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Decompression Sickness Research: New Directions

Susan R. Kayar, PhD and David M. Dromsky, MD
Naval Medical Research Center
503 Robert Grant Avenue
Silver Spring, Maryland 20910-7500 USA

Summary: DECOMPRESSION SICKNESS RISK REDUCTION was sought throughout the twentieth century by adjusting dive
duration and depth combinations. These adjustments hypothetically minimized inert gas supersaturation in tissues
during decompression. The newest efforts in decompression sickness research by scientists at the U.S. Naval Medical
Research Center in Silver Spring, Maryland, are focused on fundamentally different approaches. We are seeking means
of reducing decompression sickness risk by actively eliminating a critical portion of the body’s inert gas load; by
increasing the volume of inert gas held in solution by the blood; or by blocking the body’s response to intravascular
bubbles.

Biochemical Decompression

Therole of nitrogen in diving and decompression sicknessis familiar to all. Fewer people are familiar with the
potential for using hydrogen in ultradeep diving, and how this gas may affect decompression sickness risk. Biochemical
decompression is the name that we have created for our most radical new approach to reducing decompression sickness
risk. Hypothetically, biochemical decompression can be performed using either hydrogen or nitrogen as the diluent for
oxygen in a hyperbaric breathing mixture. Both hydrogen and nitrogen have the properties of being inert to mammalian
metabolism, but substrates for metabolism by numerous microbial species. If divers were provided with the
biochemical machinery to metabolize even a small amount of the hydrogen or nitrogen dissolved in their tissues,
significant reduction in decompression sickness risk could be achieved.

Again speaking hypothetically, one might imagine that this biochemical machinery could be offered to the
diver in a variety of forms, such as a subdermal or peritoneal implant, a dialysis-type device connected to the blood
circulation, or a pulmonary spray. However, even a brief consideration of these approaches makes it apparent that most
body locations are unsuited for this purpose. Most locations within the body are approachable only by invasive means,
and we certainly would not want the biochemical decompression to be a higher risk procedure than the treatment of
decompression sickness itself. Furthermore, most body locations would not accept the implantation of microbial
material, due to the response of the immune system.

We have nevertheless succeeded in finding a body location and an approach that have been successful for
hydrogen biochemical decompression in both asmall and alarge anima model (Kayar et a., Am. J. Physiol., 275:R677-
R682, 1998; Kayar et al., unpublished observations). The large intestine is ideal for our purposes. There are numerous
species of microbes that metabolize hydrogen and are part of the normal flora of the large intestines of humans and
other mammals, thus eliminating the concerns about an immune reaction. There is arich blood supply to the intestine,
assuring the microbes of good access to hydrogen. The microbes can be delivered to the intestine by mouth, and the end
products of their metabolism can be readily lost from the intestines along with other waste products.

The microbial species we selected, Methanobrevibacter smithii, has been well studied and is known to be non-
pathogenic in humans (Miller and Wolin, Appl. Microbiol. 131:12-18, 1982). Its metabolic pathway is:

4H, + CO, — 2H,0+ CH,

in which four molecules of hydrogen are converted to two molecules of an innocuous, non-gaseous end product (water).
The electron acceptor, CO,, is abundant in tissues. The secondary end product, methane, is aready produced in the
intestines of most animals, and escapes harmlessly with other intestinal gases.

Our approach was to surgically inject live cultures of M. smithii into the proximal end of the large intestines of
rats and pigs. The animals were then placed in a dry hyperbaric chamber that was specially designed for compression
with mixtures of hydrogen and oxygen. As the animals breathed hydrogen, some of this gas was metabolized by the
microbes in the intestines. Chamber gases were monitored by gas chromatography. The rate at which the animals
released methane was measured as a simple and non-invasive method of following the rate of hydrogen removal by the
microbes (Figure 1). Animals that received these microbia treatments had a significantly lower incidence of
decompression sickness compared to untreated animals, and also compared to surgical control animals that received
intestinal injections of saline (Figures 2 and 3). For both rats (Figure 2) and pigs (figure 3), decompression sickness
incidence was cut approximately in half by the microbial treatments. Mathematical analysis suggests that this decreased
risk of decompression sickness was achieved by eliminating only roughly 5% percent of the total body burden of
hydrogen in these animals.

Paper presented at the RTO HFM Symposium on “ Operational Medical Issues in Hypo- and Hyperbaric
Conditions’, held in Toronto, Canada, 16-19 October 2000, and published in RTO MP-062.
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Figure 1. As rats treated with hydrogen-metabolizing microbes breathed hydrogen at
increasing pressures, the amount of methane they released increased. As hydrogen was removed from
the chamber, methane release rate from the rats increased briefly (probably reflecting supersaturation
with hydrogen), and then decreased.
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Figure 2. Rats treated with methanogenic microbes in their intestines had a significantly
lower incidence of decompression sickness than untreated control animals or surgical control animals,
following a chosen compression and decompression sequence in hyperbaric hydrogen. (Error bars are
95% binomial confidence limits.)
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Figure 3. Pigs treated with methanogenic microbes in their intestines had a significantly
lower incidence of decompression sickness compared to untreated and surgical control animals,
following a chosen compression and decompression sequence in hyperbaric hydrogen. (Error bars are
95% binomial confidence limits.)

Based on these results with animals, the course of action to follow with human divers is clear. The microbes
must be prepared for inserting into capsules to be taken by mouth. These capsules must be designed to withstand a 12-
hour transit through the stomach and small intestine, since stomach acids and oxygen are fatal to the microbes. Much
work remains to determine the optimal dose and timing of the microbial treatments, and of course safety issues must be
continually addressed. However, the concept of hydrogen biochemical decompression is assured.

Given the limited application of hydrogen as a diving gas, it is far more intriguing to consider nitrogen
biochemical decompression. There are nitrogen-metabolizing bacteria that are native to the intestinal flora of humans.
The same general principles of the physiology of gas transport and the benefits of gas scrubbing on decompression
sickness risk should apply to nitrogen as well as to hydrogen. However, the rate of nitrogen fixation is one to two
orders of magnitude slower than for hydrogen metabolism. It would require a volume of bacteriatoo large to insert into
the intestines of a person to remove a useful volume of nitrogen on a time scale of minutes to a few hours. Genetic
engineering of nitrogen-fixing bacteria may some day advance to the stage at which we can actualy envision a pill
against decompression sickness for air divers.

Perfluor ocarbons

We have also been developing at our institution an approach to reducing decompression sickness risk that is
much easier to envision having an impact on diving safety very soon. Liquid perfluorocarbons are synthetic oils that
can dissolve and transport large quantities of gases. Due to their high solubility for oxygen, perfluorocarbons are
currently being tested in other laboratories as blood substitutes, and are also well-known as the substance to be used to
fill the lungs in “liquid breathing”. Less-often considered is that perfluorocarbons have high solubilities for nitrogen
and helium as well, which makes them potentially useful for treating diving casualties (Spiess et a., Undersea Biomed.
Res. 15:31-37, 1988). Due to increased solubility of gases, intravenous injections of perfluorocarbons could improve
inert gas elimination from tissues and decrease the number of circulating bubbles. These two actions should decrease
the incidence or severity of decompression sickness for people at unusually high risk for decompression sickness, such
as military divers on combat missions, or submarinersin arescue from a disabled submarine.

Research results so far with pigs are highly encouraging. Animals were exposed in a dry hyperbaric chamber
to a compression and decompression sequence in air. Untreated animals had a 90% incidence of decompression
sickness, whereas animals treated with perfluorocarbons had only a 53% incidence (Figure 4). Thistreatment was given
to animals within a few minutes after decompressing, with initial symptoms of decompression sickness typically
manifesting themselves within 5 to 20 minutes of decompression. The possibility exists that decompression sickness
risk could be lowered further with more testing of doses or timing of perfluorocarbon delivery.
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Figure 4. Pigs treated with intravascular injections of perfluorocarbons have a
significantly lower incidence of decompression sickness than untreated pigs, following a chosen
compression and decompression sequencein air. (Error bars are 95% binomial confidence limits.)

Immune System I nteractions

Research from our laboratory and that of a number of othersin recent years has indicated that much of what we
associate with symptoms of decompression sickness may be an inflammatory response to bubbles or to tissue damage,
rather than a direct embolizing effect of the bubbles themselves (Ward et a., Undersea Biomed. Res. 17:51-66, 1990).
If the immune system plays a significant role in the manifestations of decompression sickness, then it may be possible
to prevent or treat decompression sickness through manipulation of the immune system. Researchers at our institution
are analyzing the plasma of animals with decompression sickness for such inflammatory marker molecules as
interleukins, tumor necrosis factor, complement, and intercellular adhesion molecules. Results of these experiments are
not yet available. However, this direction may well prove to be the most fruitful of al in identifying a safe and effective
means of decreasing decompression sicknessrisk for all divers.

This work was funded by the Naval Medical Research and Development Command Work Unit #61153N MR04101.00D-
1103, by Naval Sea Systems Command Work Unit #63713N M000099.01B-1610, and by the Office of Naval Research. The
opinions and assertions contained herein are the private ones of the authors and are not to be construed as officia or reflecting the
views of the Navy Department or the naval service at large. This work was performed by U.S. Government employees as part of
their official duties; therefore, it may not be copyrighted and may be copied without restriction. The experiments reported were
conducted according to the principles set forth in the “Guide for the Care and Use of Laboratory Animals,” National Research
Council, 1996.
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