using the KM code (Kisman et al, 1978).

E. Medical exam pre/post dive series

A pre-dive medical exam at the Karolinska Hospital was done 2 days before each series, and
the post-dive exam was the day after the last dive. These exams included exercise capacity,
pulmonary function, neurclogy, hematology, and blood chemistry.

1. Exercise test

The divers did an exercise test on an electrically braked bicycle ergonometer (Siemens-Elema
EM 380B). The work rate was increased in 4 min, 50 W steps until exhaustion. A single
ECQG tracing was used to determine heart rate, blood pressure was taken by auscultation, and
breathing frequency was counted. Heart rate, blood pressure, and arterial blood were taken
arrest and at 100, 150, 200 W of workload, and a few seconds before the end of the test
another blood sample was drawn for acid-base and lactate determinations. Blood was
drawn through a thin teflon catheter in a brachial artery. Blood gases were done on a
Radiometer ABL 3, and lactate concentration on an LKB Ratio Fluorometer .

Maximum O3 uptake was estimated according to Astrand and Rhyming (1954), corrected for
heart rate.

2. Pulmonary function

Statc spirometry (Sensor Medics 2400) included vital capacity (VC}, total lung capacity
(TLC), residual volume (RV), functional residual capacity (FRC), expiratory reserve volume
(ERV), inspiratory capacity (IC), and ddal volume (V,) Dynamic spirometry included forced
vital capacity (FVC), forced expiratory volume in 1 sec (FEV o), FEV %, and maximal
expiratory flow (MEF at 75, 50, and 25 % of FVC), peak expiratory flow (PEF), and
maximum voluntary ventilation at 40 breaths/min (MVV ). Subjective fatigue was estimated
by the divers against a Borg RPE scale 6-20 (Borg, 1982). Static compliance and maximal
inspiratory lung elastic recoil pressure was determined using oesophageal balloons
{Milic-Emili, et al, 1964).

3. Pulmonary diffusion capacity

Diffusion capacity for carbon monoxide (DLCO) was determined by the single breath test
using a gas mixwre of 10 % He, 21 % O,, 0.3 % CO, balance N> (Salorine, 1976).
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4. Neurology

Neurological tests included conduction velocity and distal Iatency of sensory and motor
nerves, measured bilaterally in the median and ulnar nerves by neurography (ENeG). A

_clinical neurological exam performed by a neurologist included cognitive, psychological,
motor, reflex, sensibility, and cranial nerve function.

5. Hematology

Blood tests including hemoglobin, erythrocyte partal concentration, erythrocyte volume
fraction, and leukocytes were assayed with a Coulter Stacker. Electrolytes; sodium,
potassium, and calcium, and enzymes glutamic oxaloacetic transaminase, glutamic pyruvate
transaminase, and serum iron were measured with a Kodak Ektachem 700. Reticulocytes
were counted manually by microscope.

6. Additional rests for which results are not available
A measurement of the divers sensitivity to CQ; was performed before and after each series
of dives, blood was sampled for erythropoietin, and urine was collected for later analysis of

metabolites of prostaglandins and stress hormones. These results were to be analyzed by
invited scientists, but results have not yet been obtained.
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i | RESULTS
A Dajlvi € Measurements

1 Questionnaires

The daily medical exams and interviews and the questionnaires showed only minor problems
as shown in Table 8.

Table 8 ¢

Diver No Typeofrnig Comments
1 H Has some coughing all week. Does not get worse during dives.

Feels slight dyspnea after some of the dives. No decrement of
FEV, g or peak flow. After day 6 mild tingling of toes. After

the dive series less presbyopia than pre-dive.( This is normalized
within a week post dive. Interpreted as training due to work in
confined space)

2 H Develops mild upper airway infection with stuffed nose and head
ache during the series. No fever or pulmonary symptoms.Diving
does not affect the symptoms.

H B,
H -
D -
D - ‘
D Subjective tunnel vision a short period post dive day 5.
D (H) Ear squeeze day 2. Dives with hard hat day 3 and 4.
= hard hat D = demand full face mask

m 00~ AN W

2 Daoppler

Doppler scores showed 34 % of dives to be bubble free; several divers had Grade 1 or grade
2 bubbles occasionally, and there were a few 3-s but only after flexing which is looked upon
as acceptable.

The bubble grades (score at rest/maximal score after knee-bend) and the heart rate (HR in
beats/min) observed in every diver during the series of dives are compiled in Table 9.

Group I : Two of the divers (divers no 1 and 2) have almost no or few bubbles during the 7
days of diving.

The diver no 4 had very large variations of the bubble grades detected. He had 4 dives with
almost no bubbles and 3 dives with a maximal bubble grade of 3 after knee-bends. These
dives were the 3rd, the 6th and the 7th day.

For diver no 3, the bubble grades recorded after the decompression seemed to become
progressively higher. During the first two dives, there were almost no bubbles. After the 3rd
dive some bubbles were recorded and after the 4th, 5th and 6th dives bubble grades up to
score 3+ after knee-bends were recorded. At the 7th dive, the bubble grades were a little less
but sall at 2+, -
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Table 9 _ ‘
Bubble scores (K-M) (resting / flexing) and HR in divers 15, 75, and 135
min post direct ascent after a 220 min dive at 21 msw using 50% nitrox.

GROUP I diver | / 2 3 : 4
nubble  HA bubble MR bubble . HR bubble  HR
day timin)

BEI130 15 0/0 100 0/0 B8 0/0 92 0/0 92
75 0/0 02 0/0 88 0/0 120 o/1 100
i35  -0/1- B4 0/0 100 - - - -

881201 15 0/0 100 0/0 B4 0/0 B8 071- 88
75 0/ 1060  1-/1- 95 0/0 100 1120
135 0/6 88 171 110 - - - .

881202 15 143 120  o/1- B0  1-/i- E8 1-/1 84
75 2+/3 B0 =71 92 172+ 80 0/2 68
135 173 96 0/l 96 - - - -

881203 1S 0/0 92  0/1- B4 0/0 72 172 80
75 o/l 92 /1 88 0/1- 92 23 92
135 0/0 78 - - - - /2 104

881204 15 0/0 100 0/0  BO 070 76 2720 72
75 t-/1 100 171 Ba 1/1- 100 2/3+ 104
135 - - 1-/1 100 - - 142+ 100

881205 15 2/3- 112 0/0 B4 1/2- B4 2/3 80
75 2:73 100 0/1 92 172 B4 2/3- B4
135 24/3- 02 0/1 108  0/1+ 88  1+/2+ B4

881206 15 1-/1 108  o0/1- 75 1/1- 88 -1 76
75 2+/3 a8 f=r ‘96 1/ 1+ 120 2124+ 96
135 0/2 96 - - . N (r2+ 96

GROUP 1l diver 5 6 7 3

bubbie HR butble HR bubble HR bubble HR

890201 15 0/0 68 00 72 /3 68 1-/1 B8
75 0/0 95 0/0 96 273+ 76 0/0 95
135 - - - - 2/2+  BO - -

830202 15 0/0 64 0/0 80 0/a 72 0/0 76
75 0/0 80 0/0 B3 1 72 01 92
135 - - - - 172+ 72 - -

B90203 15 0/0 76 0/0 B4 78 0/1- B8
75 0/0 88 0/0 96 1-/1  BD 0/1 B8
135 - - - - I-r1e 72 - i

890204 1S 0/0 76 0/0 84 0/0 68 0/0 90

: 75, 0/0 96 0/0 88 I-/1 80 0/0 92
135 - - - - o/i- 76 - -

890205 15 0/0 72 0/1- 76 0/0 64 071+ 96
75 0/0 92 0/2- 96  0/1+ 72 1-/1+ 108
135 - - . 0/1e 98 - - - -

890206 1S 1-/0 68 0’0 76 1-/1 72 171+ 88
75 VAT 0/0 118  2-/2- &8 1/2- 92
135 1-/1+ 124 - - <72« 80 o/1- 100

890207 15 0/1- 72 0/0 B4 071~ 76 0/0 84

Co7s 0/0 172 070 112 172 88  1-/1- 90

135 - - - - - 96 - -
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Group I1 : Very low bubble grades (<2) were recorded in this group except for the diver no
7 at two occasions where the maximal bubble scores after knee-bends were 2+ and 3+.

The HR recorded are often > 80 beats/min. Divers were examined right after doffing the
hard hat equipment and after a meal.

3 Spiromerry

The results of daily pre-dive FEV ¢ performed at the laboratory, just before entering the
chamber, are displayed in Fig 8. No significant difference was found pre/post dive
measurements each day.

Diver No
. _ —_———1

e 2

— a3

4

FEV 1.0, 1 BTPS

Figure 8. Forced expiratory volume (FEV ) performed daily before
21 msw/220 min wet chamber dives at 2 PO, of 155 kPa over 7 days.

B Hospital measurements pre/post dive series

The results from the hospital pre- and post-dive series tests are displayed in Figs 9 - 12.
Paired t-test analyses of pre- and post-dive data gave statistical significant differences as
shown by » = p<0.05 «~=p<0.01. Of physiological importance are only the reduction of
MEF:s4, and maybe the decrease of reticulocytes. In Appendix A are all individual changes
plus mean values before and after the series depicted. In these graphs are normal or
reference values shown by shaded areas, and significance levels from paired analysis pre
post are given above the group means. Because of the possible impact of oxygen on the gas
tlow in smaller airways a detailed analysis of individual values regarding expiratory flow 1s
also enclosed in Appendix A.
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1. Pulmonary functianl

The MEF25q, decreased from 2.28 liter/s pre-dive to 1.79 liter/s post-dive series. None of
the other pulmonary function tests showed any significant changes, but there were
tendencies in MEF7sq,, MEFs04,, FEV, FEV, o/ FEV, PEF and MV V4 to be lower post
series in some divers. Pulmonary diffusion capacity was down slighdy in 5 of 7 divers, but
the variability prevented this from being statistically significant.

TLC
vC
FvC
FEY, g
FEVX
PEF
MEF 75¢
MEF 5ox
MEF 25% *
MYY
Compl
Diff cap
-30  -20  -10 o 10
Percent change post- versus pre-dive

Figure 9. Percent change in mean values for spirometry data from 8 divers
pre-post a 7 day series of daily wet chamber dives to 21 msw/220 min at a
PO; of 155 kPa .( + = p<0.05.) For abbreviations see Methods.

. W MEF 25% pre
B MEF 25% post

MEF 25%, 1/s
(N
1

1 2 3 4 5 6 7 8 Mean
Diver number

. Figure 10. Maximum expiratory flow at 25% FVC, before and after a 7 day
series of daily wet chamber dives to 21 msw/220 min at a PO; of 155 kPa
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2. Exercise test

As seen in Fig 11, the pre- and post-series exercise tolerance tests revealed no change in
maximum performance level. However, some performance-related cardio-vascular variables
showed "improvement”. There was a slight but significant reduction in mean values for
HR, decrease in systolic blood pressure, and increase in P,O», all when measured at the 200
W exercise level, and a small but significant increase in calculated maximum O, uptake.

Body weight
HR rest ]
HR al max work
HR 200w
Resp 200W
Borg 200w
BP syst 200¥W
~Max workload
" Pa 02 max
Pa Cﬂzmﬂx
Base excess
Lactic acid
Vg, total
Vo , ber kg

-20 ~10 0 ' 10
Percent change paost- versus pre-dive

Figure 11. Percent change in mean values for ergomety data from 8 divers
pre-post a 7 day series of daily wet chamber dives to 21 msw/220 min at a
PO, of 155 kPa .( « = p<0.05; ** = p<(0.01.) For abbreviations see Methods.

B S-Lact-pre
B S-Lact-post

1 2 3 4 5 6 7 Mean
Diver number

S-Lactic acid wWmax, mmol/1

Figure 12. Arterial blood lactic acid levels at Wp,,,, before and after a 7 day
series of daily wet chamber dives to 21 msw/220 min at a PO; of 155 kPa.
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As shown in Figure 13 the arterial blood lactate was down at all Ievels of exercise on the
post series measurement and not only at maximum working capacity .

_ 15
L ; ﬁ
-y
E .
E 10
o 1
E ] —=o Pre-dive
_§ ] —— Post-dive
E 5 _1 B
h -
&
=
v ]

0 ————+ T ; —

Rest 100 200 300

York level, ¥

Figure 13. Mean arterial blood lactate of 7 divers at Wy, pre- and post a 7 day
series of daily wet chamber dives to 21 msw/220 min at a PO; of 155 kPa.
(Bars indicate SD) '

- 3. Neurology

Conduction velocities remained remarkably uniform over the series, and none of the other
neurclogical evaluations showed changes of clinical importance.

4. Blood "

Both hemoglobin and EVF (hematocrit) showed small but statistically significant drops over
the series. Reticulocytes were down substantially after the oxygen exposure (1 % to 0.5 %).

Other changes in blood were a drop in Na*, Ca++ and leukocytes.

-50 -40 -30 -20 -10 O 10 20
Percent change poast- versus pre-dive

Figure 14. Percent change in mean values for blood data from 8 divers
pre-post a 7 day series of daily wet chamber dives to 21 msw/220 min ata
PO, of 155 kPa .( + = p<0.05 ) For abbreviations see Methods.
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v DISCUSSION

These results confirm one more time the large inter and intra individual differences of the
physiology of humans. The bubble grades recorded with ultrasound doppler indicate the
differences between humans in the way inert gas is eliminated during and after decom-
pression. The doppler results were, however, consistent with the concept that the decom-
pression procedures used are acceptable. These results do not show any evidence of general
increase in the bubble scores with the number of dives performed although such a trend was
‘observed in our diver. These dives involved more decompression smess than would be
possible if similar dives were done using the "equivalent air depth” principle. It is unlikely
that actual commercial actvities would approach these limits. We regard these tests as
further substantiation to the Swen 88 tables (Hamilton, 1988).

From this multi day exposure to elevated oxygen within or barely outside current tolerance
limits we expected to see some slight symptoms of physiological "reaction” to oxygen, but
few real symptoms. The daily pre- and post-dive spirometry might have been expected to
show some effects on VC. According 10 the equation determined by Harabin and colleagues
(1987), the drop for a single day exposure (413 OTU) would be -2.5 %. We saw no pattern
of change, but the daily spirometry measurements included both FEV and FIV maneuvers,
which might have masked the type of change in VC that may follow a period of hyperoxia.

One set of changes was in the exercise performance tests; all changes appeared to be toward
a higher level of fitness after the dive senes. This could possibly be a form of a "training
effect” of a week of daily workout. In any case they are not in an unfavorable direction.

Although FEV; ¢ and FEV % were unaffected the MEF;sq, was reduced. This reflects a ,
change in small airway function. After one continuous exposure to 2 ata oxygen for more
than 10 h Hendricks et al (1977) found more pronounced decreases in inspiratory flow rates
than in expiratory. This was interpreted as an effect mainly on the inspiratory muscles.
Kirsteen and coworkers (1972) demonstrated a 30 % increase in airway resistance after 2 ata
oxygen for 5 h which they interpreted as an airway smooth muscle constriction of the same
nature as the vascular constriction seen during hyperoxia. These authors concluded that this
effect is reversible within a few h because other measurements, using longer delays between
exposure and measurements, have not registered any increases in airway resistance. Further
support to the notion that the change in airway resistance after oxygen exposure probably is
only ransitory is given by the study of Moselhi et al (1980) on 65 divers who had been
exposed to 1 - 2 atm oxygen for 90 min twice weekly over 2 to 10 years without getting any
significant decrease of MEF»5 754, in comparison to a control group who had not been
exposed to oxygen.

The sharp reduction in reticulocytes is consistent with a halt in production of new red cells.
This is certainly the expected effect, but the degree is more than we anticipated for this dose
of oxygen. We had hoped to get a firmer handle on this by analysis for erythropotetin, but
this analysis was not completed. One might wonder what longer exposures could have
caused. However, if the Repex limits are followed, the total dose for 7 days would be lower
(380 OTU/day rather than the 413 used here), and for a longer exposure the limit would be
even lower. The drop in red cell indexes, small but statstically significant, is also consistent
with acclimaton to hyperoxia.

Vv CONCLUSION

The divers tolerated the exposures very well. Some changes were detected which came out
as stadstically significant, but these probably reflect acclimation to the elevated daily oxygen
dose, or possibly to the regime itself. Nothing we observed appears to augur against
approving the procedure.
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Vi RECOMMENDATIONS FOR THE FUTURE

In the conducted series of dives (56 man dives) no observations were made that would
Jjustify a more conservative approach than that suggested in part one which means use of
Repex limits for oxygen exposure, and a maximum PO, of 155 kPa. However, for
operational use it is recommended that a maximum PO; of 140 kPa is planned to allow for a
safety margin in case of variaton of the oxygen fraction in the gas from the mixer and/or in
diver depth.

Regarding decompression, the SWEN 88 tables were used, which are more conservative
than the currently approved DYK:RM. However, there is no strong evidence that the use of
DYK:RM tables and equivalent air depth (EAD) should give an unacceptable high incidence
of decompression sickness.

To further elucidate the acclimation to elevated oxygen partial pressures seen in our divers
we recomrmend that divers, taking part in*future operational nitrox dives involving more than
1500 OTU/week, if possible should be given special medical examinations in the form of
blood and spirometry measurements before and after the work period. More than 2 such
examinadons should not be needed for each diver/year unless significant changes are
observed. Such a routine should make it easier to accumulate data from a great number of
divers to show if continuous nitrox diving could cause any occupational hazards. It should
be of great help if all divers involved in nirox diving could use a special log for their oxygen
exposure in order to facilitate the interpretation of medical data and make it possible to
correlate changes observed to the oxygen exposure.

‘Based on current knowledge a medical follow-up of nitrox divers should include:
a) dynamic spirometry with an analysis of MEF and MIF (75,50, and 25 %)
b) blood sample for determination of reticulocytes and erythropoiedn.

Such a "minimum follow-up” of nitrox divers does not mean that all oxygen effects on
humans are known. Further research should be encouraged, but since the expected changes
are small it is maybe better to plan such experiments as pure laboratory experiments than to
involve divers in operational diving because of the many other effects caused by diving.
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APPENDIX A

Spirometry data
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Gmhagen,‘ and Hamilton; OXYGEN ENRICHED AIR -"NITROX"- IN SUFACE ORIENTED DIVING

Nitrox- 155kPa Oxygen (7d x 220min) Nitrox- 155 kPa Oxygen (7d x 220min)
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Ombhagen, and Hamilton; OXYGEN ENRICHED AIR -"NITROX"- IN SURFACE ORIENTED DIVING

APPENDIX B

MARINENS DYKERICENTRUM

1989-11-22 - Nt 724
Profundior Sida 1 ( 3 )
atque
securior

Sandlista

Punktdykning med nitrox, Slulrapport om forskningsprojekt

Harmed Overlamnas slulrapporl fradn rubricerade forsknings-
projekl.

Rapporten bestar av (6] jande delar
Del 1 Punktdykning med nilrox. Teknisk rapport

Del 2 Oxygen enriched air - "nilrox" - in surface orien-
ted diving. fysioloygisk rapport m m

Del 3 Forslayg Lill sdrskilda sikerhetsforeskrifler vid
nitroxdykning

Cel 4 Ekonomisk redovisning

Projeklet har utforts vid Marinens Dykericentrum (MDC) i
samarbele med Fdrsvarels Forskningsanstallt, avd Navalmedi-
cin (FOAS58) under ledning av en projekltyrupp bestaende av
Bjorn Mohlin, projektledare, chefl MDC

Bo Persson, teknisk ledare, MDC teknik

Hans Ornhagen, forskningsledare, chel FOA58

Projektel har haft Lil] syfle att dka kunskaperna om de
fysiologiska effekterns av och de optimala betingelserna
for punkldykning med nilrox saml att pd grundval hirav
mojliggora melodens allmadnna anvandning vid dykeriarbelen
pd djup mellan 10 och 30 m och della pd ett satt, som le-
der L1111 okad elfektivilet ulan medforande av risker for
fysiologiska skador hos dyksren. ‘
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MDC 1989-11- 22 Nr 724
Sida 2

Projektresultaten innebdr sammanfattningsvis, att tidigare

i litteraturen dokumenterade positiva erfarenheter bekr#f-

tas och att det féreliggande forskningsprojektet icke givit
nagra rén, som talar emol en forlsatt och allmin anvdandning
av nitroxmetoden vid arbelsdykning.

1 avvaktan pd att Arbetarskyddsstyrelsen (ASS5) eventuellt
ut férdar anvisningar for nitroxdykning rekommenderar pro-
jektgruppen att rapporten, Del 3 med "Forslag till s&rskil-
da sakerhetsforeskrifter vid nitroxdykning" tillampas.

Projektet har mdjliggjorts tack vare finansiellt stod fran
STU, Arbetsmil jéfonden och Svenska Bygygbranschens Utveck-
lingsfond samt ett antal intresserade myndigheter och indu-
striforetag (se Del 4). Till samtliga dessa organisationer
riktar projektgruppen ett stort tack.

Rip (it
Biyorn Mohlin
Projektledare
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Sandlista Nitroxrapport, forsta upplagan

STU (5 ex)

Arbetsmil j6fonden (4 ex)
SBUF

ADAB Diving AB

DYKAB Vattenbygyarna
Dykoma

DYKMA AB

Dyk & Sjotjanst

blB

SYR

Byyghalsan

Dréger Svenska AB
Sjofartsverket

Slena AB

Interspiro AB

Sodra Skogsagarna
Kustbevakningen
Vattenfall

Kopia av rappdrten i denng version till:

Gunnar Lundborg, ASS
Bo Tengblad, Byggforbundet
Hans @rnhagen, FOA 58
Anders Muren, FOA 58

Som orientering

£ 1.ubflj
FMV

FDa S8
ASS ‘

(Forsoksdykarna far rappori, andra upplagan)
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- - . . . Bilaga 1 tpil;
FROM IHTERSFIRC RS 1389, 4.14 15:55 Punktdykniiig® med

o~

nitrox. Teknitk rapp

Interspiro’s Nitrox-blandare

Ref. Dataspecifikation 70.03.31

Princip

Nitrox-blundningen erhéitles genon att luft ocli oxygen av lika ryck (i strdomma ut genom
varsinventiloppning, il en gemensam ledning. DAr blandas gaserna och {ors sedan genom en
dykslang vidare til] dykurcn. ’

Geuom att tryckfallet 8ver ventildppningarna dr lika, konuuer luftflidet att forhdHa sig till
oxygenflddetnidstan som luftventilens och oxygenveniilens Gppningsarcor forhilier sig tilk var-
andra. )

Summan av ventilareorna bestdmmer blandningsflodets storlek.

Ventilernas ppningsforhllande styrs av en gemensam ventilkropp. Nir oxygenhalten skall
okas forskjuts ventilkioppens lige, Den Okar dd oxygenventilens area, samtidigt som den
minskar luftventilens area. Nar oxygenhalten skatl minskas gébler det omvinda.

Fo1 varje Hge hos ventilkroppen erhilles siledes et bestimt blandningsorhaliande mellan
luft och oxygen.

Ventilkroppens lidge styrs av en fjiderbetastad kolv, som via mottrycket § dykslangen kdnner
av dykdjupet, '

Genom att ge ventilerna en Sppningsgrad wspassad som funktion av dykdjupet, kan man .
optimera nitroxblandningen enligt fig. 1 i Dataspecifikation 70.03.31.

| €3
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| ! o |
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| } | |
| L
: — 7= ! p Tl
| = . hjalm
' _—: E Blandnings-
L I mdétare
0
, el |
Oxygen — I ’ @

/J' - -

3 L __f 6~ Djupmitare
Blandare

Tryckregulatorer 1ryckutjamnare

Beskrivning enligt .symbolsch;ma.
1. Luftregulator med stillbart dvertryck relative tryckdjup.
2. Ledning for &terkoppling av tryckdjup ull luftregulatorn.
3. Oxvgenregulator som styrs av dvertrycket frdn fuftrepulatorn. Vid luftavbrott stdngs oxy-
gentillfgrsel automatiske av. Nir lufiévertuyeket andras sd dndras oxygentrycket lika

mycket. Lufuegulatorinstiiiiningen kan sdtedes unvindas [dr aw justera nitroxtloders
storlek. :

4,  Lufwventil.
5.  Louftshunt,
6.  Oxygenventil.

7. Styrkolv. Fjddern dr stullbar varigenom blandningskurvans "lige™ kan justeras.
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Bilaga 2 till

Punktdykning med

nitrox. Teknisk

-4 - -

Gasmischgerdt POLYCOM
Aufbau und Funktion

Allgemeines

Neben der eigentlichen Mischereinheit (1), die wahl-
welise die gehannten Atemgasgemische mit einer Genauig-
keit von + 1 Vol.-% O2 erzeugt, ist im Polycom zur.
Uberwachung aller Gasversorgungsdriicke und der 02-
Konzentration ein umfangreiches Sicherheitssystem vor-
hapden, das sich aus den im Schéﬁbild herausgestellter

Komponenten zusammensetzt

o] Pneumatisches Warnsystem (2)
o Elektrisches Warnsystem » (3)
e} Notversorgungssystem (4)
o Anzeige der Gasversorgungsdriicke {5)
o Schutzeinrichtung (6).

Bei eilner max. Mischgaslieferleistung von 1200 L/min
mit konstantem Ausgangsdruck von 20 bar ist das Geriat
fir die gleichzeitige Versorgung von 2 Tauchern geeig-

net.

Der kompakte Ubersichtliche Aufbau des Gerdtes ermidg-

licht eine einfache und sichere Bedienung.

Gasmischer

In dem Gerdt werden die Komponentengase nach dem “Kon-
stant-Flow-Prinzip" zusammengefiihrt, d. h. auch bei
wechselnden Mischgasentnahmemengen wird das Druckge-
fédlle an der Dosiereinrichtung 15-1B konstantgeregelt.
Auf der Zustromseite s5ind domgesteuerte Druckregler
10, 11l angeordnet, die in Abhangigkeit vom Druck im
Mischgasspeicher 20 liber eine elektro-pneumatische

Steuerung 12, 23
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intermittierend zu- oder abgeschaltet werden. Fiir den
gleichbleibenden Druck auf der Abstromseite der Do-
siereinrichtung 15-18 ist der Ruckdruckregler 19 vor-

gesehen.

burch einfaéhes Umschalten der Ventile 13, 14 wird das

jeweils gewiinschte Gasgemisch eingestellt.

Der vom Druckminderer 22 geregelte Mischgasdruck am

Gerdteausgang betrdgt 20 bar.

Pneumatisches Warnsystem

Das pneumatische Warnsystem dient zur {berwachung

der Gasdriicke - Sauerstoff
- Druckluft
- Notversorgung

- Mischgas

der Mischerfunktion

und der Stromversorgung.

Beim Auftreten einer Stérung wird akustisch mit der
Hupe 29 und optisch mit dem Schauzeichen 26 gewarnt,
Das fir die Schaltung vorgesehene Magnetventil 25 ist
mit dem Druckschalter 4 (Notversorgung) und dem Druck-
schalter 5 (Mischgas) elektrisch in Reihe geschaltet.
Bei Unterbrechung des Stromkreises - ausgeldst durch
Gasmangel oder Stromausfall - wird das Warnsystem ein-

geschaltet.

Die Druckschalter - Drﬁékluft 3, SauerstoffIZ und
Mischgas 23 sind mit dem fir die Mischbesteuerung .ein-
gesetzten Magnetventil 12 so in Reihe geschaltet, dan
bei Gasmangel am Eingang (O2 oder Druckluft) der Mi-
scher selbsttdtig aufer Betrieb gesetzt wird.
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Infolge des dann sipkenden Gasdrucks im Speicher 20

wird das akustische und optische Warnsignal vom Druck-

schalter 5 ausgeldst.

Elektrisches Warnsystem

Mit dem elektrischen Warnsystem, also dem O,-Meflge-
rat Oxytron 27, wird die 02—K0nzentration im Misch-

gas (vom Mischer und der Notversorgung) Uberwacht.

Wird die vorgewdhlte O,-Konzentration im Mischgas um
mehr als + 2 Vol.-% O, Uberschritten, so ertdnt ein
Warnsignal (Hupe 28). Die Stdrung wird gleichzeitig
durch Blinkzeichen am Oxytron 27 angezeigt. Das aku-
stische Signal kann mit Hilfe eines Drucktasters ge-

l16scht werden.

Notversorgungssystem

Die im Gerat integrierte Schalteinrichtung erméglicht
beim Auftreten einer Stdrung in der Gasversorgung oder
am Gasmischer durch Betdtigen eines Ventiles 24 die

schnelle Umschaltung vom Mischerbetrieb auf die Neot- -

gasversorgung.

Als Notgas wird vorzugsweise Mischgas gem3R der am Mi-

scher vorgewahlten OZ-KOnzentration in zusdtzlichen
Gasflaschen gespeichert. Die Vorratsmenge sollte so
groB sein, daff in Notfdllen ein sicheres Austauchen

des Tauchers moglich ist.
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Anzeige der Gasversorgungsdricke
Alle Gasversorgungsdriicke - Sauerstoff, Druckluft,
Notversorgung, Mischgas - werden mit eingebauten .

Druckmessern 6-9 angezeigt.

Schutzeinrichtung

Gegen ungiinstige Einflisse - Witterung, Seewasser usw.
- - wird das Gerdt durch ein Geh&use sicher geschiitzt.
Der Innenraum wird stdndig mit einer Luftmenge wvon

5 L/min (Ventil 1) gespilt. badurch wird verhindert,
daf bei einer evtl. auftretenden Leckage sich im Ge-
hduse eine erhShte Sauerstoffkonzentration ausbildet,
die in Gegenwart von elektrischen Gerateeinheiten, wie

z. B. das Oxytron, eine Gefahr darstellen kdnnte.

Technische Daten

zu mischende Gase : Sauerstoff/Druckluft
Eingangsdricke der Gase: mind. 55 bar - max. 200 bar

220 V - 50 Hz

.

Hilfsenergie
Mischgenauigkeit : + 1 Vol.% Sauerstoff
Reproduzierbarkeit : + 1 Vol.$ Sauerstoff

Ausgangsdruck des )
Mischgases : 20 bar

Mischgas-Lieferleistung: Vvmin 2 N L/min
Vmax 1.200 L/min

Sicherheits-Einrichtungen: - Uberwachung der Eingangs- und
Mischgas-Driicke,

- Kontrolle der Sauerstoff-Kon~-
zentration,

- Bypass-Schaltung fir die Not-
Versorgung. '

Gewicht : ca. 192 kg

Abmessungen : ca. 1.500 mm lang
ca. 930 mm hoch
ca. 315 mm tief
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MDC Sida 1 (4)

Del

Punktdykning med nitrox. Teknisk rapport

1. Allmant

Projektets &ndamal har varit att understka om anvd@ndning
av en andningsgas bestdende av N, och 0; (nitrox med hog-
re Jo-halt &n i luft kan gora punktdykningar sékrare och
effektivare.

I projektet ingdende dykningar har genomforts i MDC kammar-
system (AK och US) i tvd perioder. Vid dykningar i period 1
anvandes tung utrustning och i period 2 18ttt utrustning.

1 varje period deltog fyra dykare. Varje dykare gjorde en
dykning per dag under sju pa varandra (ol jande dagar. Dyk-
djupet var 21 .m med 220 min expositionstid och darefter
direktuppstigning. Andningsgasen bestod av 50% N, och 50%
0,.

2. Gasforsdr jning

2.1.1 Andningsgas

Dykarna forsé&gs med andningsgas 50% N, och 50% 0, via gas-
blandare, som blandade luft och oxygen. Under dykningarna
period 1 {(tung dykutrustning} férségs en av dykarna med
gas via Interspiro nitroxblandare och den andre vis Dréager
Polycom 101. ' ‘

Vid dykningarna period 2 (latt dykutrustning) férsdas bada
dykarna med gas via Drager Polycom 107.

~2.1.2 Reservgas

Firdigblandad gas, 50% N, och 50% 0,, fanns i forrad for

omedelbar inkoppling till dykarns ifall haveri skulle in-
trdffa pa blandarna eller um av nagon anledning os8kerhet
betriaffande andningsgasens sammansittning skulle uppsta.

2.1.3 Nodgas

1 beredskap, for omedelbar inkoppling, fanns luft om nagon
av dykarna skulle fa symptom pd akut 0p-forgiftning.

74

LA
/2



MDC Sida 2

2.2 Gasdistribution

2.2.1 Gasdistribution period 1

Blandarna matades med luft och 02 fran MDC ordinarie gas-
forrdd. Till Driger Polycom 101 var #ven reservygasforradet
anslutet. Frén Interspirc nitroxblandare yick gasblandning-
en direkt till en samlingslada och ddrefter genom kammarvi-
yen ner till dykaren. I samlingslddan fanns uvttag till 02-
analysator. Till samlingslédan var dven luftforradadet ansiu-
tet via en reduceringsventil. Frén Drager Polycom 101 gick
gasblandningen via en fldodesrequlator typ Brdger Taucher-
automat till en samlingslada. Inkopplingen i dvrigt enligt
beskrivning ovan.

2.2.2 Gasdistribution period 2

Drdger Polycom 10t matades med lufb och 02 fran MDC ordina-
rie gasfBrrdd samt med reservgas. Frédn blandaren gick gasen
till en pilotstyrd reducering och d8rifrdn in till en uttags-
lada i AK. P& ledningen mellan blandare och reducering fanns
uttag till Dz-armalysatoer. Fran utlagsladan i AK leddes gyasen
via slang till dykapparaternas ytiluftforsorjningsnippel.

3. vervakning

3 Dyksakerhetsmassiyg Overvakning

Under hela dykningen hade dykarledaren talkommunikation med
dykarna. Dykarna Overvakades dessutom via TV-monitor. Tal-
kommunikation och TV-bild bandades och sparades minst 24 h
efter respektive dykning. Ingdende gas Lill dykarna analyse-
rades kontinuerligt med avseende p3 O2-halt.

3.2 Medicinsk dvervakning

3.2.1 Llakarundersokning

Dykarna undersoktes omedelbart fore och efter varje dykning,
enligt speciellt protokoll, av dykarlakare.

3.2.2 Hjartfrekvens

I fdrsta forsoksomgadngen (tung utrustning) odvervakades vaxel-
vis de bada dykarnas hjértfrekvens med EKG. I andra fdrsdks-
omgangen slopades EKG-Overvekningen av praktiska skidl efter
Forsta dagens dykningar. Signalféorstdrkaren (B0 x 40 mm), som
placerats innanfor drakten, visade sig ultygbra etl hinder med
den viktbdlteskombination som anviandes.

75

/3

- /4



MDC Sida 3

3.2.3 Overvakning av gas i andningszonen

Undetr dykningarna togs gasprov frdn hjélmarna respektive hel-
maskerna via en kapilldrslang till en masspektrometer Centro-
nic 200 MGA. Vid tupngdykning var kapillarens mynning monterad
‘i hjdlmen mellan frontglasets underkant och anslutningen for
brostplaten. Vid lattdykning var kapillarens mynning instuck-
en i inhalationsmasken. Kapilldren fréan respektive dykare an-
slots vidxelvis till masspektrometern. P& instrumentet kunde
gassammansdttningens variationer (02, CO, och NZ) foljas an-
detag for andetag. En skrivare var kopplad till masspektro-
metern, pad vilken registrering gjordes var 30.minut. '

4. Dykutrustning

4.1 Tung utrustning

Vid dykningar period 1 anvindes marinens standardutrustning
for tungdykning med den s& kallade Karlskronahjdlmen. Hjalmen
ar forsedd med luftavledningskanal (LUAK).

4.2 Latt utrustning

Vid dykning period 2 anv@ndes dykapparat Scubapro Navy med AGA
helmask MK 11. Drdkten var av konstantvolymtyp.

5. Brandskydd

Ledningar, slangar, armatur och dykmateriel, som kom i kontakt
'med nitroxgas, rengjordes som om de skulle anvints for ren 0,.

Efter respektive dykning fick dykarna ta av sig driakt och un-
derstdll pad ett stdlle, val avskilt frén elektrisk utrustning,
som kunde fdrorsaka gnistbildning. Rokforbud gdller generellt
i MDC kammarhall ech i dvriga utrymmen, d&r gas hanteras.

Dykarna uppmirksammades p& att h8r och ski3gg kunde vara beming-
+da med U,-rik gas.
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6. Dykprocedurer
6.1 Dykning med tung utrustning

Dykarn2 tog pd siq dykutrustning, utom hjalm, utanfdr kamma-
ren, Harefter gick dykare 1 in i AK, d&r han fdrsags med
hjalm, ansluten till Interspiro nitroxblandare. Efter verk-
stdlld funktionskontroll av gasfdrsdrjning, EKG-dvervakning
och kommunikation sattes frontglaset pa och dykare 1 sindes
ner 1 vattnet i AK. Efter verkstdlld tdthetskontroll av dy-
kare 1 dntrade dykare 2 AK och fdrsdgs med hj&dlm, ansluten
till Drager Polycom 101. Efter genomfdrda funktionskontrol-
ler sandes dykare 2 ner 1 vattnet i AK. Efter verkstalld
tdthetskontroll sdndes dykare 1 ner i US omedelbart féljd av
dykare 2. Expositionstid rdkmades fran det att dykare 1 pa-
borjade nedstigning till US. N&r bada dykarna kommit p& plats
i US genomfordes trycksdttning s& att djupet i US motsvarade
21 m. Under-tiden pa djup var dykarnas sysselsatta med arbeten
av nlika slag. Arbetsuppgifterma var sa valda att dykarnas
fysiska anstridngning skulle motsvara vad de presterar vid nor-
mala dykningar.

Efter 220 min expositionstid paborjades uppstigning med

10 m/min direkt till ytan. N&r AK kommit till ytan (US pa 4 m)
skiftades gasfdrsorjning till dykare 2 Sver till luft Fér att
minska Up-halten i drakt och underst2ll]l och dirigenom minska
brandrisken (fdr dykare 1 skedde detta med automatik i och med
att Interspiro nitroxblandare anpassar O,-halten till djupet).
Dykare 1 togs upp i AK och direfter dykare 2. Harefter togs
dykare 1 upp uvr vattnet och hjdlmen togs av och dvriga anslut-
ningar lossades. fFidrfarandet upprepades med dykare 2.

6.2 Dykning med 13tt utrustning

Dykarna tog p& sig underst&dll oech dykardrakt utanfdr kammaren.
Dykare 1 tog plats i AK och forsigs med vikter och dykapparat.
Dykare 1 tog pa& mask, varefter kontroll av gasfdrsdrjning och
kammunikation genomfordes innan dykare 1 gick ner i vattnet i
AK for funktionskontroll. Dykare 2 &ntrade AK och genomforde
samma procedur som dykare 1. Harefter sdndes dykare 1 ner i US,
omedelbart f6ljd av dykare 2. Ni@r bdda dykarna var pd plats i
US genomfdrdes trycksdttning till 21 m. Under tiden pa djup

var dvykarna sysselsatta med arbeten av olika slag.

Efter 220 min pabdr jades uppstigning med 10 m/min direkt till
ytan. Ndr AK kommit till ytan (US pd 4 m) togs dykare 1 upp 1
AK och dérefter dykare. 2. Hirefter togs dykare 1 upp ur vatt-
net och dykapparaten togs av. Forfarandet upprepades med dyka-
re 2.
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Forslag Li1ll sdrskilda s3dkerhetsfdreskrifter vid
nitroxdykning

Vid dykning med oxygenrik gasblandning skall fd&ljande
laktlas: :

- Armatur, rdrledningar och dvrig materiel, som kommer i
kontakt med gasblandningen, skall uppfylla samma ford-
ringar som vid anvandning av 100% oxygen.

- RBkning eller anvandning av .apparat som kan fororsaka
gnistbildning Far ej forekomma inom omradde d3r risk for
ansamling av oxygen eller oxygenrik gasblandning kan fd-
rekaomma. .

-~ Vid matning av gas Lill dykaren fran blandare skall kon-
tinuerlig analys av ygasen ulféras. Uttag av gas till ana-
lysator skall gbras s& ndra dykaren som mdjligt.

- Om fel pd gasblandningen uppst3r skall reservygas omedel-
bart kunna kopplas in.

- Vid anvandning av fardigblandad yss skall behallarens
inneh31l analyseras omedelbart innan behdllarna ansluts
till dyksystemet.

-~ Upptacker dykaren tecken pd Q07-fbdrgiftning skall han ome-
delbart avbryta arbelet samt anmadla detta till dykareleda-

ren. Ar dykaren i valilnet skall luft inkopplas till dykaren.

- Vid svetsnings- och skdrningsarbeten skall &lgarder vid-
tagas s& att svetsloppor eller sprut ej kan penetrera dy-
karens drakt. .

- p0z fadr ej Gverskrida 140 kPa. Beraknas dykningen bli an-
strangande eller risk for CO2 fFérhdining Foreliyger bor

pdz reduceras.

- 0p-dosen bor ej dverskrida vardena i tabell 1. 0OTU (oxygen
tolerance unit} berdknas med hjalp av tabell 2.

78
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Tabell 1

Maximalt tillaten 0Op-dos

Operationens
varaktighet
{dagar)

O @ N W N =

14
15-30

Tabell 2

OTU per tidsenhet vid olika pO0?

p02
(kPa)

60
70
80
90
100
110
120
130
140

(/min)

B = T o B o B N e

.26
47
.65
.B3
.0

.16
.52
.48
.63

79

0Tu

Daglig C2-dos

(DTU)

(/h)

16
28
39
50
60
70
79
89
98

B50
700
620
525
460
420
380
350
330
210
300
300
300
300
300
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Ekonomisk redovisning

H90° 0817 1L

goo-aol
Ltvgtle
U2 |
00L°6¢¢
ane il
S9¢ Ll
009°¢4¢
000°s¢L
000°00¢

J0UO0aYy

BWWNG

Buturnoha]

alexnAp uapoOAdy

3313 JIspojfew ‘Josay
(u3soxsisqgie) JQW
(eihxnsery ‘seb) JqQw
(T313wW) JQW
(eldylewwer) JdW
Acxmwpmvc:v S
(Peujsoxsiagie) vy 4

lapeulsoy

7H0°08L "1

000°s¢
000°00¢
gpoo-0¢
000" ¢s¢
000°¢¢
000°s¢
000°6s¢
000" 4l
000" 06
000 0¢s
000" 0¢
y0° a6l
00D G6f¢
000" 001

J0U0dy

ewwng

pm@mpo‘

4AS /814
jaxnaansyaeyols
eusebesboxns eapog
TTejusijep
011dsaajug

uabutuneaaqysny

gy euaig
inas
uapuojolTtwsiaqiy
Vo4

(TueJewwexn) JJW
(3naloadpnany) nLs
(3n9lfo0adioy) nis

,

slentbsbeaprg

80



