




































































































































































































































































BASIC DECOMPRESSION THEORY AND APPLICATION

and meter modeling, beyond parameter fitting and extrapolation tech-
niques. Recovering dissolved gas algorithms for short exposure ti_mes,
phase models link to bubble mechanics and critical volume trigger
points. Bubble and phase models support the efficacy of recently sug-
gested safe diving practices, by simple virtue of dual phase mechanics:
1. reduced nonstop time limits;
2. safety stops (or shallow swimming ascents) in the 10 - 20 fswzone, 1
- 2 min for dives in the 40 - 90 fsw range, 2 - 3 min for dives in the
90 - 240 fsw range;
. ascent rates not exceeding 30 fsw / min;
4, restricted repetitive exposures, particularly beyond 100 fsw, based
on reduction in permissible bubble excess over time;
5. restricted spike (shallow-to-deep) exposures based on excitation of
additional micronuclei;
6. restricted multiday activity based on regeneration of micronuclei
over longer time scales; _
7. smooth coalescence of bounce and saturation limit points, consis-
tent with bubble experiments;
8. consistent model treatment of altitude diving;
9. deep stops for extended range, decompression, and mixed gas diving;
10. helium-rich bottom mixtures with switches to pure oxygen in the
shallow zone.

W

Bubble models also tend to be consistent with the utilitarian meas-
ures observed for diving practice. Conservatism may be downplayed in
some meter implementations, yet medical authorities are becoming
increasingly concerned about long-term effects of breathing pressur-
ized gases. On firmer principles, bubble models tend to corroborate
safety measures in multidiving, and thus one might reasonably expect to
witness their further development. Said another way, bubble models
have the right physical signatures for diving application.

6.3 PHASE VERSUS HALDANE PROFILES

Both Suunto and Abysmal Diving have released products incor-
porating a modern phase algorithm, the above Reduced Gradient
Bubble Model (RGBM), for diving. An iterative approach to staging
diver ascents, the RGBM employs separated phase volumes as limit
points, instead of the usual Haldane (maximum) critical tensions
across tissue compartments. The model is inclusive (altitude, repetitive,
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mixed gas, decompression, saturation, nonstop exposures), treating
both dissolved and free gas phase buildup and elimination. NAUI
Technical Diving employed the RGBM to schedule nonstop and
decompression training protocols on trimix, heliox, and nitrox while
also testing gas switching alternatives for deep exposures. The RGBM
has its roots in the earlier work of the Tiny Bubble Group at the
University of Hawaii. While certainly not radical, the RGBM is both dif-
ferent and new on the diving scene. And not unexpectedly, the RGBM
recovers the Haldane approach to decompression modeling in the limit
of relatively safe (tolerably little) separated phase, with tolerably little a
qualitative statement here.

Suunto, Mares, HydroSpace, Plexus, and Zeagle have developed
RGBM-based decometers for recreational and technical diving, while
ABYSS/RGBM and GAP/RGBM are a licensed Abysmal Diving soft-
ware product. On the Internet, the site www.RGBMdiving.com can be
visited for information and description. Both are first-time-ever com-
mercial products with realistic implementation of a diving phase
algorithm across a wide spectrum of exposure extremes. And both
accommodate user knobs for additional conservatism.

Here, our intent is to (just) look at the underpinnings of both
meter and diveware implementations of the RGBM algorithm, one
with extended range of applicability based on simple dual phase princi-
ples. Haldane approaches have dominated decompression algorithms
for a very long time, and the RGBM has been long in coming on the
commercial scene. With recent technical diving interest in deep stop
modeling, and concerns with repetitive diving in the recreational com-
munity, phase modeling is timely and pertinent.

Recent years have witnessed many changes and modifications to
diving protocols and table procedures, such as shorter nonstop time
limits, slower ascent rates, discretionary safety stops, ascending repetitive
profiles, multilevel techniques, both faster and slower controlling
repetitive tissues, smaller critical tensions (M-values), longer
flying-after-diving surface intervals, and others. Stimulated by observa-
tion, Doppler technology, decompression meter development, theory,
statistics, or safer diving consensus, these modifications affect a gamut of
activity, spanning bounce to multiday diving. Of these changes,
conservative nonstop time limits, no decompression safety stops, and
slower ascent rates (around 30 fsw / min) are in vogue, and have been
incorporated into many tables and meters. As you might expect, recent
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developments support them on operational, experimental, and

theoretical grounds.

But there is certainly more to the story as far as table and meter
implementations. To encompass such far-reaching (and often diverse)
changes in a unified framework requires more than the simple Haldane
models we presently rely upon in 99% of our tables and dive computers.
To model gas transfer dynamics, modelers and table designers need to
address both free and dissolved gas phases, their interplay, and their
impact on diving protocols. Biophysical models of inert gas transport
and bubble formation all try to prevent decompression sickness.
Developed over years of diving application, they differ on a number of
basic issues, still mostly unresolved today:

1. the rate limiting process for inert gas exchange, blood flow rate
(perfusion) or gas transfer rate across tissue (diffusion);

2. composition and location of critical tissues (bends sites);

3, the mechanistics of phase inception and separation (bubble
formation and growth);

4. the critical trigger point best delimiting the onset of symptoms
(dissolved gas buildup in tissues, volume of separated gas, number of
bubbles per unit tissue volume, bubble growth rate, to name a few);

5. the nature of the critical insult causing bends (nerve deformation,
arterial blockage or occlusion blood, chemistry or density changes).

Such issues confront every modeler and table designer, perplexing
and ambiguous in their correlations with experiment and nagging in
their persistence. Here, comments are confined just to Type I (limb) and
II (central nervous system) bends, to say nothing of other types and
factors. These concerns translate into a number of what decompres-
sion modelers call dilemmas that limit or qualify their best efforts to
describe decompression phenomena. Ultimately, such concerns work
their way into table and meter algorithms, with the same caveats. The
RGBM treats these issues in a natural way, gory details of which are
found in the References.

The establishment and evolution of gas phases, and possible
bubble trouble, involves a number of distinct yet overlapping steps:

1. nucleation and stabilization (free phase inception);
2. supersaturation (dissolved gas buildup);
3. excitation and growth (free-dissolved phase interaction);
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4. coalescence (bubble aggregation);
5. deformation and occlusion (tissue damage and ischemia).

Over the years, much attention has focused on supersaturation.
Recent studies have shed much light on nucleation, excitation, and
bubble growth, even though in vitro. Bubble aggregation, tissue
damage, ischemia, and the whole question of decompression sickness
trigger points are difficult to quantify in any model, and remain
obscure. Complete elucidation of the interplay is presently asking too
much. Yet, the development and implementation of better computa-
tional models is necessary to address problems raised in workshops,
reports, and publications as a means to safer diving.

The computational issues of bubble dynamics (formation, growth,
and elimination) are mostly outside the traditional framework, but get
folded into halftime specifications in a nontractable mode. The very
slow tissue compartments (halftimes large, or diffusivities small) might
be tracking both free and dissolved gas exchange in poorly perfused
regions. Free and dissolved phases, however, do not behave the same
way under decompression. Care must be exercised in applying model
equations to each component. In the presence of increasing proportions
of free phases, dissolved gas equations cannot track either species accu-
rately. Computational algorithms tracking both dissolved and free
phases offer broader perspectives and expeditious alternatives, but with
some changes from classical schemes. Free and dissolved gas dynamics
differ. The driving force (gradient) for free phase elimination increases
with depth, directly opposite to the dissolved phase elimination gradient
which decreases with depth. Then, changes in operational procedures
become necessary for optimality. Considerations of excitation and
growth invariably require deeper staging procedures than supersaturation
methods. Though not as dramatic, similar constraints remain operative
in multiexposures, that is, multilevel, repetitive, and multiday diving,

Other issues concerning time sequencing of symptoms impact
computational algorithms. That bubble formation is a predisposing
condition for decompression sickness is universally accepted.
However, formation mechanisms and their ultimate physiological
effect are two related, yet distinct, issues. On this point, most hypotheses
make little distinction between bubble formation and the onset of
bends symptoms. Yet we know that silent bubbles have been detected in
subjects not suffering from decompression sickness. So it would thus

155



BASIC DECOMPRESSION THEORY AND APPLICATION

appear that bubble formation, per se, and bends symptoms do not map
onto each other in a one-to-one manner. Other factors are truly opera-
tive, such as the amount of gas dumped from solution, the size of
nucleation sites receiving the gas, permissible bubble growth rates,
deformation of surrounding tissue medium, and coalescence
mechanisms for small bubbles into large aggregates, to name a few.
These issues are the pervue of bubble theories, but the complexity of
mechanisms addressed does not lend itself easily to table, nor even
meter, implementation. But implement and improve we must, so
consider the RGBM issues and tacks taken in the meter, table, and
software implementations:

1. Perfusion and Diffusion

Perfusion and diffusion are two mechanisms by which inert and
metabolic gases exchange between tissue and blood. Perfusion denotes
the blood flow rate in simplest terms, while diffusion refers to the gas
penetration rate in tissue, or across tissue-blood boundaries. Each
mechanism has a characteristic rate constant for the process.
The smallest rate constant limits the gas exchange process. When diffu-
sion rate constants are smaller than perfusion rate constants, diffusion
dominates the tissue-blood gas exchange process, and vice versa. In the
body, both processes play a role in real exchange process, especially
considering the diversity of tissues and their geometries. The usual
Haldane tissue halftimes are the inverses of perfusion rates, while the
diffusivity of water, thought to make up the bulk of tissue, is a measure
of the diffusion rate.

Clearly in the past, model distinctions were made on the basis of
perfusion or diffusion limited gas exchange. The distinction is some-
what artificial, especially in light of recent analysis of coupled
perfusion-diffusion gas transport, recovering limiting features of the
exchange process in appropriate limits. The distinction is still of
interest today, however, since perfusion and diffusion limited algo-
rithms are used in mutually exclusive fashion in diving. The obvious
mathematical rigors of a full blown perfusion-diffusion treatment of
gas exchange mitigate against table and meter implementation, where
model simplicity is a necessity. So one or another limiting models is
adopted, with inertia and track record sustaining use. Certainly
Haldane models fall into that categorization.
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Inert gas transfer and coupled bubble growth are subtly influenced
by metabolic oxygen consumption. Consumption of oxygen and pro-
duction of carbon dioxide drops the tissue oxygen tension below its
level in the lungs (alveoli), while carbon dioxide tension rises only
slightly because carbon dioxide is 25 times more soluble than oxygen.
Figure 3 (Chapter 10) compares the partial pressures of oxygen, nitro-
gen, water vapor, and carbon dioxide in dry air, alveolar air, arterial
blood, venous blood, and tissue (cells).

Arterial and venous blood, and tissue, are clearly unsaturated with
respect to dry air at 1 atm. Water vapor content is constant, and carbon
dioxide variations are slight, though sufficient to establish an outgradi-
ent between tissue and blood. Oxygen tensions in tissue and blood are
considerably below lung oxygen partial pressure, establishing the nec-
essary ingradient for oxygenation and metabolism. Experiments also
suggest that the degree of unsaturation increases linearly with pressure
for constant composition breathing mixture, and decreases linearly
with mole fraction of inert gas in the inspired mix.

Since the tissues are unsaturated with respect to ambient pressure at
equilibrium, one might exploit this window in bringing divers to the
surface. By scheduling the ascent strategically, so that nitrogen (or any
other inert breathing gas) supersaturation just takes up this unsatura-
tion, the total tissue tension can be kept equal to ambient pressure.
This approach to staging is called the zero supersaturation ascent.

The full blown RGBM treats coupled perfusion-diffusion transport as
a two-step flow process, with blood flow (perfusion) serving as a boundary
condition for tissue gas penetration by diffusion. Depending on time scales
and rate coefficients, one or another (or both) processes dominate the
exchange. However, for both meter and software implementations, perfu-
sion is assumed to dominate, simplifying matters and permitting online
calculations. Additionally, tissues and blood are naturally undersaturated
with respect to ambient pressure at equilibration through the mechanism of
biological inherent unsaturation (oxygen window), and the RGBM
includes this debt in calculations.

2. Bubbles

We do not really know where bubbles form nor lodge, their migra-
tion patterns, their birth and dissolution mechanisms, nor the exact
chain of physico-chemical insults resulting in decompression sickness.
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Many possibilities exist, differing in the nature of the insult, the location,
and the manifestation of symptoms. Bubbles might form directly (de
novo) in supersaturated sites upon decompression, or possibly grow
from preformed, existing seed nuclei excited by compression-decom-
pression. Leaving their birth sites, bubbles may move to critical sites
elsewhere. Or stuck at their birth sites, bubbles may grow locally to
pain-provoking size. They might dissolve locally by gaseous diffusion to
surrounding tissue or blood, or passing through screening filters, such as
the lung complex, they might be broken down into smaller aggregates,
or eliminated completely. Whatever the bubble history, it presently
escapes complete elucidation. But whatever the process, the end result is
very simple, both separated and dissolved gas must be treated in the
transfer process.

Bubbles may hypothetically form in the blood (intravascular) or
outside the blood (extravascular). Once formed, intravascularly or
extravascularly, a number of critical insults are possible. Intravascular
bubbles may stop in closed circulatory vessels and induce ischemia,
blood sludging, chemistry degradations, or mechanical nerve deforma-
tion. Circulating gas emboli may occlude the arterial flow, clog the
pulmonary filters, or leave the circulation to lodge in tissue sites as
extravascular bubbles. Extravascular bubbles may remain locally in
tissue sites, assimilating gas by diffusion from adjacent supersaturated
tissue and growing until a nerve ending is deformed beyond its pain
threshold. Or, extravascular bubbles might enter the arterial or venous
flows, at which point they become intravascular bubbles.

Spontaneous bubble formation in fluids usually requires large
decompression's, like hundreds of atmospheres, somewhere near fluid
tensile limits. Many feel that such a circumstance precludes direct
bubble formation in blood following decompression. Explosive, or very
rapid, decompression is of course a different case. But, while many
doubt that bubbles form in the blood directly, intravascular bubbles
have been seen in both the arterial and venous circulation, with vastly
greater numbers detected in venous flows (venous gas emboli).
Ischemia resulting from bubbles caught in the arterial network has long
been implied as a cause of decompression sickness. Since the lungs are
effective filters of venous bubbles, arterial bubbles would then most
likely originate in the arteries or adjacent tissue beds. The more numer-

ous venous bubbles, however, are suspected to first form in lipid tissues

draining the veins. Lipid tissue sites also possess very few nerve
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endings, possibly masking critical insults. Veins, thinner than arteries,
appear more susceptible to extravascular gas penetration.

Extravascular bubbles may form in aqueous (watery) or lipid
(fatty) tissues in principle. For all but extreme or explosive decompres-
sion's, bubbles are seldom observed in heart, liver, and skeletal muscles.
Most gas is seen in fatty tissue, not unusual considering the fivefold
higher solubility of nitrogen in lipid tissue versus aqueous tissue. Since
fatty tissue has few nerve endings, tissue deformation by bubbles is
unlikely to cause pain locally. On the other hand formations or large
volumes of extravascular gas could induce vascular hemorrhage,
depositing both fat and bubbles into the circulation as noted in animal
experiments. If mechanical pressure on nerves is a prime candidate for
critical insult, then tissues with high concentrations of nerve endings are
candidate structures, whether tendon or spinal cord. While such tissues
are usually aqueous, they are invested with lipid cells whose propensity
reflects total body fat. High nerve density and some lipid content sup-
porting bubble formation and growth would appear a conducive
environment for a mechanical insult.

To satisfy thermodynamic laws, bubbles assume spherical shapes in
the absence of external or mechanical (distortion) pressures. Bubbles
entrain free gases because of a thin film, exerting surface tension pressure
on the gas. Hydrostatic pressure balance requires that the pressure
inside the bubble exceed ambient pressure by the amount of surface
tension, y. Figure 2 (Chapter 1) depicts the pressure balance in a spher-
ical (air) bubble. At small radii, surface tension pressure is greatest, and
at large radii, surface tension pressure is least.

Gases will also diffuse into or out of a bubble according to differ-
ences in gas partial pressures inside and outside the bubble, whether in
free or dissolved phases outside the bubble. In the former case, the gra-
dient is termed free-free, while in the latter case, the gradient is
termed free-dissolved. Unless the surface tension is identically zero,
there is always a gradient tending to force gas out of the bubble, thus
making the bubble collapse on itself because of surface tension pres-
sure. If surrounding external pressures on bubbles change in time,
however, bubbles may grow or contract. Figure 3 (Chapter 1)
sketches bubble gas diffusion under instantaneous hydrostatic equi-
librium for an air bubble.

Bubbles grow or contract according to the strength of the free-free
or free-dissolved gradient, and it is the latter case which concerns
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divers under decompression. The radial rate at which bubbles grow or
contract depends directly on the diffusivity and solubility, and inversely
on the bubble radius. A critical radius, r,, separates growing from con-
tracting bubbles. Bubbles with radius r > r, will grow, while bubbles
with radius 7 < r, will contract. Limiting bubble growth and adverse
impact upon nerves and circulation are issues when decompressing
divers and aviators.

The RGBM assumes that a size distribution of seeds (potential
bubbles) is always present, and that a certain number is excited into
growth by compression-decompression. An iterative process for ascent
staging is employed to control the inflation rate of these growing bubbles so
that their collective volume never exceeds a phase volume limit point. Gas
mixtures of helium, nitrogen, and oxygen contain bubble distributions of
different sizes, but possess the same phase volume limit point.

3. Bubble Seeds

Bubbles, which are unstable, are thought to grow from micron-
sized, gas nuclei which resist collapse due to elastic skins of surface
activated molecules (surfactants), or possibly reduction in surface
tension at tissue interfaces or crevices. If families of these micronuclei
persist, they vary in size and surfactant content. Large pressures are nec-
essary to crush them. Micronuclei are small enough to pass through the
pulmonary filters, yet dense enough not to float to the surfaces of their
environments, with which they are in both hydrostatic (pressure) and dif-
fusion (gas flow) equilibrium. When nuclei are stabilized, and not
activated to growth or contraction by external pressure changes, the skin
(surfactant) tension offsets both the Laplacian (film) tension and any
mechanical help from surrounding tissue. Then all pressures and gas
tensions are equal. However, on decompression, the seed pockets are
surrounded by dissolved gases at high tension and can subsequently
grow (bubbles) as surrounding gas diffuses into them. The rate at which
bubbles grow, or contract, depends directly on the difference between
tissue tension and local ambient pressure, effectively the bubble pressure
gradient. At some point in time, a critical volume of bubbles, or separated
gas, is established and bends.symptoms become statistically more proba-
ble. On compression, the micronuclei are crunched down to smaller
sizes across families, apparently stabilizing at new reduced size. Bubbles
are also crunched by increasing pressure because of Boyle’s law, and
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then additionally shrink if gas diffuses out of them. As bubbles get
smaller and smaller, they probably restabilize as micronuclei.

The RGBM postulates bubble seeds with varying structures, lipid or
aqueous. Bubble skins are assumed permeable at all pressures. The size of
seeds excited into growth is inversely proportional to the supersaturation
gradient. The RGBM assumes bubble skins are stabilized by surfactants
over unknown time scales, but that the seeds are activated in the body by
tribonucleation. Bubble skins are probably molecularly activated, complex
biosubstances found throughout the body. Whatever the formation process,
the RGBM assumes the size distribution is exponentially decreasing in size,
that is, more smaller seeds than larger seeds in exponential proportions.

4. Slow Tissue Compartments

Based on concerns in multiday and heavy repetitive diving, with the
hope of controlling stair-casing gas buildup in exposures through
critical tensions, slow tissue compartments (halftimes greater than
80 minutes) have been incorporated into some algorithms.
Calculations, however, show that virtually impossible exposures are
required of the diver before critical tensions are even approached, liter-
ally tens of hours of near continuous activity. As noted in many
calculations, slow compartments cannot really control multidiving
through critical tensions, unless critical tensions are reduced to absurd
levels, inconsistent with nonstop time limits for shallow exposures.
That is a model limitation, not necessarily a physical reality. The physi-
cal reality is that bubbles in slow tissues are eliminated over time scales
of days, and the model limitation is that the arbitrary parameter space
does not accommodate such phenomena.

And that is no surprise either, when one considers that dissolved
gas models are not supposed to track bubbles and free phases.
Repetitive exposures do provide fresh dissolved gas for excited nuclei
and growing free phases, but it is not the dissolved gas which is the
problem just by itself.

When bubble growth is considered, the slow compartments appear
very important, because, therein, growing free phases are mostly left
undisturbed insofar as surrounding tissue tensions are concerned.
Bubbles grow more gradually in slow compartments because the gradi-
ent there is typically small, yet grow over longer time scales. When
coupled to free phase dynamics, slow compartments are necessary in
multidiving calculations.
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The RGBM incorporates a spectrum of tissue compartments, ranging
from 1 min to 640 min, depending on the gas mixture (helium, nitrogen,
oxygen). Phase separation and bubble growth in slower compartments isa
central focus in calculations.

5. Venous Gas Emboli

While the numbers of venous gas emboli detected with ultrasound
Doppler techniques can be correlated with nonstop limits, and the
limits then used to fine-tune the critical tension matrix for select expo-
sure ranges, fundamental issues are not necessarily resolved by venous
gas emboli measurements. First of all, venous gas emboli are probably
not the direct cause of bends per se, unless they block the pulmonary cir-
culation, or pass through the pulmonary traps and enter the arterial
system to lodge in critical sites. Intravascular bubbles might first form at
extravascular sites. According to studies, electron micrographs have
highlighted bubbles breaking into capillary walls from adjacent lipid
tissue beds in mice. Fatty tissue, draining the veins and possessing few
nerve endings, is thought to be an extravascular site of venous gas
emboli. Similarly, since blood constitutes no more than 8% of the total
body capacity for dissolved gas, the bulk of circulating blood does not
account for the amount of gas detected as venous gas emboli. Secondly,
what has not been established is the link between venous gas emboli,
possible micronuclei, and bubbles in critical tissues. Any such
correlations of venous gas emboli with tissue micronuclei would
unquestionably require considerable first-hand knowledge of nuclei size
distributions, sites, and tissue thermodynamic properties. While some
believe that venous gas emboli correlate with bubbles in extravascular
sites, such as tendons and ligaments, and that venous gas emboli meas-
urements can be reliably applied to bounce diving, the correlations with
repetitive and saturation diving have not been made to work, nor
important correlations with more severe forms of decompression sick-
ness, such as chokes and central nervous system (CNS) hits.

still, whatever the origin of venous gas emboli, procedures and pro-
tocols which reduce gas phases in the venous circulation deserve
attention, for that matter, anywhere else in the body. The moving
Doppler bubble may not be the bends bubble, but perhaps the difference
may only be the present site. The propensity of venous gas emboli may
reflect the state of critical tissues where decompression sickness does
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occur. Studies and tests based on Doppler detection of venous gas emboli
are still the only viable means of monitoring free phases in the body.

The RGBM uses nonstop time limits tuned to recent Doppler meas-
urements, conservatively reducing them along the lines originally suggested
by Spencer (and others), but within the phase volume constraint. Meter
implementation penalizes ascent violations by requiring additional safety
stop time dictated by risk analysis of the violation.

6. Multidiving

Concerns with multidiving can be addressed through variable crit-
ical gradients, then tissue tensions in Haldane models. While variable
gradients or tensions are difficult to codify in table frameworks, they are
easy to implement in digital meters. Reductions in critical parameters
also result from the phase volume constraint, a constraint employing the
separated volume of gas in tissue as trigger point for the bends, not dis-
solved gas buildup alone in tissue compartments. The phase volume is
proportional to the product of the dissolved-free gas gradient times a
bubble number representing the number of gas nuclei excited into
growth by the compression-decompression, replacing just slow tissue
compartments in controlling multidiving,

In considering bubbles and free-dissolved gradients within critical
phase hypotheses, repetitive criteria develop which require reductions in
Haldane critical tensions or dissolved-free gas gradients. This reduc-
tion simply arises from a lessened degree of bubble elimination over
repetitive intervals, compared to long bounce intervals, and a need to
reduce bubble inflation rate through smaller driving gradients. Deep
repetitive and spike exposures feel the greatest effects of gradient
reduction, but shallower multiday activities are impacted. Bounce
diving enjoys long surface intervals to eliminate bubbles while repetitive
diving must contend with shorter intervals, and hypothetically reduced
time for bubble elimination. Theoretically, a reduction in the bubble
inflation driving term, namely, the tissue gradient or tension, holds the
inflation rate down. QOverall, concern is bubble excess driven by
dissolved gas. And then both bubbles and dissolved gas are important.
In such an approach, multidiving exposures experience reduced per-
missible tensions through lessened free phase elimination over time
spans of two days. Parameters are consistent with bubble experiments,
and both slow and fast tissue compartments must be considered.
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The RGBM reduces the phase volume limit in multidiving by
considering free phase elimination and buildup during surface intervals,
depending on altitude, time, and depth of previous prafiles.
Repetitive, multiday, and reverse profile exposures are tracked and
impacted by critical phase volume reductions over appropriate time scales.

7. Adaptation

Divers and caisson workers have long contended that tolerance to
decompression sickness increases with daily diving and decreases after a
few weeks layoff, and that in large groups of compressed air workers,
new workers were at higher risk than those who were exposed to high
pressure regularly. This acclimatization might result from either
increased body tolerance to bubbles (physiological adaptation) or
decreased number and volume of bubbles (physical adaptation). Test
results are totally consistent with physical adaptation.

Yet, there is slight inconsistency here. Statistics point to
slightly higher bends incidence in repetitive and multiday diving.
Some hyperbaric specialists confirm the same, based on experience.
The situation is not clear, but the resolution plausibly links to the kinds
of first dives made and repetitive frequency in the sequence. If the first in
a series of repetitive dives are kept short, deep, and conservative with
respect to nonstop time limits, initial excitation and growth are mini-
mized. Subsequent dives would witness minimal levels of initial phases.
If surface intervals are also long enough to optimize both free and dis-
solved gas elimination, any nuclei excited into growth could be
efficiently eliminated outside repetitive exposures, with adaptation
occurring over day intervals as noted in experiments. But higher fre-
quency and repetitive and multiday loading may not afford sufficient
surface intervals to eliminate free phases excited by earlier exposures,
with additional nuclei then possibly excited on top of existing phases.
Physical adaptation seems less likely, and decompression sickness more
likely, in the latter case. Daily regimens of a single bounce dive with
slightly increasing exposure times are consistent with physical adaptation
and conservative practices. The regimens also require deepest dives
first. In short, acclimatization is as much a question of eliminating any
free phases formed as it is a question of crushing or reducing nuclei as
potential bubbles in repetitive exposures. And then time scales on the
order of a day might limit the adaptation process.
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The RGBM generates replacement bubble seed distributions on
time scales of hours, adding new bubbles to existing bubbles in calcula-
tions. Phase volume limit points are also reduced by the added effects of
new bubbles.

So, having waded through the foregoing, a next question is how
does the RGBM compare with classical Haldane models as far as staging
ascents, limiting multiexposures, and treating mixed gases? Generally, for
short nonstop air diving, the RGBM reproduces the Spencer limits. For
multidiving in spans shorter than 1 - 3 hrs, the RGBM reduces nonstop
limits by 10% to 20% depending on surface interval, depth, altitude,
and duration of present and previous dive. Multiday diving is impacted
to a lesser degree. Some comparisons appear in Table 1 for 3 days of
repetitive air diving (120 fsw / 10 min twice a day with 45 min surface
interval). Computer choices are illustrative, not inductive.

The VIPER/RGBM (first dive) nonstop limits (depth/time) are
150/6, 140/7, 130/9, 120/10, 110/13, 100/17, 90/22, 80/28, 70/36, 60/51,
50/69, and 40/120. In the mixed gas arena, Table 2 lists nonstop time
limits for ranged trimix, that is, 13% to 17% helium, 61% to 53%
nitrogen, and 26% to 30% oxygen, according to ABYSS/RGBM and
ABYSS/ZHL (Buhlmann).

These limits are used by NAUI Technical Diving for training pur-
poses. While both sets of nonstop time limits are different in Tables 1 and
2, the more dramatic effects of the RGBM show up for deep staging, as

TABLE 2
TRIMIX NONSTOP LIMITS FOR
ABYSS/RGBM AND ABYSS/ZHL (HALDANE)

Depth ABYSS/RGBM ABYSS/ZHL
(fsw) (min) (min)
80 28 26
90 23 2
100 19 18
110 16 15
120 14 13
130 12 11
140 11 10
150 10 9
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TABLE 3
DEEP SCHEDULES ACCORDING TO
ABYSS/RGBM AND ABYSS/ZHL (HALDANE)

Depth  ABYSS/ZHL  ABYSS/RGBM  ABYSS/ZHL  ABYSS/RGBM

(fsw) (min) (min) (min) (min)

Stop (standard) (standard) (safer) (safer)
1 180 0 0 0 1
2 170 0 1 0 1
3 160 0 1 0 1
4 150 0 1 0 1
5 140 0 1 0 2
6 130 0 2 0 2
7 120 0 2 0 2
8 110 0 2 1 7
9 100 0 2 2 2
10 90 2 2 3 3
11 80 2 2 4 5
12 70 2 3 5 4
13 60 5 5 8 6
14 50 7 6 12, 7
15 40 12 9 18 19
16 30 18 12 28 13
17 20 16 10 28 11
18 10 28 16 48 18
93 77 147 98

seen in Table 3. Comparative deep schedules for a trimix dive to 250
fsw for 30 min are contrasted, following a switch to air at 100 fswand a
switch to pure oxygen at 20 fsw on the way up. ABYSS/RGBM and
ABYSS/ZHL are again employed, but with and without conservative
safety knobs. In the case of ABYSS/ZHL, the outgassing tissue halftimes
are increased by 1.5 in the conservative case, while for ABYSS/RGBM the
bubble excitation radius is increased by 1.2 for comparison. Deeper
stops are noticeably requisite in ABYSS/RGBM, but total decompres-
sion times are less than ABYSS/ZHL. The trimix is 33% helium, 51%
nitrogen, and 16% oxygen.

That, in a nutshell, is a comparison of major differences between
phase and dissolved gas models. The phase models recover dissolved
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gas models for short and nominal exposures, but require deeper stops

and shorter decompression times for longer and exceptional exposures.

A rundown of the software configuration of the RGBM used in full

blown simulations follows. The package is under constant refinement

and updating.

1. Module: Three major routines (RGBMNX, RGBMHX,
RGBMTMX) for nitrox, heliox, and trimix

2. Source Code: 1640 Lines

Language/Compiler: FORTRAN 77/90, BASIC

4. CRAY YMP Running Time: 1 sec for deep trimix profile with 5 gas
switches on way up

5. Input: altitude, bottom mixture, ascent/descent rate, switch levels
and gas mixtures, predive breathing gas, safety knobs, previous
dive history

6. Output: controlling tissue compartments, stop depth and times,
supersaturation gradient, permissible supersaturation, effective
bubble and gas parameters, critical phase volume, dive profile.

7. Cost: $7500

W

6.4 VALIDATION AND TESTING

Testing is central to diving, and much testing of bounce (single),
nonstop diving has transpired. Repetitive and multiday exposures can
neither claim, nor reap, the same benefits, and application of any
algorithm in the latter cases has witnessed higher bends statistics than in
the former one. Reasons, impacting modeling, can be conjectured.
Most tables and meters use dissolved gas models, and so long as the
bulk of tissue gas remains in the dissolved state, the more correct and
useful will prove such approaches. But as increasing proportions of free
phases grow, by direct excitation of critical micronuclei or more
gradual bubble coalescing transitions, the algorithm can lose predictive
capability. Invariably, such conditions attend diving activity extrapo-
lated outside model and test ranges, sometimes as a surprise.

Certainly any algorithm can be piecewise safe over tested ranges,
but not always globally. Some implementations, as pointed out by
Weathersby and Homer, may not be statistically rigorous, relying on
much too small a set of exposure data to confidently predict outcome.
Models not strongly correlated with tests can promulgate wide variation
in predictive capability. Similarly, models can often interpolate within
data, while failing to extrapolate outside the data. And then we must
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