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INTRODUCTORY REMARKS
Capt. Robert C. Bornmann, MC, USN

Welcome to the twenty-second workshop of the Underseas Medical
Society. These workshops, which began in 1973, are intended to serve
several special purposes. First, they are forums where workgrs.in
rapidly expanding or developing teéearch areas can discuss éxperimental
results and assimilate recent information. Second, these workshops
provide an opportunity to eﬁcourage r;search and to direct it into
promisihg'channels. And finally, these meetings del;berately mix per-~
sons who have backgrounds in a variety of scientific discipliumes, to
promote a stimulating and provocative exchange of tgchnical information.

This particular workshop will concentrate on the c?uné;rcurrent
diffusion phenomenon. We will réview the experimental data, examine
the explanatory hypotheses, and attempt to integrate the available in-'
formation on countercurrent diffusion into a general scientific context.
We are also interested in relitiﬁg this phenomenoa to the practicalities
of modern diving-in general and of Navy diving in particular. For ex-
ample, will countercurrent diffusion present difficulties in future
diving operations? If so, how can we avoid ;hem? Does this phenomenon
explain hitherto inexplicable occu;;ences? "Has it perhaps obscured our
understanding of inert gas behavior? .

It will be interestiﬁg to investigate whether- some of the things
that have occurred in Navy diving in the past can be attributed to
countercurrent diffusion, or whether Navy and commercial divers have in

fact been dealing adequately with this phenomenon all along, even though

they may have had no idea what they were actually contending with. 1

Ax

e R




recently was.lookiﬂg through the old Navy diving manual I usedlih diving
school in 1960. The normal procedure in deep-sea helium dtviné.ﬁith

heavy dress was to dive breathing a.helium-oxygen wixture in semi-closed-
circuit flow, and then to.switch:to oxygen at 50 feet,. At this point -
the suit was flushed for a time with a large volume of oxygen,.;b
eliminate the helium. There was an alternate procedure for cout;nuing
to the surface on helium-oxygen if it was not possible to sﬁitch.to
oxygen. There was also a third altergattve in case at any'time the
diver lost his helium-oxygen supply and had to switch to air. &he
scheduie for coming to the surface was an old Navy treatment table
based on the idea that the diver would be completely sa;urated and would
have to be returned to the surface at the ascent rate fpr an air satu-
ration exposure. However, there was also a caution in the ;iving manual
that said, if the third of these.situations occurs and the diver is
switched to air, do NOT follow the nbrmal procéduré, which is to venti-
late the suit with a large volume of gas to remove any residual heiium. .
In this situaiion, continue witﬁ-a semi-closed breathing gas circulation.
The new ga;, atr, should simply be injected into the suit, and this

should continue all the way to the gyrface so that the diver is gradu-
ally switched from helium-oxygen to a mixture of helium-oxygen and air;

and then to air. The manual noted ;ha: éxpétiencé had shown that if

this procedure wasn't followed, the diver would become ill. I am not
certain, but it is possibie that the diver's'discoﬁfoft in this situa-
_tion would be caused by isobaric counterdiffusion, although other

factors may also have contributed.

The progra: of this w rkshop follows a planned sequence. The first

session will cove- esea:ch observations and experiments, and the second
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session today will focus on theories and hypotheses which have been

advanced to explain what has been observed. The first discussion on

the second day of the workshop will deal with the terminology used to

discuss the countercurrent diffusion phenomenon. Currently, different
researchers use different terms to refer to the same event.

The final workshop session will feature a panel discussion on the
implications of countercurrent diffusion for open-sea and chamber
diving operations, and for decompression and decompression sickness
therapy.

It is the hope of the organization sponsoring this workshop, the
U.S. Navy, that we will all leave this meeting with a better understanding

of isobaric inert gas counterdiffusion and its implications.
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HISTORICAL REVIEW, DEMONSTRATED FORMS OF THE
COUNTERDIFFUSION SUPERSATURATION PROCESS,
AND PATHOLOGY AND EXPERIMENTAL PATHWAYS

C..J. Lambertsen, M.D.

Historical review

My task is to review the historical development of‘counter-
diffusion generally, rather than t? present a specific set of
experiments or a particular point of view. The countercurréht
diff;sion story goes back quite a long way, touches many people
in many different places in the world, and describes -some of the
events that happen in animals or humans exposed to isobaric -
counterdiffusion processes. After this historical revi;;, the
emphasis in.this morning's seésion will be on measurement, while
the afternoon session will attempk to relate theory to measure~-
ment .,

First; with countercu;réﬂt diffusion we are dealing with a
phenomenon that is very old; everyone here remembers that, whether
the term isobaric counterdiffusiqg was used or not, individuals’
thought in terms of counterdiffu§§on with no change in press&re,
and mention of this occurs occasionaliy in the'literature. At
the first underwater physiology symposium (Washington, D.C., 1955),
the concept of facilit;ting inert gas transfer by Qlternating
inert gases was introduced. Before that, facilitating the trans-
fer of inert gas had been thought about but not thoroughly dis-

cussed. Keller and Buehlmann first used these concepts, even
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though they d;dn'é think in'terms of the isobaric no-press;re~
chain but rather in terms of subsaturation and desaturating more
rapidly by alternating the gases breathed during decompression.

Things might have remained there, except that the group a?
Duke was studying the respiragory effeéts of various inert gases
at a pressure of 200 fsw, by administering nitrogen or neon in
a chamber filled with helium; " In the course of one such experi-
ment, a situation developed which no one at the time understood:
the subject developed skin lesions. They looked like skin-bg#ds
to the team at Duke, but they had developed in an individual
who had not decompressed and who had been kept at a relafively
constant préssure of about 200 fsw for a long time during the
experiments. Dr. Aquadro, who was a member of éhe Duke ‘team,
called me to discuss what to-do. The individual should have
been subsaturated because he had been given nitrogen or neon
after having breathed helium, so it didn't seem reasonable that
he should have skin bends. -A decision was made to treat the
subject as though he had skin b;nds, and the lesions disappeared
during treatment. Later, the dee research group developed the
concept of osmotic chanées caused by inert gas dissolving in.
body tissues to explain what haa'occurre&. The Experimental
Diving Unit repeated the Duke studies under the same conditions
and found nothing, after which many of us put the whole i;sue
aside, although we didn't quite forget about it.

Even before the Duke experiments, however, we began a series

of experiments at the Institute for Environmental Medicine called
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“"Predictive Studies." One oé them, in 1970, involvéd-saturg;idg
individuals on nitrogen for a few weeks to study nitrogen effects
at fouratmospheres and to investigate respiration and respiratory
reactiQity by administering other gases. One of these gases whs'
helium, which was given to nitrogen—sat;rated individuals.for an
hour, during which different amouéts of carbon dioxide éerq;f
administered: Before this st;dy was initiated, the laboratory
undertook an intensive self-appraisal, because it looked as though
the planned experiment would create a peculiar supersaturation

that might be hazardous. Such a supersaturation would have geen
almost opposite to the subsaturation sought by Kéllef an& Buehlmann.
We recognize& this potential hazard even before isoBaric super-
saturations of any significant degree were being considared.
Ultimately, we decided that the experiment would not be hazardous
because the increase in total inert gas pressure under experi-
mental conditiomns wou;d not be greater than had been experiencgd

in true saturation decompression studies in the past, and so we
proceeded w}gh the study. No sfmptoms were generated when nitrogen-
saturated subjects at 100 fsw wéfe given helium.

There were, then, gwo conflicting pieces of evidence. .6n the.
one hand, symptoms did not occur when heiium was giveq sequentially
to individuals saturated with nitrogen. On the other hand, there
was the confusing situation uncovered at Duke (which had not been
confirmed by Navy studies), in which, under saturation conditiéns,
subjects exposed to helium and administered another breathing gas

had developed symptoms. It was in this situation that we planned
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our third.prediéttve study, which was designed to compare ﬁeiiuﬁ.
neon, and nitrogen effects and would therefore require giviﬁé
gases in series. Once more, the;e was the possibility that
sequencing might causé subsaturations of.major degr;es in some
situations and significant supersaturations in others, because
the alternatingiwas to take place at many different pressures,
ranging from 100 to 300, and 400 to 1200 feet of seawater. Aéain,
we evaluated the potential hazard in advance and, because no
adverse effecté of supersaturation at high pressure had eve;.béen
demoﬁsﬁrated, we proceeded with the experiment.

What did in fact happen, beginning at about 200 fsw, was a
situation very much like the one at Duke: the subjects develﬁped
skin lesions and severe itching, Only these two s}mptoms occurred;
there were no central nervous ;ystem effects, no signs of vestibular
derangement. And by severe, I me;n intolerable: violent cutaneous
itching. Despite the itching, however, there were initially 20
lesions such as had been ogsééved at Duke. This marked the first
in a series of a dozen or more observations of symptoms in various
subjects surrounded by helium, b;gathing different gases, at a
variety of pressures. It was nog_ﬁntil a pressure of 1200 féw
was reached that true gas iesions - Qisible, pfominent, and capable
of being photographed -- and severe vestibular derangemént“ incapac-
itacing for as long as.five days -- developed. 'At.1200 fsw, three
of our four subjects had vestibular symptoms; two were incapacitated,

unable to move their heads without nausea, vomiting, and violent

dizziness. Since it is always easier to interpret events in terms
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of known causes'thah to develép a theory to explain évents, we ’
thoroughly explored the possibility of viral infection before
concluding that a process involving subsaturation of deep tissues
must underlie both the dermal and vestibular effects experiencéd
by our divers. _ - ) |

We made an instinctive judgmeét that the process was rélated
to gas movement through the siin; at this stage, no theery was
involved -- only judgment. The approach we used to te§; this
judgment involved enclosing the subject almost entirely in a gas-
tight suit and allowing the same gas that the subject was bre;thing
to pass through the suit. Except on those areas of the skin, such
as the face and hands, that ﬁoqtinued to be exposed externally to
helium, all the dermal lesions disappeared duriné fhis procedurg, -
confirming our feeling that gas movement in two directions,
between the capillaries and the environment, was involve&.

The phenomena we have discussed so far today are mot unitary

but complex.

They involve different events: in one case, different gases
are administered sequentially, and in the other, one gas is bregthed :
while another gas surrouﬁds the subject. Both the order of tﬁe
sequence and the relation of thé'éxte;nalienvironment to the inter-
nal are important. With this general background in mind, I will
now discuss the circumstances in which these phenomena occur and
illustrate their effects.
Forms of the counterdiffusion supersaturation process

Figure 1 conceptualizes nitrogen saturation at high pressure
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and the administration of helium, which comes in at a faster’
rate than nitrogen is thrown off. This is not a new concepﬁ;
but some of its implications aré only beginning to be understood.
One of the more imporéant may be the effect of the ﬁurat;qp~of
the probable excess saturation. As the figure shows, thg times
are long, providing many hours during which bubble formation
can occur. | '
Fig. 1 here

The next figure shows the subject's dermal lesions (Fié.’Z).
Theée iesions were not vesicles; they were bloodless lesioms.
They were not gas lesions, and no gas could be sampled from
them., They were hard and raised, and something had squeezed
the blood out of them so that they did not bleed wﬁen tgéy were
opened. Although the figure &oesn't show them, there were many
lesions on the scalp, where the itching was extreme. ‘There were
no lesions under the diver's suit, and there were also no lesions
on the mucous membranes. biﬁée the eye, like the skin, was ex-
posed, the question whether bubbles occurred in the conjunctivé
of the eye has been raised. No human exposures have caused . -
bubbles in the eye, the mouth, the nose, or the mucosae.

Fig. 2 heré

The next figure (Fig. 3) is a diagram of a capillary, showing

how the nitrogen breathed diffuses out into the’ environment from .
the capillaries, while the helium in the environment diffuses
into the capillary and continues to move from there.. This diagram

was drawn in the chamber at 300 fsw to explain that a process
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involving two moving gases might be causing the symptoms, and
that a suﬁcutanAOus gas phase might be involved. :
Fig. 3 herg

Figure 4 shows a semi-cartoon, semi-serious experimental
Plan for exposing subiects in’' a bathtub 4n a high-pressure chamber
to one breathiné gas while surrounding them with water, whiqﬁ
might even permit the escaping gaé bubbles to be se;n as théy_
left the body. We did not perform this experiment because of the
seriousness of the vestibular effects caused by exposiné the
ent;re body. rInstead, the experiment we conducted involved’the
diver keeping an arm under water while breathing helium, and no
bubbles were 'seen coming through the skin. We will Iater talk
about why no bubbles occurred in this situation..

Fig. 4 hére

We also talked to people in the Chemical Engineering Department,
to get a better understanding of.gas transfer from the engineering
perspective. We made a cell, put a membrane on top of it that .
would hold.water, and put wat;r and then o0il on top of the membrane.
By simply filling one part of the cell with nitrogen and the ofher
with helium, it was possible to see bubbles being generated at the
oil-water interface. The bubble-making process could be accélerat-'
ed by seeding at the interface. Here; tﬁen, was an example of
bubbles forming in an isobaric, steady~state situation; withoﬁt
pressure on either side of the membrane. ‘Both “is;baric" and

"counterdiffusion” were obvious terms to choose to describe this

in vitro situation.




‘ Next, we extr;polated from this environmental situation’
to the high-pressure chamber exposure that had produced the lesions
and thg vestibular detangement..ifheoratically, the ratio of
m;ximum generatable excess sqpqtsaturat@pn in relation to ambient
pressure is about D.3latmospheres._ At 100 fsw, that wouid be
about one atmosphere, and at 37 atm, the pressure at uhiéh ;ur
symptomatic episodes occurred, fhe steady-state supersaturatibn
would be about 9 atmospheres. This seemed unreasonable; even.if
such a supersaturation was theoreéically feasible, gradients would
be established and gases would diffuse in all directions from
many tiny foci, causing excess saturations of lesser degree in
adjacent tissues. |

Our next step in the process of trying to measure what was

happening involved exposing animals to.various isobaric inert
gas counterdiffusion circumstancés. Figure 5 shows lesions in a
pig, similar to those .that developed in human subjects, and Table 1
displays the results of a series of experiments ﬁndertaken by
Joe Idicula.in animals to follow what had been observed in man.
In this series, different breathing gases —— neon, nitrogen,
argon, nitrous oxide, and sulfur.hexafluoride -- were administered .
at different pressures ranging é;;m 66 to 300 fsw to animals
surrounded by helium in a chamber. The internal-external relation
of the gases was also feversed, with helium given as the breath;ng
gas and the other gases used as the environmental gas. The plus-

marks on the table indicate the experimental situations that caused

lesions in the pigs, who were anesthetized and otherwise without
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symptoms. . y : ) %
Fig. 5 here

Table 1 he;e

After these experiments, our work at the laboyatory involved
tissues, synthetic membranes, biological membranes, and whole
animals; Fig. 6 shows an animal in a box with its head in a hood,
which permits it to be expoaéd.to.one atmospheric éas whilé .
breathing another one. This expe~izental arrangement also allowed
us to put the box inside a prew« 2 chamber, if necess;ry. The
Idicula group's experiments s’ w5uwn that nitrous oxide brééthed
at one atmosphere by animgis gurrounded by helium generated bubbles
in the bloodstream in additiomr to severe isobaric sﬁin lesions.
This finding caused us to use Qitrous oxide at sea level for many

of our investigationms.

Fig. 6 here
In a pig in this experimental set-up,‘one of the most obvious
effects is the expansion of the gut, which is not related to. the
environmen£ but to nitrous oxide entering that gas space via the
lungs and circulation. Bubble; do form in the blood, and are4
visible post mortem in the cut kicney, the atrium, and the véséels
of the eye; which means they also occur in the brain. The serious-

ness of the problem is shown by the fact that animals'exposed_to

nitrous oxide breathing while surrounded by helium die in about
1-1/2 hours after the beginning of the experiment. The rapidity
of this lethal process handicapped this type of experiment, so we

Began to investigate where bubbles were going from the pulmonary
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artery. They began to appear'in the blood after about 26 minutes
of nitrousonide breathing, and at about 45 minutes, there was
massive bubbling in the venous blood coming to the lung. Almost
from the beginning, bubbles seemed to have been breaking throuéh
the lungs; the }ungs did not ;iiter the Lubbles out effectively.
It is important that we not contin;e to believe that they do
filter all the bubbles out. -

Another group at our laboratory, which included Dr. Cowley,
wanted to study counterdiffusion using a rabbit's ear, in whiéh
the circulation is visible. Figure 7 shows the experimental set- -
up, with the rabbit breathing one gas through a mask whil; its
ear is surrounded with a different gas. A group of ;abbitsexposed
in this way at a pressure of 11 atmosphefes died.within'i h;urs -
just from breathing air while surrounded by helium, with no other
stresses. Nitrous oxide kills at, sea 1eve1Ain a counterdiffusion
situation, and air kills at 10 or more atmospheres of pressure.
However, rabbits breathing.normoxic nitrogen at 1l atmospheres
who are not surrounded by a helium environment do not die, so it
is clear chac.we are dealing with an inert gas phenomenon. More-

over, many of the diving studies ‘done at several laboratories have

involved pressures, gases, and times yery'similar to those of the

experiments we have just described, so we have often been very

-

clogse to exposing human subjects to these conditioms.

Fig. 7 here
The next experimental problem was how to keep the animal

alive long enough to study the counterdiffusion process. We
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decided to counterdiffuse only a part of the animal, such as the
ear, leg, or hindquarters, and to insert a trap in the vena éava
to catch the bubbles coming from the éounterdiffused region, This
procedure is shown in Fig. 8. Since the trap catches the emboli
before they can kill the aniﬁél; the heart, lungs, and brain con~-
tinue to operat; propérly, although the counterdiffused regionm,
in this case the pig's hindquarters, is clearly in bad shap;;- As
Fig. 8 shows, after 4 to 6 hours of counterdiffusion, the process,
though superficial, is intense. Several significant changeg have
occurred: there is a marked derangement of the cutanéous circﬁla-
tion. Bubbles have accumulated in the capillaries, causing an
almost complete cessation of‘circulation and extrava;ation from
the capillaries into the tissues. The line of démarcation Setween
the counterdiffused region ani the rest of the skin is very sharﬁ,'
as can be seen in the photograph ﬁFig. 8). This preparaiion per~
nits the animal to continue to live, and itAis sometiﬁes neéessgry
to kill it after 8 houfs or so.

Fig. 8 here’

The neit'step in our investigation was to measure the volume
and compoéicion of the bﬁbblgs coming from the pig's hindqua;ﬁe?s.
Figure 9 shéws a plot of the_volnme of bngles in the trap. The
same gas is measured cumulatively as it increases in vélume; g
eventually, the rate of gas bubble formation peaks and stabilizes,
regardless of the duration of the exposur;. A ;ajor problem with
this technique is that no measurements can be taken until the

bubbles begin to form,which takes about 1-1/2 hours.- The time
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Fig. 9 here
of greate;t expérimental interest, the beginning of the coun&er;
diffusion process, cannot therefore be observed with this pr;para-
tion. The volume of gas that comes through the trap (in partial
pressures) is shown iﬁ Fig. 10. About 200 milliliters of gas per
hour per squaré meter of surface area were generated in the pig's
hindquarters at a pressure of‘ope'atmosphere and iﬁ a nitrous
oxide/helium counterdiffusion environment, The same amount,
proportionately, seems to be liberated in experiments involving
the_rabbit's éar, which Dr. Cowley will discuss later., ‘
| Fig. 10 here

Pathology and experimental pathways

It is also possible to determine the composition of the vena
caval blood in the trap, and to deduce.certain pathways for gas
exchange. Helium is found in the blood at a level of 16Z. The
composition of the arterial blooé is known, as is that of the
venous blood. Some blood does not go through the skin but is
shunted baék into the ven;us.glood, but other blood does go through
the skin and is affected. These-two streams then merge. The
chart shown in Fig. 10 reflects our estimate of what happens in
the skin during (:o:.mterd:l.f.fus:t.m..;,L and shows the percentage af
each gas in the trapped buﬁbles. . |

Next, we conducte§ a study designed to measure the rates
at which different gases -~ helium, neon,.methahe,'ethane, carbon
dioxide, nitrous oxide -- move through the skin, {.e., the flux

of various gases. Temperature has an influence on the flux of

-12~




R i

helium through the skin. Simple diffusion of helium at tempera-
turés in the 37 to 41° C range accounts for 60 ml/hr/m?/atm.’ .
Using these figures, it is possible to imagine the amount of
helium movement that would occur at 40 atm (1200 fsw) in a diver
suddenly starting to Breathe.a.neon-oxygen mixture in a helium
environment; the amount entering the diver's body through the
skin might be as great as 5000 ml per hour. |

The final point of this re?iew 1s to see that we are de;ling
with more than one topic, and with different aspects of these
topics. We know that helium diff;ses through the skin and other
surfacés, and we know that dermal lesions occur. These ;esions
should be thought of as warnings of incipient embolizationm,
whether or not the emboli have brokem out. We know that continuous
embolization occurs, and that this can break through th; lungs .
and is one 6f the mechanisms that may be invoived in vestibular
functional effects.

We are looking at events occurring at the surface and away
from the surface, at events Ehaq are both transient and continuous.
Where a gas-phase is involved, many different elements are pertinent:
decompression, compression, deep gas exchange, and superficial gas
exchange, These events must all‘be tied ;ogether, and it is

essential that we avoid becoming compartmentalized to the extent

that wve miss the interconnections between them.
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Discussion

Q. Has the rate of embolizationm been measured under other
coﬁntetdiffusion situations, for example, during N,0 breathing
in a helium environment? Have diffe;ent pressures been used?

A. We have conducted N0 studies‘;t 2 atm, and the rate-of-
formation.curve was essenéihlly identical to the one at i atm,
The same volume of gas was produced per square meté:, but
there were twice as many molecules because the pressure,was
"2 atm. In experiments with pigs at 1200 fsw, using Ne aﬁ&
N, we have seen skin lesions but no emboli over periods of
time at ieast equivalent to those of the human studies.

Q. Have experiments been con@ucted to observe the omset of‘the -
process or the effect on the proceés of varying the inert
gases to look at the rate of.change? .

A. 1In experiments designed to measure gas flows, gas volumes,
and gas composition, we -have not tried to alter the process.
In studies of gas exchange in the ear, we have administered
oxygen, to observe the chanée in gas voluma caused by the
experimental equivalent of therapy.

Q. Have you observed whether reverting to the original gas

causes the embolization to stop, or whether, once started,

the process proceeds inevitably?
A. We have not as yet conducted a systematic effort to deter-
mine that.

Q. Why were experimental gases such as N;0 and SFg used?

-14-




A. 'N20 was used because it wés convenient and could be workgd ]

with at sea level; SFgz was part of an attempt to study all

the inert gases that had been used as breathing gases and
to look at respiratory function when dense gases were beiné
breathed. o )

Q. Since a venous bubble must be #ore or less equ;librated‘by
the time it gets into the major flow, would it be possible
to measure the time it takes for the gas to go from the skin
to the bubble trap by adding & fast isotope to the gas 4iffusing
Ain? .

A. We were not able to find a rapidly diffusing radioacfive
isotopic gas to use in suc@ studies, '

Q. 1Is the gas in the bubble trap equilibrated with the-gas'in -
the venous blood so that it in fact represents the partial
pressure of the gas? .

A. Any tonometer that equilibrates a gas phase with é liquid
phase has to have.the ability to reach an equilibfium pressuvryes.
The venous blood is at a subatmospheric pressure, which masas
there c;nﬁot be true equilibrium between any gas phase in
contact with that blbod. We-have estimated partial pressﬁres
at atmospheric pressure of the ga;es'in the gas phase of the
bubble trap. These values do not precisely equal the gas
tensions in the blood because there i; no true equilibrium,
but there is a close near-equilibrium between them.

Q. What is known about the location of bubble formation?

~15~




A. Initially, we believed that gas spaces were being formed

subcutaneouély in millions of tiny locations, and latet1we
decided they could form in the capillaries in addition to the
gas spaces. Now we believe they form in the gas spaces, and
there are gas spaces where there are no capillaries.

Q. Was there aﬁy fluid at all in the skin lesions? Were they
gas-filled? ‘ |

A. In the divers, they were hard, raised, bloodless lumps, in
which something had pressed on.the capillaries and équeezed
;he blood out. When scratched open, no blood or fluid came
out. Without microscopic sections, which we didn't do on
the human subjects because it is impossible to do histology
properly at pressure, it wa; difficult to tell what‘yas'inside .
the 1esions. In the pigs;.however, the microscopic sections
showed the gas spaces you saw on the histological slides.

Q. Is there any danger that a long surgical procedure in a
nitrogen environment could cause differentials great enough
to caus; bubble formation?

A. It might occur with nitrous oxide at high partial pressure,
but not with halothéne or with other anesthetics, which arev

o used at low concentrations. ..
Q. Did the divers with the vestibulaf pfoblems have any auditory

symptoms such as tinnitus, hearing loss, ear pain, or &

fééling of ear fullness?

A. The divers who had the véstibular problem had no hearing
loss afterwards, even on audiometric tests, and they showed
no signs of hearing loss during the episode. They had no

auditory or visual symﬁtoms; severe vertigo and nausea were

-16-

e ———— - — —



TR e e vpp— vy

the only symptoms. It 13.1mportant to temember; however{
that the vestibular derangement associated with gas switching
is distinct from the other type of vestibular problem related
to changing from nitrogen to helium during decompression. .
There should not be any biufting of the distinctions'bethen

these two phenomena.
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THEORETICAL BASES OF TRANSIENT ISOBARIC SUPERSATURATION;L

EXPERIMENTAL SUPPORT

o e — e . - - C s o}

Brian G. D'Aoust and Christopher Young

There are three important reasons for this workshop: 1) to assemble
and organize theoretical vs. experimental information on isobaric
counterdiffusion more clearly; 2) to eliminate current confusion in
terminology; and 3) to assess both the present risk and potential ad-
vantage in gas switching or steady-state differential situations such
as those that occur when switching back to air by mask after heliox
exposures or when breathing heliox during welding in an argon atmos~
phere. ' At Virginia Masom, we entered into this research area about
four years after the phenomenon was described by Dr. Lambertsen's group.
At that time the discovery was a surprise to us, mired as we were in a
program to clarify the basic aspects of bubble formation on the one hand
and gas transport on the other. It soon became clear that counterdif-
fusion might be an effective research tool; we believe we can increase
our understanding of these basic questions by using countertransport,
counterequilibration, or counterdiffusion-as a research tool.

*

I had lunch with Dr. Per Scholander the other day, and he repeated
something that has always impressed me: "I have never talked about any-
thing I understood." With that as an introduction, I hope I can press
on confident of some sympathy on your part.

We became very interestéd in Drs. Lightfoot and Tepper's ideas on
counterdiffusion supersaturation when we were initially studying this
phenomenon, which we were trying to fit into the concept of what makes
a bubble? What is the relationship-of AP and the pressure ratio?

Our contribution to this workshop will have two parts. FirSt, we
will present some results of an analysis by Dr. Young of a standard
Krogh cylinder model with wash-in and wash-out of helium and nitrogen,
respectively, as well as a number of other gases. This analysis will
be based on two extremes and one compromise. The two extremes occur
when time constants of the equilibrating gases are controlled or deter-
mined by either the solubility of the counterequilibrating gases, or by
the diffusion coefficients. The compromise jnvolves both diffusion
differences and various values of tissue-to-blood partition coefficients,
i.e., solubility ratios. The results of these analyses demonstrate not
_.only the improbability of a strictly diffusion-related time constant

but also suggest, in concert with our experimental evidence, that the
perfusion (solubility)-related time constant is even more controlling
than we have previously thought, at least as concerns the bubbles
observed by Doppler at the central venous location after isobaric
supersaturation.




Second, we will present a summary of our experimental work, which
approximately delineates the time constants important for whole body
supersaturation in the awake goat and also supports a perfusion-limited
model. .

Synopsis

We know that the isobaric countertransport of two gases produces
supersaturation, and must now decide which of a number of transport .
processes in combination with which particular properties of the gases
produces these supersaturations.. To avoid semantic problems, I prefer
the following terms for thesvarious operational situations. When a
sudden switch of environmental gas which is also breathed occurs in the
vertebrate body, the situation can clearly be termed a transient iso-
baric counterequilibration. If only the breathing gas is changed,
counterequilibration approaching a steady state in which one cgn con-
ceive of stable decreasing gradients between the skin and the lungs of
the surrounding gas on the one hand and the lungs and the outside of
the skin on the other is involved.

This latter situation I prefer to describe as steady-state iso-~
baric countertransport rather than "counterdiffusion,” since it is
not yet clear whether the perfusion vs. diffusion ratios are the most
critical in determining the degrees of supersaturation measured. As
we shall show, there is increasing evidence that it is indeed the per~
fusion-limited situation or model that best describes our experimental
results with transient switches, i.e., bubble formation in the vascular
beds (Hills 1977; Kety 1951).

"

The model of Graves, Idicula, Lambertsen and Quinn (1973), for
which a physical analogy has been constructed and supersaturation pres-
sures directly measured, has on]ly two limitations: size and the
difficulty of experimenting with capillary dimensions. This model is
of greater conceptual value in demonstrating a mechanism at the steady
state. In a situation involving transient switches, Fig. 1 shows
transient excess pressure across silicon rubber, and provides a useful
conceptual analogy for the transient situation.

This physical observation was actually first reported in 1967 by -
Winsey and Follman, who suggested exploiting it as a simple gas fractionm
analyzing method. This is feasible and both inexpensive and simple
and, as reported by Graves and his co~workers (1973), has now resulted
in a commercial product (see paper by Graves, this workshop). This
phenomenon can be considered a.pure example of isobaric counterdiffusion.

In an earlier paper (D' Aoust, Smith, Swanson, White, Harvey,

Hunter, Neuman and Goad 1977), we alluded to the difficulty in deciding
‘upon the mechanisms of isobaric supersaturation. This is readily under-
standable when it is accepted that helium saturates the body faster '
than nitrogen (Behnke and Willmon 1941; Buehlmann 1975); however, the
reason that these time constants differ has never been clearly explain-
ed. In the case of helium, solubility and diffusivity could be involved.
The time constants or half-times of these gases are empirically derived
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and expressed in the multiple exponential parallel compartment model.
Because such a model is so common in diving calculatioms, it is-worth
re-emphasizing how the phenomenon of isobaric supersaturation confounds
such a model and forces us to consider the actual tissue or vascular
location of bubbles (Lambertsen and Idicula 1975).

Part of the rationale suppqrting a multiple parallel compartment
model is that it allows for a spectrum of half-times in the body, for
which there is much evidence (there being nothing said about how much
gas 1s dissolved in which tissues of which half-times). However, onee
the phenomenon of isobaric bubble formation was demonstrated, it became
necessary to consider where the bubbles were forming and what specific
half-times applied in these regioms.

Thus, with the two gases, there is no way to decide which helium
half-time is best applied to which nitrogen half-time. On the other
hand, the use of a constant ratio of half-times for helium and nitrogen . -
(Buehlmann 1975) is obviously an oversimplification because helium
diffuses faster, is less soluble, and has a lower fat/water partition
coefficient than nitrogen. For this reason, in our original analysis
we arbitrarily used a pairing scheme (Fig. 3) which provided for a
different helium/nitrogen half-time ratio according to the supposed
basis for the nitrogen half-time.™ Thus, for a very fast tissue (which
was assumed to be aqueous), a ratio of 24:1 (TiN,:TiHe) was used; .
whereas for the long tissues (which were assumed to be more fat con-
trolled) a lower ratio was used.. This is“"still arbitrary; however, it
seemed a more reasonable approximation to known facts than using a
constant ratio. In fact, it may have been even less justified than we
imagined, as we shall show in this presentation. ’

It was natural as a.next step to try to calculate the differert
degrees of supersaturation that would be encountered if the ratio of
the time constants was, on the one hand, chiefly due to a diffusion
ratio difference or, on the other, to a solubility or perfusion-limited
ratio difference. This gave rise to the following analysis, performed
by Dr. Young.

In the perfuqion-limifé¢ situation, the time constant ky of the
compartment { is g,xi where Q is the blood flow into the compartment, -

V is the volume of the compartment, and Ay = the tissue-to-blood parti-
tion coefficient of gas i. Thus, if aBy is the solubility of gas § in
the blood and aT4 is the solubility of gas 4 in the tissue, then the
time constant of gas j is :

"In other words, at given flow (Q) and volume (V), the time constant ki
is equal to the blood tissue ratio of solubilities for gas 4.

- Now suppose gas 1 and 2 are counterequilibrating. If gas 1 is
washing out while gas 2 is washed in, then the total pressure at any
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(Lower panel) Bubble counts (right-hand ordinate) plotted
against time with calculated gas saturation and total super-
saturation plotted on same time scale. Only inert gases He
and N7 have been included in the computation; thus the initial
fractional saturation is less than 1.0 (0.956) at time zero
because of the 02. Values.for N2 (:.....), He (-.~-.~-.), and
total gas tension (- ) are plotted for 13 + 5, 93 + 41, and
139 + 63 N2 + He pairs of half-times. At every. point in time,
total gas tension is sum of He and Ny fractional saturationms.
(Upper panel) Excess gas concentration, excess volume of gas
(standard temperature and pressure) .dissolved in tissue as a
result of supersaturation. - Maximum gas concentration precedes
maximum supersaturation by approximately 30 min in 93 + 41
tissue pair; similar results were seen for the other tissue
pairs. Although time frame of transients in total excess gas
concentration as opposed to pressure Pr is similar to tran-
sient in Py, distinction is important when considering the
relative supply of excess gas to provide bubbles shown in
Figs. 15 through 20.
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time
-k kit
Pp = B, + [e 1.4 1-7TLE
where gamma (v) equals the ratio EZ; Further, by differentiating Pp
1

with respect to time, the maximum (or minimum, in the case of a reverse .
switch) pressure will occur when’ . .

'1n(1)
ky (v=-1)

We now can express the maximum pressure in terms of Y, the ratio
of the time constants according to the formula PT (assuming Py =1)
a
equals - ‘
+ 1ee YN /¥=1 T : g

~1n(y)/y-1 ]

[e

Thus, this maximum supersaturation is independent of the time constant
of the tissue and only dependent upon the ratio of the time constants
of the gases. In other words, in this case

Y _-aBz * aTy
G.Bl . G.Tz

'

This approach has been used to estimate tﬁe maximum supersaturatiouns,
PT’ according to a perfusion-limited system, which are shown in Table 1.

In the extreme opposite case of diffusion, the concentration, C,.
of gas 4 at any time must satisfy the diffusion equation

- 3
204 < pyvie
at "

where Di is the 'diffusion constant of the gas, and V is the Laplace
operator.

Deriving a useful solution to this equation requires separation of
X and T variables and adoption of some assumptions., These assumptions
involve both geometric models and Boundary conditions, and all have
limitations. If a geometrically regular model is chosen, one is imme-
diately faced with accommodating the tortuous vascularity of most capillary
beds. On the other hand, if one uses the conclusions of Krogh and
Roughton, that radial diffusion is essentially immediate, one is led to
a predominately perfusion-limited model. However,” because of our
interest in the chromatographic model of Tepper, Li; :foot, Baz, and
~Lanphier (1979), and the more extreme supersaturations that it can
apparently predict, we wished to compare perfusion—dependent vs. diffusion~
dependent supersaturation mechanisms.

Our original paper (D'Aoust, Smith, Swanson, White, Harvey, Hunter,
Newman, and Goad 1977) emphasized that these isobaric bubbles were
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occurring at a P much lower than P-values used in current decompression
calculations. In the present analysis, it has been assumed that one
time constant only applies such that the result is the same equation
in the example above but with only the diffusion coefficients in the
exponent for gases 1 and 2. In my view, the validity of this assump~
tion as a working hypothesis depends less on mathematical rigor than
on the magnitude of the errors imvolved. An estimate of these errors
shows that they are in the direction of even shorter times than those
calculated — of the order of seconds. -—- which therefore justifies
this approach, since, experimentally, bubbles take a much longer time
to appear.

This approximation results in an equation in which the pressure
ratios are uniquely related to the ratio of the diffusion coefficients.
Using the same argument as in the perfusion-limited situation, the
maximum pressure is again a function only of the ratio of the time
constants, which in the diffusion-limited case is approximated by the
ratio of the diffusion coefficients;. The results of this analysis are
also summarized in Table 1, which shows the gas switches, the ratios
of the diffusion coefficients, the ratios of the perfusion time con~
stants, and the maximum pressures, P, expressed as a pressure ratio to
be expected in the diffusion-limited vs. perfusion-limited case. The
first three combinations of gas switches are those which have now been
completed experimentally in this laboratory. *

To clarify the significance of these ‘experiments, I will outline
the results of Dr. Young's analysis of a typical Krogh cylinder model
along the lines suggested by Tepper and his co~-workers (1979) in rela-
tion to counterdiffusion. These were classically described by Krogh
(1919), Morales and Smith (1948), and Roughton (1952). We include these
results here to demonstrate their apparent incompatibility with many of
our experimental observationsg,

Figure 4 shows orientation and concepts used in the model. Assump-
tions similar to those used by Tepper and his research group (1979) were
made —— in which only axial diffusion was taken into account -- it
being assumed that radial diffusion was instantaneous. This assumption
is made on experimental grounds becsuse we are dealing with bubbles in
the venous blood and we assume they form in or near the intima of the -
vasculature. As Fig. 5 and 6 show, "if we consider just a diffusion
limitation -- that is, we allow no differences in solubility (i.e.,
y=1l) -~ the model predicts that there would be first an undersaturationm,
then an oversaturation with one direction of the gas switch, and an
oversaturation followed by an undersaturation with the other direction
(Fig. 6). This result is interesting but not easy’to test. However, it .
is developed with conventional diffusion equations applied to this’
quite conventional model and it suggests that we should be cautious in
predicting decompression advantages from gas switching.

For comparison, Fig. 6 shows the supersaturation of helium and
nitrogen when He replaces N; (plotted as if both gases are washing in
rather than one washing out and another washing in). It is clear that
in a switch of nitrogen saturation to helium in the Krogh cylinder
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model, total gas pressure along the entire cylinder (in the blood and
tissue) (Fig. 5) is first undersaturated and then becomes oversaturated.
Also, with time (Fig. 6) there is an initial oversaturation and then

an undersaturation which, if a bubble was initially formed, might tend
to redissolve the bubble. One might gain the impression “ere that
depending on the model one chooses or its geometry and boundary condi-
tions, gas switches can be predicted to have completely opposite re- .
sults. An important consideration in this ‘example, however, is that
the required perfusion time constant of the entire cylinder is on the
order of 12 seconds. - Remember that radial diffusion is considered
instantaneous in this situation and we are only modelling axial dif-
fusion. According to the analysis, the tube behaves as if a "fromt"

of supersaturation moves down the tube. The particular profile shown
occurs 6 seconds after initiation of conditions. This 1is obviously a
very short time compared with the time it takes to visualize bubbles

at the central venous location after .such a gas switch, and the relation-
ship (if any) between these concepts and our results is not yet: clear.
The chief advantage of this analysis, however, is that it appareiitly
allows us to exclude certain theoretical mechanisms from consideration.
This is shown by the next series of figures, Figs. 7 through 14, which
show results of the analysis with a variety of solubilities, diffusivi-
ties and flows. - We are on the one hand considering only solubility
differences (Fig. 8) and on the other considering both solubility and
diffusion differences (Fig. 7). Note that there is very little dif-
ference among these figures (Figs. 7-14) when they are compared on the
basis of similar perfusion time constants.of more than 60 seconds.

This points to the conclusion that taking the effects of solubility
into account tends to dampen the extremes arrived at in the 'strictly
diffusion-limited case. -

For example, Fig. 7 and Fig. 8 show the plot of the supersa.uration
(Pp) with time in the venous end of the model in Fig. 4 with (Fig. 7), .
and without (Fig. 8), diffusion-differences taken into account. The o
values S; and S, are the tissue-to-blood partition coefficients and, it :
<7111 be noticed, are extreme values related more to fat/water partition
coefficients than actual tissue-to-blood partition coefficients. Note,
however, the very slight difference in Py max in both figures (Figs. 7
and 8). It is clear that in this model diffusion differences can have
significant effects only for short time constants of a few minutes at
most. This is the important point to remember when comparing this
analysis to our results (Figs. 15 through 19).

This is illustrated more clearly in Figs. 9 through 12, which show
the same results for different flow rates (i.e., perfusion time constants =
volume ¢ flow)., [hese range over 3, 6, 60, and 60Q seconds and take into
account both diffusion and solubility differences, and are more physio-
logically reasonable time constants than the ones used in Figs. 7 and 8.

Notice that for very short perfusion time constants -- in fact
unphysiologically fast blood flow (Fig. 9) -~ the maximum Pp occurs,
and that this decreases as the perfusion time constant becomes more
"physiologic'" (Figs. 10, 11, and 12) to the point at which the Pp is
approximately 1.2 x ambient for a 600-second tissue cylinder, i.e., a
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Fig. 4.

Fig, 5.

Fig. 6.

Fig. 7.

Fig. 8.

Schematic of two Krogh cylinders, the top indicating a high
velocity of flow relative to the bottom. Arrow entering
indicates a concentration of dissolved gas of 'l, and arrow
leaving is shaded according to degree of transport to tissue
in transit through the inner tube. On lower diagram, a slower
flow (indicated by a shorter "arrow) on the left is accordingly
more depleted of gas as it exits on the right,

Supersaturation in model shown in Fig. 4 when only diffusion
differences are considered, that {s, solubility partition
coefficients are similar for each gas. Abscissa is length of
Krogh cylinder, and ordinate_is saturation fraction. Notice
that when switching from nitrogen saturation to helium: there
is an initial undersaturation and then an oversaturation along
the length of the tissue cylinder, By the same token, the
reverse switch should provide first an oversaturation, then.
an undersaturation of a similar degree. The helium concentra-
tion line is a flatter slope along length of the tissue c¢ylin-
der because of its more rapid diffusion.

Time plot of situation shown in Fig. 5. Initial lag in both
supersaturation and apparent increase in concentration in
blood leaving the cylinder is due to the diffusion effect
coupled with a very short perfusion time constant. The phys~
lological relevance of this model is gquestionable. .

Same flow model as in Fig. 8; however, diffusion is taken into
account in this situation. Very little difference is showm
because solubility differences are sufficiently extreme (model-
led after fat/water solubilities) to be responsible for most

of the supersaturation, whereas despite a three-fold difference .
in diffusion coefficient, little effect is seen because of
relatively long perfusion time constant of 60 secs.

Same Krogh tissue cylinder shown in Fig. 4 modelled according
to solubility differences only where diffusion constants of
each gas are considered similar. Flow is set to give a 60-sec
perfusion time constant and plot is in the time domain. Notice
degree of supersaturation due only to solubility differences,
not to diffusion. . s




10-minute time constant. Notice also the relatively slight difference
in Pp between a 60-second and 600-second time constant, with the 10-
minute time constant producing a proportionately greater duration of
supersaturation. )

This is important relative to experimental information we have
accumulated. Figure 13 conveniently summarizes this relationship with
a composite plot of Py for 3, 6, 60, and 600 second tissues. It shows
the proportionately shorter duration of supersaturation relative to
perfusion time constant for faster flows Figure 14 plots Py, as a-
function of perfusion time constant on a log scale to 1llusttate this
point. This indicates a decreasing exponential relationship between
maximum supersaturation and the perfusion time comstant. Ian other
words, only the very well-perfused tissues can produce the highest
supersaturations.

It is clear that taking into account some reasonable values for
the blood tissue partition coefficients of helium and nitrogen, that
is, 1.2 for helium and 2 for nitrogen, also tends to prolong the period
of supersaturation. These values of N9 solubility are taken from
estimates of an approximate nitrogen capacity in the body of 20~22 ml/kg
(Groom 1967).

Notice particularly that the very high supersaturations require -
almost ridiculously short perfusion time constants for the Krogh cylin-
der; this raises the question as.to their physiological reality and
provides an argument against the importance of diffusion-dependent time
constants in producing isobaric supersaturation in the microcirculation.

Further and more important support comes from our experimental results, |

Figures 15 through 18 show results illustrating bubble production ]
after gas switches from nitrogen saturation to helium at 66, 100, 132, ‘
165, and 198 fsw and saturation times of 2, 4, 8, and 17 hours. Note
that these are all transient effects and cannot necessarily be compared
to the original observations of Blenkarn, Aquadro, Hills, and Saltzman
(1971) and Idicula (1975).

In addition, the results of two gas switches from nitrogen to crude
neon on the one hand and crude neon to helium on the other are also
shown (Fig. 19). These are of particular value and interest in relation
to the predictions in Table 1. One notices in these results a high
degree of variability in bubble count and time; however, it is quite
clear that when exposure time is reduced to 2 hours, the number of
bubbles decreases markedly, suggesting that the major time corstants of
the body (which are involved in the bubbles we detect) are saturated at
less than four hours and involve half-times of approximately 40-60  min-
utes.

Figures 15 and 16 show linear plots of bubble counts against time
after gas switches at 66-99, 132, 165, and 198 fsw. It is clear that
reliably large numbers of bubbles do not occur until 165 fsw and 198 fsw,
though again variability is considerable.
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Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

9. Very fast perfusion time constant modelled according to dif-
fusion differences and‘'more physiologic solubility ratios of
1.2 for helium and 2 for nitrogen, that is, the tissue to
blood solubility ratio for each gas. Notice maximum super-—,
saturation pressure of 1.567 x ambient pressure together with
considerable lag in helium/nitrogen kinetics.’

10. Slightly slower perfusion time constant of 6 sec showing a
st1ll elevated Py and a still considerable lag before Py
rises.

-

11. A perfusion time constant of 60 sec with same parameters as

. in Fig. 10. Notice much less extreme supersaturation pressure
as well as much shorter lag relative to perfusion time con~
stant.

12. Same conditions as in previous three figures, with a 600-sec
perfusion time constant. Notice again a not much decreased
supersaturation pressure relative to a 60-sec time constant
but a rather more protracted supersaturation time relative to
perfusion time constant.of 60 sec¢, i.e., 10 minutes.

13. Composite plot of previous & figures showing supersaturation
pressure only relative to fractiomal superposition of time
constant (abscissa). Notice, for the diffusion~related
extreme supersaturations, both an increased lag relative to
constant, compared with 'a longer perfusion time constant tis-~
sue of 60 and 600 seconds.

14. Plot of data in Fig. 13, with Py ,, fraction of ambient plotted _

against log of perfusion time constant, showing how maximum
supersaturation pressure asymptotes as perfusion time constant
increases. ’
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Bubble counts with time after gas switches from saturation
on nitrogen (0.3 atm 02) to helium at 66, 99, and 132 fsw.
Audible bubbles are heard but level fluctuates and rarely
gets above 10 per min in the 132 fsw switch.
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This depth was then chosen to "titrate" saturation time prior to
the switch. Although a matrix approach would be preferable, time and
funding limits preclude using such an approach. These results are
shown in Fig, 17, in which saturation times of 8, 4, and 2 hours are -
compared at a depth of 165 fsw. A 4-hour saturation time appears to be
indistinguishable from an 8-hour saturation time, whereas a 2-hour
saturation gives markedly fewer -bubbles. However, these data obviously
possess only limited accuracy for comparisod. More statistically com-
plete experiments are necessary.

A word about our bubble counting' procedures is necessaty.. The
bubble counter used has been previously described ( Haugen and Belcher
1976). The output from the counter is monitored by a Wang computer and
recorded and stored on tape, which is then used to plot the average
bubble counts per minute against time on an X-Y plotter. A running
mean-smoothing program is used to damp the oscillations observed..
Figure 18 compares a direct minute-by-minute plot with the smoothing
program, which averages over seven consecutive counts and plots the
mean at the time of the middle count to show the degree of smoothing
which can arbitrarily be accomplished. The small error (=5 minutes)-
in time which this allows is unimportant relative to the time frames
of the record.

By far the most interesting results of this work are the three gas .
switches shown at the top of Table 1. Both nitrogen to neon and neon
to helium switches (Fig. 19) were carried vout at 198 fsw. It is very.
interesting that the maximum pressure ratios predicted by the diffusion-
limited scheme (see the table in Table 1) are 1.1 (14 fsw) for nitrogen
to neon and 1.3 (56 fsw) for neon to helium. By contrast the perfusion-
limited situation predicts 1.28 (52 fsw) for the nitrogen to neon and
0.94, i.e., undersaturation, for neon to helfum. Remember these are
based on best estimates of A, the tissue/blood partition coefficient.
It is therefore extremely interesting that on the neon to helium switch,
almost no bubbles were heard (Fig. 19), suggesting that the perfusion-
dependent model is by far the most important one in predicting the
bubbles we see. Up until the presert time, we have perhaps been sub-
consciously assuming that diffusion differences are the major factor
in determining bubble formation. Thus, it is more probably the Solu-
bility ratios or more properly the ratio of the solubility-dependent ,
partition coefficients of gases 1 and 2 which in the transient situa-
tion are important in producing the bubbles we detect by Doppler, and
probably are also the major mechanism in the steady-state situation as
well, We intend to continue these swi{ hing combinations according to
the switches outlined in Table 1. Particular attention will be paid to
the neon to hydrogen switch, which also indicates an undersaturation,
and which Peter Edel and I hope to carry out next year.

The full significance of these experiments cannot yet be estimated
and requires finer analysis of a number of different combinations of
gases before some choices can be made between the importance of the
diffusion vs. perfusion-related time constant. However, Fig. 20 pre-
sents some past experiments relevant in this regard. Two transient
gas switch experiments with a pig are presented, and it is apparent
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that the duration and number of bubbles are greatly increased over those
which have been seen in the goat. In view of the additional fat content
in the pig and its greater gas content, this result fits very well. Not
only could there be some tissues where the actual reservoir of gas is
greater than in the goat but these same tissues might also be likely to
exhibit a much higher value for the tissue-to~blood partition coeffi-
cients. . .

It is also noteworthy that the variability in bubble count with
time in both pig gas switches resembles the initial part of the plot-in
the goat experiment; however, in .the goat this was a breathing gas switch
only, which was therefore approaching the steady state. Equally inter-
esting is the fact that the latter part of the goat experiment showed a
different quality of bubble count with time, characterized by a high
sustained count for approximately 50 minutes and then decreasing sharp-
ly for a shorter period. This may reflect vascular "programming," which
was able to clear out skin-related bubbles.

What then is the mechanism of bubble formation in the experiments
we have done so far? Both the theoretical analysis and the results
presented allow the conclusion that the mechanism of supersaturation
responsible for the bubbles we observe by Doppler ultrasound at the
central venous location depends primarily on the blood partitian ratios
of the saturating and desaturating gases. This is additional support, -
but support of a new and different nature, for the classical perfusion-
dependent model (Kety 1951) used in diving, and it provides no support
at all for a diffusion-dependent mechanism. This conclusion is consis-
tent both with the analysis presented initially, in which it was shown
that the effects of diffusion which are accessible to the capillary can
only be exerted for very fast perfusion time constants and with the
estimates of Py presented in Table 1, which indicate undersaturation
with the neon to helium gas switch. Further, both the magnitude and
direction of the error imvolved in our approximation of the diffusion~-
dependent time constant strengthen rather than weaken this argument.

Finally, the critical supersaturations for bubbles formed in the
microcirculation would appear to be over 25 but under 52 fsw, or very, .
very near the original AP suggested-empirically by Haldane. This has
now been supported even further by results of our studies of decompres-
sion in salmonids (Beyer, D'Aoust,:Smith, and Casillas 1978; D'Aoust,
Smith, Swanson, White, Stayton, and Moore 1979). However, at high
pressures, other factors may have to be considered, since empirically
critical AP values have been demonstrated to change with depth (Hennessy
and Hempleman, 1977; Hennessy, 1978).
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Discussion

Does the upper curve in Figs. 15-20 represent the difference between
the two lower curves?

No, the sum. These switches are nitrogen desaturating and helium .
washing in, but they have been plotted as if both are washing in,

which permits: comparison of the time course of each gas. To get the
total, they should be added at thé same time. For looking at the

time constants of the gases, this method of plotting is much more
convenient. )

Let me run through a series of these quickly now (Figs. 15-20).
Remember, these are extreme solubility ratios that almost certainly
do not apply in vivo, so this is-an extreme case, but it does show
the difference (remember we have a different time scale now) in the
time form of this supersaturation and the effect which the solubility
differences would have upon it. With diffusion limitations, it is
very brief compared to the time here.

We looked at a number of these, to make diffusion limiting, and
optimized the maximum supersaturation. We are looking at g maximum
supersaturation of 0.57 times ambient. The perfusion time comnstant _
you need for that is 3 seconds. The flows are so extreme that we
would be stripping intimal cells off the capillary. Notice (Fig. )
what happens when you allow for a slower perfusion time constant,
and also notice these are more reasonable tissue-to-blood partition
coefficients now.. We have the same relative coefficients for helium
and nitrogen, but different solubility ratios. And again at 6 sec-
onds, total pressure comes down a bit. Sixty-second perfusion time
constant; that means the Krogh cylinder's ratio of capacity to flow
gives you ‘that time to exthange the total volume of it. Notice we
are getting protracted but lower supersaturations and this protrac-~
tion increases more. However, it reguires a more reasonable phys-~
iological time constant. Don't-ask zc to tell you what tissue this
is. "

Kidney?

And perhaps some muscle, heart muscle (which is bad analogy). Now
here (Fig. ) the time constants are overlaid -- 3 seconds, 6, 60,
600. And this shows the effect on the time of maximum supersatura-
tion pressure relative to the perfusion time constant. This indicates
that if you really want to go for high supersaturation pressure, you
have to get impossibly fast perfusion time constants, in this partic-
ular model.

Where does that leave us? 1 wanted most to talk about the real
world and our experiments. These figures (Figs. 15-20) show the
kind of saturation we have been allowing. We are making overly sure
the animal is saturated. At 66 fsw we can say there are virtually
no bubbles. By overemphasizing the noisy part of the trace, we are
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being conservative, which means when we get a high count it is

more reliable relative to the signal-~to-noise ratio, which is still
a problem. Anybody who has used Doppler realizes that., We are
taking steps to get more reliable counting but we do not have it yet,

So let's go through this quickly. At 66 fsw apparemtly there
is not sufficient delta P QAB) there, somewhat under an atmosphere.
Perhaps occupationally this could be said to be a safe switch at
saturation with these two gases, One-hundred fsw gives a similar
picture. We have done more dives than you see here at ‘each level.
At 132 fsw, we are starting to get levels higher ‘than you can count
with your ear, but we still have periods when there are no bubbles.
Notice how long this continues: this is a transient switch, so ul-
timately the bubbles have te go away. There are plots that do not
continue so long, to subject the goats to the same regime. Most of
these switches have the bubbles cleared out by 12 hours.

Let me be sure I understand these figures (Figs. 15-20). You've
got the animal saturated on nitrogen?

Yes, and it is 0.3 atmospheres of cxygen.

At 132 fsw. And all of a‘sudden you can put the entire animal into
helium? . -

Yes, we layered the helium on top. Tt takes about 5 minutes at the
most. We end up with a residual concentration of Ny of the order
of 1-2% of nitrogen. :

Then you leave the goat there the whole time?

The isobaric period is all the second gas, that's right.

So the rest of the dive or experiment is on this helium atmosphere?
That's correct. -
Why just bubble numbers? .

These are bubble counts per minute. I used to plot single counts
and they showed the same thing. We:-have left a little "token" zero
point here (Figs. - ) because, in fact, there are periods when
the bubble counter does not count any bubbles and when you do not
hear bubbles. I think it gives a better impression of what is
physiologically happening. It is very easy to tidy this up, but I
think it allows you too many liberties with the meaning of these
data.

I will go on with the next pressure, 132 fsw. We have a sus-
picion there is a tremendous amount of difference in these animals.-
We have the impression also that these bubbles (Fig. ) are form-

- ing at the inner surface of a vessel or capillaries and are being

collected by perhaps a critical flow, or sheer, and are therefore
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collected according to the perfusion of that compartment, which
varies. There is a pattern that seems to suggest that anxiety on
the part of the animal makes a lot of difference to what we see.

We are getting ready now to try to take some through-the-chamber
samples with the catheter to determine what different catecholamine
levels can do to this. At 165 fsw we get a much higher rate of
bubbles. One-~hundred ninety-eight fsw is the deepest we have gone,
and we have shown a lot of ‘data om that.

These are now plots (Figs. .- ) of minute~by-minute bubble
counts smoothed by a computer program that simply takes every 7°
and computes the middle one-as the mean time and smoothes accord-
ing to the mean 7 counts and weights according to a normal distri-
bution. If you do not do that you get a far more noisy looking
plot. The next thing we wanted to do was titrate the time.

The 165 fsw experiment interests-me because this is the natural
depth point at which many tables change to air from helium, and

the solution to the problem arising at the switch was to make the
change much more slowly. You say you took 5 minutes; have you ever
done an experiment with 15 or 20 minutes to make the change?

That is another form of titration and, of course, adding any vari-
able geometrically increases the matrix of experiments and it just
takes time. We have not done that yet. What we are trying to do -
is to evaluate an optimal depth and “his seems to be it, so this

is the one we have started to titrateé the time at.

"Optimal” means you make the most bubbles?

Yes, reliably. But I think we will make more bubbles if we just
keep going deeper. I would mot want to go where we got a reliably
level plot or even something like the 198-fsw experiments, because
I think we would be missing aspects of variability that oftem can
give us a clue that will shorten this process, which is very time
consuming. - .For example, this point about catecholamines; when we
first did this switching technique, we found about as many bubbles
at 132 fsw of the switch with these same kinds of animals -- they
are different individuals but & have no reason to think they are
basically different., We got the same number of bubbles at 132 fsw
then as we do at 198 fsw now with this technique of layering, which
is much less noisy, more gentle, and just as efficient. We have
every reason to believe from looking at the animals that are awake
that they were much more anxious with the noise. Our accountants
upstairs got upset with it, so you can imagine what the animals
felt like. I have been in there during -one switch, and it was very
noisy the old way.

Do the animals move around, kick?

They are restrained. They can move their feet, théy can move up
and down.

Do they move when you make the switch?




e “”““”‘m____“

A. No, not now. They used to. Now they are very quiet. You can see
the gas discomtinuity come down. They sometimes shake their heads
which makes you suspect there are some middle ear or vestibular
happenings. But that's very brief and we have never had any indi-
cation that an animal was bent. (Though how you tell that I wish
I knew.)

Let me go on with the titration of time. This is 17 hours
(Fig. ). We regard this kind of plot as not too different from
this, although subjectively, when you listen to it, it is quite
different. We simply do not have the automatic counting technique
optimized yet, so I cannot say that if we took Spencer's "bubble
grade" and had a sheet with time on it and had an observer listen-
ing and grading 1, 2, 3, 4, we would have a much cleaner plot. But
I have confidence that we are improving this technique and we can
always go over these tapes and redo them when we get a better
logarithm. You will see a tantalizing periodicity here that may
or may not mean something. The other picture (Fig. ) of that
type of response we have from a steady-state situation with this
animal, the only one we have done where the animal was surrounded
by one gas and breathing another. So at 8 hours we see what we:
must regard as essentially the same picture, or at lease we cannot :
statistically tell it is different from listening to the bubble i
count. And at 4 hours, a similar picture. We have obvioysly been 5
wasting a lot of time on this one. And at 2 hours, we definitely .,
see things change, i.e., decrease. So I do assume that what we
are seeing is the major time constant, by which I mean bulk of gas.
I think we are seeing the major time comstant saturated at around
3 to 4 hours. That makes it around 40 minutes, which if you look
at a goat and a man is probably not too unreasonable. I do mot
know if anybody has accurately measured skeletal muscle time con-
stants at exercise, but I am sure that is what we are looking -at.
Here is another 2-hour saturation. I think we have pretty well
established that 2 hours’ i§"too short. Four hours might be adequate
if we can find one exposure and one depth to work with for these
other types of experiments that Dr. Bennett suggested and which we
would like to do. At the present time there is so much variability
we are not sure. This is just an illustration of what happens if
we plot a moment-by-moment coupt as compared to a smoothing' proce-
dure. :

Q. You're talking about a transient phenomenon. On the other hand,
since your data are going out to 12 hours, that does not seem like
a transient phenomenon. Conceivably is it possible that you have

got a mixed effect of some sort here? :

A. I think it is possible but unlikely. The fact that we have 1%

nitrogen or 2% residual means there could not be any steady state,
I think there are probably several things going on here, different
mechanisms of bubble formation, as we showed with the diffusion
model. You ought to get some bubbles right away, fast, but where :
they are going to be and whether you are going to see them, I do
not know. And since in our analysis the supersaturation went down
and then up, that logically must be interpreted to mean that the
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reverse ‘switch would also make bubbles or make supérsaturatioﬂ.
Have you done the reverse experimenf?

Not yet, but we shall, |

Did you follow this out far enough to see if it went down to zero?
Iﬁ many cases.the bubbles stop bg 12 hours.

I mean it is transient in the sense that eventually the bubbles
must go away. , :

Eventually they have to stop, and as some of you heard me report
before, when we first did two pigs that were awake and rather large
(about 300 1bs.), after the goat-work, they just kept bubbling after
the 12 hours. We thought we should wait to see how long they would
last. The longest time was 48 hours. They did start to wane, and
we rationalized that since a pig has a lot of fat and a lot more

gas in it and was a bigger animal, the bubbles lasted longer. We
also wondered whether we were looking at bubbles. We thought we
might be looking at some dots or thrombi, which led to experiments
in which we medicated the goats with antiplatelet drugs, and that
turned up something else new. So we came back and. regrouped, try- -
ing to concentrate on first things first, which is the biophysical
side of it, the time constant and the degree of supersaturation.

We have shown that the time constant we are thinking about is around
40 minutes. A 4-hour saturation is necessary and at least 130 to
132 fsw. We now realize, however, that the collection process is-
rather protracted.

Aren't you actually ﬁixing two phenomena, since you are switching
the entire chamber? o

No, this has got to be tramsient.

The animals are both inspiring and being externally exposed.

And nitrogen will eventually be completely eliminated down to what-
ever ambient level in the chamber. So how can we be mixing two
phenonena? S '

You are getting a transient, which is your deep tissue.

Logically it is one switch. In terms of the actual mechanisms
going on (this is what I tried to allude to) there are several
different ones. Initially there is going to be a skin effect, but
it is initial only in contrast to Dr. Lambertsen's steady-state
situation, where it is the chronic situation.

True, but I don't see how you can separate the two because you have

a superficial initial isobaric effect, and I do not know how you
can distinguish which one was the transient.
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Well, I am looking at the goat as a "blob" of tissue per se, and
some of everything we collect comes from the skin initially, al-
though I think that's rather minor because the gas level comes
down rapidly and is biphasic, according to Dr. Young's analysis.
The gradient there would be a gradient of nitrogen out from the
skin and some bubbles that perhaps may never get collected Basic-
ally, I agree with you.

Transient experiments leave helium diffusing against nitrogen
superfically, and the same effect is caused by the respired gas,-
and I do not think you can tell which is producing the bubbles.

Transient is the key word. The gradients are transient, whatever
their direction. That is the difference. Yes, we are probably
mixing a number of phenomena, but the way I prefer to look at it is
transient vs, a steady state. Now the steady-state situation mixes
a transient with a steady state, but it builds up to an equilibrium
or a constant situation.

But you do not know that the so-called 40 minute time constant is
not the 40 minute time constant it would take until somebody started
itching?

No, I do not, but I believe that is contrary to clinical ekperience.
I believe your itching is rather soon, is it not? 15 minutes? Up
to 40?7 Well, 1 cannot argue with the point now except to say that
eventually those gradients have to dissipate, and that is the real
logical difference in this case.

I think it comes down to the question. where are bubbles generated
and which are you at risk from?

I would be happy if it came-down to just that question. I think we
have said you are not at risk from a switch at less than 60 or 100
fsw. I think the bubbles we are seeing come from everywhere.

Is there any reason why you cannot just change the inspired gas or -

the surroundings so that you could at least say which?

That is coming. We have done one experiment of that sort. We aré
just beginning to do the next half of this project, which was to
compare the steady state vs. the transient situation.

Did you ever notice any dermal lesions, or in the experiments that
were done at New London with humans, was itching.noticed in that
case?

Yes, Claude Harvey noticed itching. I think it was at the 100 fsw.
They did not wait to find out if the itching was transient. Also

one subject reported something that looked like a knee bend, although

it was somewhat vague. They compressed one more atmosphere to treat
the knee bend and the itching became worse, even though they com-
pressed on helium. This suggests that whatever was causing the




itching perhaps had not reached equilibrium by that time and the
added pressure still added more gas to the bubbles than it reduced
them in volume.

Saturated on nitrogen and then switched to helium?

Yes. The divers wefe all in gas-tight exposure éhits in nitrogen.
First they were in the chamber overnight. Then they wore the suits,

- the helium was brought into the chamber, and they just stepped out

of the suits. So they accomplished the same thing that we do, o6nly
probably faster. That was a fairly fast gas switch. But the log-

ical distinétion I am making is the situation where gradients must

dissipate vs. the situation where they reach a steady state.

I noticed that your dramatic changes occurred in 2 hours. There
was an interruption. Now I wonder if that has anything to do with
other bubble formation mechanisms like nucleation, for instance.
You also mentioned that later on you used platelet anticoagulants.
Have you ever considered coagulants or anticoagulants? Hageman
factor is a contact factor, and Newtor Harvey showed that it was
dependent on lipids in glass tubes, etc. So what do you think of
the effect of nucleation as another mechanism?

You mean actual nuclei that are in the blood? 'Or statiomary? I .
think something like that has to be the explanation of the bubbles
we see. The long, protracted appearance of these bubbles gives

you the idea of looking at a beer glass. It is constantly bubbling
from one point. If it was nuclei, we have to keep regenerating
them somehow because the nucleus is gone.- So this is why the model
we chose theoretically does not distinguish between the inside of
the capillary and the tissue,

I think it i{s a mistake 'to Say you have to keep regemerating nuclei
to keep regenerating bubbles. "As soon as you form a macroscopic
bubble, it will probably produce rosaries, etc., the kind of thing
that Albano has talked about, You may have a gas phase trapped in
the tissue. The tissue deformation pressure prevents it from. ex-
panding in that place, but gas..kkeeps leaking out of that region and
diffusing into that region from the tissue. In other words, bubbles
once formed can produce lots of- bubbles.

That is the mechanism I think we have in order to get a physical
analog, because I think that is what is troubling us all. I do not
think that is a viable explanation for this. But if it was just
extravascular or extracapillary, is there a mechanism? You have

to bud off a bubble that is bigger to get a lower pressure. If you
do one smaller, you require a higher pressure. And how do you get
it when you have already passed the peak of supersaturation?

In these sections that Albano has made he sees strings of bubbles, -
which apparently originate at a site which is an original. In

other words, nucleation theory is relevant to the formation of that
primary bubble. Once you have those primary bubbles, then you can
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bubble continuously until all the supersaturation is relieved.

Way back in the 30's, Becker and Douring and other investigators --
even Vulgarea —- studied the formation of primary nucleation. Now
the probability of bubble formation generated spontaneously is very
low, as I think Placid and other people have showm. But there is
still the possibility that other substances like dirt started it
off. .

I agree with that completely. I.think it i{s facetious to call a
platelet dirt or an intimal cell dirt, but physically, I think
this is reasonable. Let me answer one query you had. We did do

an experiment where we medicated the animal with antiplatelet drugs —-

anturane, persantine, and aspirin, and we wanted to follow this up,
but not until we had a clearer idea of the time constants that we
are generally dealing with. The remarkable thing about that was
the kind of plot we got after a switch at 198 fsw -- the goats
stopped eating when we switched to helium, perhaps because they

did not smell because of the helium. I think they lost their appe-
tite. So we can assume they had only a 3~-hour dose of the drugs.
But what we got here was the clearest phasic increase in bubble
count with. the least variability we had ever seemn. . I got very ex-
cited about this. I wanted to pursue it, but there are some bio-
physical factors we have to look at first because we are studying
the transients involved and we need to get at these basic limits. -~
But this was very, very clear and rather immediate. It was as if
this picture is clouded by some sort of stickiness. The bubbles"
hang up in capillaries, perhaps. There is perhaps a mechanism to
hold them there and with those drugs everything seemed to slide
along a little better and so we got the kind of peak we thought we
should get. So that kind of medication may be a tool to try to get
at the time constants.

Have you tried aspirin insiéaq.of persantine?

We tried all three at once to be most sure of an effect, anturanme,
persantine, and aspirin. We have done only two experiments. They
both turned out similarly, but again, with different levels, and we
have not done anything more.

I think regarding regeneration of nuclgi there is fairly strong
evidence for thinking that this occurs. For example, Newton Harvey
years ago squashed bubbles out of existance and found it very dif-
ficult to generate free gas. More recently, Walder took some shrimps
and squashed any potential nuclei out and found it very difficult to
give them decompression sickness. But he did”an important further
step, which was to wait four hours or thereabouts and they returned
to normal. In other words, you can decompress them and they will
fizz. It would seem, therefore, there are gas spaces floating
around in the tissues.

That's the key. In the tissues, and we have to get a mechanism --
perhaps what Dr. Yount suggested -- to get that gas into the blood-
stream. Because that is all we are seeing or can see with this
method.
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Most people would agree you could not conceivably move the heart at
the rate it is moving and past structures like that without some
form of embolization occurring. Once you have got nuclei present
a lot of these explanations are not necessary.

I agree, once you have the nuclei.

There is a certain aﬁtractikeness in agsuming there are bubbles
already there, maybe attached to walls,

We do not hear them. They are sﬁétionaty.

Harvey attached them to walls of vessels. It is the wrong part of
the program, but I was hoping to say there is good evidence for
this.

I think that is almost universalty accepted. I do not see-that
what 1 am saying here contradicts that in any way. Maybe uy con-
ception of what is important is off. But we are dealing with a
phenomenon. We are looking at bubbles that are collected. It is
some fraction, we hope most, of the total amount of gas emboliza-
tion. I want to ask a question. You remember that table I put

up (Table 1). Now I want everybody to tell me: we have done two
extra switches that are not nitrogen and helium, One was nitrogen
to neon and the other was neon to helium, Which one do you think
gave bubbles? We had saturation on nitrogen and we switched to
neon. Neon's diffusion coefficient is about 2.7 to 3 cm? sec,”
depending on where you look it up. The other switch was neon to
helium, and all of this is at 0.3 atmospheres of oxygen and 198 fsw.
Which one bubbled? The solubility values for neon are just over
those for helium, at 37°C about .009 ml/L/atm. That's a Bunsen
solubility coefficient. Helium is 0.006 and nitrogen is about 0.012.

-

Are those 1ipid solubilities?

Those are aqueous. Here is the N, into helium switch. We got a

lot of bubbles on this. We got no bubbles with the neon to helium.
This is the supersaturation predicted on a strictly perfusion-
limited or solubility-limited system. And this is the situation
predicted with the diffusion-limited system. The switch from neon
to helium involves a higher diffusion coefficient, according to this
ratio. Yet we got no bubbles on that switch.

This figure (Fig. ), unfortunately, is mislabeled.  This is
actually nitrogen to .neon, and this is nitrogen to neon on the
other animal. Something that has made me think about the two sit-
vations is this sometimes different bubble counting pattern which
occurs after a while. In any case, it could have something to do
with "vascular programming."

Now, here is the neon to helium story (Fig. ). I think I

heard what I would call one or two bubbles over 5 or 6 hours. But
there were a few during decompression. There must have been some
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bubbles there because as soon as decompression was instituted, we
heard some bubbles. I should say on these switches when we decom-
press, which is according to a U.S. Navy saturation approach, we
hea: bubbles that do not increase in number at all; in other words,
they are indistinguishable from the isobaric periods. So we feel
we are not blowing them up or making any more.

Here then (Fig. ) was the difference in a pig switch which
kept on bubbling in this case to .12 hours because that is when we
terminated the experiment. What I am trying to show here is that
in our Krogh cylinder what happens in the tissue may or may not be
reflected in what we see with the Doppler.

Q. What is that thing going through the wall of the vessel? 1Is that
a gas bubble?

-

A. That is what I am supposing and, if you like, rhetorically hsking.
If all we are seeing is oumething that starts here -— that is one
way to interpret it ~~ there is much more tissue than there is
volume of vasculature in action and we have to provide for some
mechanism to get this gas into the circulation., Maybe there is
some damage associated with this and perhaps it is minor. I am not
sure, g

Let me continue with this last pig experiment. This isobaric
period went on for 48 hours.. It increased and it leveled off and "
maintained itself. This next figure (Fig. ) shows our only steady-
state experiment. But it was done by a tracheostomy, which for a
goat has a number of problems. The operation changes brain blood
flow. It changes temperature response. Equilibrium temperature in
the chamber is abnormal because of helium. I do not think it is a
normal environment at all,  So we have changed our approach and are
simply trying to either baffle the head or use a mask. This is the
only steady-state study we have done. Notice we have a plot that
looks much .like the other transient switches and then up here we
have this kind of periodicity. I wonder if this is something that
just reflects vascular programming to some tissue bed? We do not
know if it is significant, but we see it quite often. And of course,
once again you have to take my word for it that the bubbles stopped,
although it makes sense to assume they would stop. One of these
days we will do a2 longer experiment to satisfy the skeptics: we will
simply camp there until the bubbles stop.
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CONTRASfS OF SUPERFICIAL COUNTERDIFFUSION

IN SKIN AND EYE

J. R. M. Covley, i <

Two recent paéers of mine, which appeared in the Journal of Applied

Physiology (47:224-227, 1979; 47:’22‘0-2?3, 1979), cover .atten_xpts' to study
isobaric counterdiffusion in the eye of the rabbit and attempts to
measure increases in tissue pressure in the ear during the process. 1In
my presgn;ation today, I will discuss the information in those papers
and expand upon them briefly.

As has already been noted, in the human counterdiffusion exposures
there were no obvious visual distﬁ;bances, nor was there any itahing at .
the conjunctiva. We decided to investigate this further in animals.
However, even under the most severe counterdiffusion stress, which for
the rabbits turmed out to be nitrous oxide bre#thing while surrounded '
with helium at sea level,'we were unable to produce measurable gas gubble
formation in éither he cornea or the conjunctiva. We were interested
in conducting this tyﬁe of experiment at higher pressures, but we
couldn’'t take the rabbits to more than two atmospheres because thﬁf die
of nitrous oxide toxicity at greater pressures. Also, at higher pres- i
sures the pulmonary effects in rabbits afé Qﬁch greater than the counter-
diffusion effects.,

In the JAP paper on the eye, I included a mathematical model of

~counterdiffusion that combines both perfusion-limited and diffusion-
limited models across a slab of tissue. Using this model, we explained °

why we didn't see bubbles. We assumed that bubbles were the normal
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state ;f affairs, and tried to exélain their absence.

The model assumes the tissue has a moving slab of blood behind it,
a surface.area, a diffusion distancé, and a diffusion rate. This
model uses>a block instead of a g¢ylinder, but 1is otherwise very siﬁilar
to a Kfogh cylinder. | ) .
. Fig. 1 here -~ slqi model

The dynamics.of the rabbit's.QYe are well documented in terms of
thickness and perfusion with aqueous fluid, and for simplicity we assumed
that everything in the eye was aqueou;'rather than fat., We didﬁ'g worry
about solubility cdefficients, either -- if they play a part, it ;ill
only be to make bubbles come more easily. Theoretically, theﬁ, theré‘
would be a éuper#aturation at the base of the cornea at the corneal-
aqueous fluid surface, which would be less than the ;ntraocular pressure -
at sea level using nitrous oride and heliu;. Exposing the animal to
5 atmospheres or so would :zavse the intraocular pressure to fall to an -
insignificant level, at which point it would be possible to generate gas.
It would take about 48 hours to ‘generate one milliliter of gas. At the
same time, anylgqgll bubbles that wé;e generated would be carried away
in the aqueous drainage. We believe"this explains why we didn't see any -
bubbles in the eye. On the surface of the eye there would not be any
o;erpressure -=- since the conjuncti@g'itself.ﬁas no perfus;on, the pres-
sures would be much lower.

In the skin, the same model would predict that_counterdiffuéion
would generate a supersaturation and bubbles. We had attempted to
‘measure this supersaturation by gas analysis several times, without

success, so we decided to measure it directly. We chose the rabbit's

ear because there wouldn't be any question of muscle artifacts, and
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because the ear could be isolated and experimented on without killing

the animal. We simply inserted a very small multi-hole needle into the
spbcutaneous tissue, countérdiffused the animal, and measured the tissue
préssure. Within 5 minytes of swigghing from air breathing in an air
environment to nitrous oxi&e Preathing with the éar sﬁrrounded by helium,
we obtained pressures in.e;ce;s of 100 mmHg above ambiéh; pr;ssure; The
median 1ﬂcrease in this i;ferval was about 40 mmHg. The precise increase
in pressure apparently depends on the architecture .of the particular

rabbit's ear and the location of the needle. .

Many of the tracings (Fig. 2) show periodicity. The air breathing-

Fig. 2 here - pressure tfacipg |

air envifonment portion of the experiment, which appears on the tracing
as a flat line, reflects in effect a control condition. Within Eﬁo nin-
utes of the switch in gases, theré'is a rapid response in the form of a
pressure increase. After reaching a maximum pressure, there is a ten-
dency for sudden_drops and increases, shown on the tracing by this saw-
tooth.pattern. We felt-that this was adiabatic expansion, with an initial
bubble.ngcleug transmitting.fressure hydrostatically through the tissue

fluid.

-

At the point at which the tissue cleaved, there is a drop in pressure

and & larger gas space, and”fhenwthelﬁressure builds up again in the
larger space. We have been able to simulate this by ;ujecting gas into
the rabbit's ear via the same.set-up,“and hgve~producéa.the same pres-
sure tracing pattern. We think this is hydrostatically trénsmitted
pressure caused by an increase in pressure in a microbubble, small bub-

bles, or bubble fluid.
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Ve hav;'for the first time been able to show an acﬁﬁél increase in
tissue pressure of up to 50 mmHg during counterdiffuaion.“lt has been
suggested that the bubble, o? gas phase, may have been introduced by
the needle rather fhan caused by the'supersatur;tion,bbut’since we h;Ve
not medicated the animal and have only disrupted it to the extent of:
inserting-a fluid-filled néqdlé into its ear, w; feel that is unlikely.
Also, the pressure in the ear tissue of the several rabbits we injected
built up to about 20 mmHg befogg the first drop in pressure. But this
cleavage pfessure varied a great deal depending on where’oﬁ the rabbit's
skiﬁ surface we injected the needle. It was greatest at the nose and
the ;:Lps of the ears, where it reached about 200 mmHg. On rabbits,
these are the only poinfs at which the skin is attached c¢losely. }t
appears that where the skin is tight, the gas pﬁase is very small --
there is a correspondence ﬁgtween the size of the gas phase and the
tissue deformation pressure oé.cleavage iressure. "The time intefval
between the peaks would range from about 1 to 2 minutes.

To'ierify some of';u;“fipdings, we created an ear window in the rabbit
by removing the cartilage on one side of the skin and leaviﬁg the other
side of the skin intact, with.}ts blood supply. Then we couﬁterdi;fuéed
the animal. Rabbits have an.}fteresting characteristic: fhey regulate

Fig. 3 ﬂ;re - window éet-up
thermally via two mechanisms, panting and changing the quéd flow to
their ears. There ;s a iinear correlation bétw;en these two phenomena,
as shown in Fig. 4. Despite the physiology textbooks, rabbits do not

Fig. 4 here - temp/resp. rate graph

breathe at 50 breaths a minute. They breathe at a higher rate, but if
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.you éive tﬁém barbiturates the rate drops to 50 per minﬁ;e.' We tried
in these experiments to uge respiratory frequency as anAindex of the
perfusion of the ear. We coﬁnterdiffused 5 ra§b1ts, and their respira-
tory frequencies,:which vary naturally, gave us.S diﬁfgrent perfusiéﬁ
rates. We then measured the volume of gas released or ggnera;ed in" . the
7-cm? ear window area, using ;'gas-tight sytinéé, and then we measured
the gas composition of a saﬁple of this gas to obtain the'nitrous oxide
to helium ratio (Fig. 5).
Fig. 5 here - expt. results N,0/He
Table 1 shows the data for these experiments. The correlation is
Table 1 here - summary table -
between breathing rate and rate of gas evolution. We usged at leagt 7
volume measurements to calculate the rate of gas evolution per minute.
These data confirm the raéés per square meter of skin surface seen in
the pigs; the order of magniéﬁde is the:same for rabbits and piés.
Our mathematical model would predict, brgathing 802 nitrous oxide
of nitrous oxide to helium and the perfusion (Fig. 6). If the experi-
Fig. 6 here - math predicticns )
mental data (Fig. 5) are compared to the model's predictions, they
show a similarly shaped humé;backéd Curve for the gas evolution rate,
and an almost linear relation between the nitrous-oxidgjhelium ratio
and the tespirator; raté. " - i -

This series of experiments was interesting because, without doing

any gas analysis, we were able to confirm directly that counterdiffusiom, .

produces an increase in tissue pressure,
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SUMMARY TABLE 1
F  WOiHe " EVOLUTION RATE
BREATHS/HIN S sy SER HLS/uiN/Me ~ CORRELATION

1 158 26 5,00 * 0.30 2.7 .94

2 55.  t7  1.63 % 0.20 2.0 .9

3 135 t7 546+ 0,13 9.7. .99

y 88 +2 2,76 % 0.14 4.7 .9

5 94 ty 2,40 0,19 6.8 .98
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A.

Diséussion

Have you attempted to measure tye cleavage pressure after in;
jecting fluid instead of gas? .

We have not done thag experifent yet. -

Is this bubble formation self-contained, i.e., limited to the
skin, or does the gas get injeqteﬁ into the capillsries?‘ If it
does get into the capillary, yog.would expect to see, after a
long experiment, some hematologilcal evidence of endothelial
damage. | :

It ﬁa&ibe that the hemorrhagic skin lesions seen in the pig
counte:diffusion experiments correspond to that sort of damage.
Did you see any evidence of bubbles at the central venous location
before gas formation occurs in the sk;p?

You see bubbles building up iﬁ the tissue which are palpable. 1If
you follow the lymphatics you can dissect éhem. Rabbits have
lymphatic emboli but mo venous emboli. They only occur in the

venous syéﬁem below the p;1;€ in the vena cava where the lymphatic

system dumps.
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INERT GAS EXCHANGE IN THE MIDDLE EAR*

A, Ranade

I will briefly go over the dhéé for miéale ear gas exchangé, because ’
I would like later t; present an hypotﬂésis about how that gas exchange
is related to vestibular problems;.'

The gases in the middle ear provide an external environment for
counterdiffusion to the round window, 2nd so our first studies igvesti-
gated whether the gases in the external canal and the gases in thébblood
would provide a sufficient exchange to sustain the required gia&ient.'

We considered a model whose parampeters were: geometry of the surface

area of the tympanic membrane; thickness of the tympanic membran;; suf- .
face area of the affected mucosal .lining of the ear; the effect of
Eustachian tube function; the blood f}ow through the tympanié membrane;
and thickness across the mucosal lining. We uséd the 1deﬁ1 gas laws

and made the following aséﬁmptgogg: 1) the volume of the middle ear

cavity remains constant (any changes 'due to the effects of positive and

negative pressure would be so small it was safe to ignore them); 2) the

partial pressure inside the Eympanic-membtane remained uniform -~ no
loéal differences needed to be considered; 3) the Eustachian tube functions

as an ideal pressure regulator ~-~ as soon as the pressure in the middle

ear rises, the tube will open to vent the pressure, so that the pressure

within the cavity remains constant. Using these assumptions, and para-
meter values from the literature, we looked at how the model behaved

and how its results compared with experimental data.

* This paper is incomplete.
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One of our cafly experimants involved a tracheostomized caé‘
breathin , nitrous oxide while it was surrounded by air. The gas;é
in the middle sar vere sampled by a gas sampling syringe. As Fig. 1
shows, the gas uptake curve is not exponential, which w;uld indicate

Pig. 1 here - N20 uptake x middle ear P
a continuous exchange of nitrous oxide from the middle éar to th;-
outside through the tympanic membrane. This experiment strongly |
suggested that the membrane was signif}cantly permeable to nitrous
oxide, since the nitrous oxide was add;d to the respiratory trac;
below the level of the nasal pharynx and had diffused into the middle
ear through the blood flow in the mucosal lining and perhaps in the
tympanic membrane.

We then did three types of experimentg. One type was designed
to study the effect of the gases c;ming from the mucosal lining by
plugging the tympanic membrane with a dense plug of epoxy to prevent
diffusion across the membrane. To study the membrane effect only, we
would then fill the middle earucéyitg.with sulfur hex;fluoride and put
helium and nitrous-oxide or helium and neon in the breathing gas and
determine their uptake into the middle ear cavity. In the early part
of these experiments when the gas buiid—up was so small that the
gradient was not affected, we could ;éserve diffusion across the

tympanic membrane. (We ignored the effect on the mucosal lining in

these experiments,) . . -
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General Discussion -~ Session I

Dr. Vann: During the discussion today, diffusion between compartments
.has been neglected, From the time of Haldane on, people have
assumed that the body £s made up &f tissues and organs that
have different perfusion ra;és, different exchange rates.

These Brgans are occasibnaliy next to each ogher, and when

a concentration difference occurs between adjacent tissues,
there is going to be diffusion between them, and concsntratian
. differences and perhaps supersaturation will be introduced
into the system.

Dr. Tepper: An éXperimental ex;mp%e of the situation you}ve just described
occurs when one is tryin; to wash out and measure reﬁél blood -
flow with an inert gas .that is very fat soluble. The gas will
saturate the perirenal faq3 which will diffuse in and be measured
as part of the washout, skewing the &ata significantly.

'.There ate.glsq.rgal differences between the chromatggraphic -
and a totally perfusion-limited model; the predictions about

supersaturation made with the two models are completely dif-

ferent. In the cﬁromatographic model, theoretically, inert

gas switches can produce¢supetsaturatioqs in aqueous tissues:
which cannot be done in the pe;fusion-limited model.

Jumping from phenomenology to a model ggain, if we can
invent a diffusion mechanism, a chéﬁmato;raphic mechanism, to
increase supersaturations over those we'd predict with a
perfusion-limited model, how do we account for the time delay”

we see when the bubbles get back to the central venous location?
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We must éither assume that those bubbles were wéiéing to be
picked up, or were formed relatively recently. H&w does this
supersaturation havetthe supreme leisure to wait around for
8 hours before beeoming manifest? k "
Discussant: Perhaps the opening agd closing of pre—capilla;y sphincter,
valves, vhich accounts for the stop-start rather fhan continuous
flow of blood throuéﬁ_the capillaries, plays a role in the
i supersaturation time lag. Vascular tone, and actiye vascular
reactions, might explaih a lot of the variation &e{see.
Diééuésant: Yes; for example, the helium may come in and occupy what was
previously a nitrogen bubble, slightly expanding it. When the
circulation operis up again and the niyrogen comes back in, the
helium would of course diffuse out while the nitrogen diff;ses
in. This might initially aﬁpear to be simply a back-and-forth
situation, but in fact when the~ﬁitrogen diffuses back inm, it
.i is greeted. by a larger surface area in which to diffuse. So
“‘there is a contintous sort of rectified diffusiom occurring,
. with the bubble getti;g bigger and bigger. At some point,
presumably, it will block the circulation, at which time it

will have nitrogen at the blood end and helium at' the other

end, It is a highly unstable situation; it just continues
to expand until the partial pressures in the bubble are equal

%f to the partial pressures of the gases diffusing in, which can

2 never happen. Therefore the bubble just bleeps out through

i the venous end.




Dr. Karreman: Another concept that will become more importané as time

goes on, I think, 1s that of cooperative phenomena, such as

thoge that 6perate'ih-blood coagulation,

Discussant: Are there data on the -time lags involved in Dr..Cowley's

experiments?

Dr. Cowley: Yes; for the intact, undrugged animals I showed you, there

was a mean time lag to gye beginning of generating a steady-
state gas phase of 50 minutes, plus or minus a st;ndard error
of 20 minutes. A second group of animals pretreated with

10. milligrams of valfum, fntramuscularly, showed a time lag

of 248 minutes with an SE of 24 minutes. .We were “thus ablg to
exert the beginning of pharmacological control over the process.
In rabbits, the drué apparently interfered with temperature
control; in fact, it débpped the perfusion rate in the rabbit's
ears. If we could lower the perfusion rate of the skin it

ﬁight be possible té remove divers from the range of emboliza-

tion. It might be easy to do by just cooling them.

Dr. D'Aoust: It is important to remember that solubility is temperature -

dependent. -

—eus

Dr. Flynn: Wasn't the combination of valium and nitrous oxide inhalation.

Dr.

Dr.

-~ .

a potent cardiovascular depressant?
Cowley: No; the ra.l;bits were still walking ’érolmd and kicking, even ’

though their ear temperatures had dropped by 7 degrees C.
Flynn: What kind of rabbits were these?

Cowley: New Zealand Whites.
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Diséussant: Dr:,D'AOust, what.would you predict if you satuf;ted your
goats with helium and then switched them to nitrog;n?

Dr. D'Aoust: I would predict an:undersaturation, and Keller and Buehlmann's
work demonstrates i}.‘ I would now predi;t it on the basis ofifhe
ratio of blood-tissue solubilities rather than on the diffusion
coqfficients' ratio{ which we used in eaflier pubiications.

Petér Edel has shown éhat contrary to expectations, hydrogen
is between helium and nitrogen with respect to decompression.
We will be doing a hydroéen switch to confirm thisE;.

Discussant: Dr. D'Aoust, what happened when you went from helium satura-
tion, with goats, to a nitrogen or neon atmosphere?

Dr. D'Aoust: ﬁo isobaric phenomena happened, because we changed both ]
the breathing and the environyental gas.at the same time, in
the middle of the de&ompressién.

Dr. Lambertsen: Here at the Institute, we ha& several different kinds of
isobaric phenomena occurring either sequentially or simul-
taneously. For éxahble: our subjects were saturated with
nitrogen at the beginni;g of the experiment, and then were

switched to helium. Then they were saturated with helium and

changed to neon; later, they were breathing neon while sur+

rounded by helium, which means there were three different
isobaric phenomena in one.set of experiments. Thgf.ﬁeeds to
be looked at in relation to the earlier discussion that
saturation on helium followed by a switch to nitrogen causes
vestibular problems.

Discussant: Perhaps we ought to stop switching gases toward the later

stages of decompression, since we have seen such a high
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percentage of casés of inner ear decompression stckiiess after
the switch. However, these inner ear cases might still be
counterdif fusion phénomena, because there is a fluid reservoir
in the inner ear that is saturated with helium, and the diver
then goes to a ni;réggp environment. The divef's skin 1s su;-
Founded bj nitrogen, aﬁd he is breathing nitrogéh, bué in the
iﬁner ear compartﬁeht, the blood carrying nitrogen is coming

into this helium reservoir.

Dr. Lambertsen: There is definitely the potential for a counterdiffusion

episode in these vestibular cases, but it still might be a
form of decompression sickness. We have at least ruled out
one factor: a decrease in pressure. Theée divers were either
at 1200 fsw or in decompression. But it's difficult to pin~
point where the cbunterdiffusion lesion is: in the vasculature
of the inner ear, the fluid compartments of the inner ear, or

whether it is caused by endolymphatic hydrops. It is also

. difficult to relate these occurrences to Dr. D'Aoust's expefi—

.

_ ments.

Dr. Flynn:

Also, there were néhvestibular problems on the nitrogen -
exposures down to.AGO fsw, but after a helium di#é, there w;re
vestibular problems at 150 fsw. Further, even after a ;ay of
exposure to helium at 400 fsw and a sudden switch to nitrogén

breathing, the only problems were cutaneous ones.

Dr. Lambertsen: True, and once the divers were at 1200 fsw and exposed

to a denser gas, they did have vestibular problems in 3 out

.

of 4 cases,
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Discussant: bidn't'thaé only occur in neon, or on an exposure fiéhc
after a neon interval?

Dr. Lambertsen: To our knowledge, tﬁis is the only episode of its type
that has occurred with no change in pressure: _ .

Discussant: There was a similar event,;nvolving Xenon as an énegthetic,
which was followed postoperatively by vestibular deraﬁgement.
That was also an isobariéisituation.

Dr. Hempleman: I noticed in one of your examples that using SFg as the
breathing gas caused no bub;iing at all in the circuméténces
‘you've experimented with.

Dr. Lambertsen: We expected to see a problem with SF6, but we didn't;
perhaps the situation was hidden, or maskeg, or perhaps the

symptoms were just too insignificant to be noticeable.

Dr. Yount: If there is anything to Cowley's results with the eye, and
the prediction of the volunme of gas réleased, the overpressure

with SF, should be high. The total volume of gas produced,

6
because SFg has such’ a"low solubility, would be similar to
that for nitrogen, ra‘her than a high volume as with nitrous
oxide, which would be consistent with a low solubility in. s
water. ) T ,‘

Discussant: Yes, but the fat solubiiiiy of SF; is very large; however,
the fact that it has low solubility in water fits with the
superficial situation. | - "

Discussant: How do we explain the situation in which the diver with
decompression sickness is recompressed on air and complains

that the pressure is making his pain worse?

Discussant: Oxygen is an inert gas until it is metabolized; in some




sifuatioﬁs where there is a near~zero level of'metabolism‘in

the tissues involved, we would expect oxygen to act th;t way.

.Examples are fluids that ﬁave no circulation: the aqueous
humor of the e&é, and perhaps the:innet ear fluid. Oxygen
may behave as an inert gas in the inmer ear fluid.

Discussant: To what extent do you think that the rate of emboli;aCIon‘of
nitrous oxide might have.Seen artificially high due to emboli
coming up the vena cava and picking up nitrous oxide?

Dr. Bemnnett: That's difficult to answ;r because the time requiréd»for
"2 bubble to grow and reach near-equilibrium with the blood is
not very long; with very tiny Pubbles, the time may be only
seconds. We have tried to measure the rate of equilibration
with tonometers by injecting a bubble and then serially
analyzing it, and it 1§'simp1y iﬁpossible to catch it before
equilibrium has essentially been reached. I would guess
that whatever the bubbles are like when they reach the vena
cava is what they'ré like further down in the circulationm.
However, they might coalesce on the way up, after coming
from different capillaries. But I don't think the individual
gas partial pressure chané;s. ‘ .

Discussant: I wonder whether this v:;ou5»gas ;mbolization is going to be
clinically significant -- for example, in the presence of
cutaneous lesions? . . ’

Dr. Lambertsen: I don't think there is anything to worry about unless

.here is itching, because there have never been vestibular

problems without severe skin lesions or lesions without severe
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itching. But I do worry about the interactions amoﬂg these
several phenomena, where, for example, one phenomenon re-

. inforces another and makes it serious. These are the things

that have praétical 1pplications.for diving practice.

Dr. Lanphier: I am generally skeptio§1 about modelling, and I think
it's.important to remgmbef that in the case of bubbiing and
decompression sickness,'no one has ever tied them together
sufficiently to relate them usefully. It has been said that
capillaries open and close; what happens to the Rouéhgen

- cylindexr when the capillaries close down? Maybe Roughten
- integded his tube as a schematic, in which the capillary is
assumed to be in the middle of this very regular tuhe. But
what if the capillaries are scattered about.and shift over
time, so that mathemaéically the summation is the same as if
you had a central capillé}y inside é cylinder? Expressed
differently, if there was a big slab of tissue with capil-

laries all over, 6behlng and closing so that the shear was

decreasing and enlarging in diameter and moving from place

to place throughout the larger glab, the effect in any one

position with the overlapping of these discs would be, over-
a period of time, that they would all équalize.ouc and could
be summated in a simple mathematical form. 1Is it possible,

perhaps, that Ehe bubble of decompression sickness is some- .

where in an area that has somehow been left out of this

shifting geometrical pattern?




'-Discussanc; The problemé you raise can be handled either by assuming
that the capillaries are random, or by assigning them a

definite probability distribution. That way, you could

L R figure out what the equivalent capillary would be, in the

: . random case. 'Héwevet, Iaagree with Dr. Teppér that capiilary
.position is not ra;dom, but scattered with a purpose. in the
second case y;h‘mentioned, once you have the probability
distribution it is relatively simple to solve the problem.
1f, as you suggested, the capillaries are moyihg, that can
be handled mathematically either by a stochaséic approaéh or
something else.

Dr. Lauﬁhier: It's important to remember that tﬁe capillaries are

opening and closing to change the C03 and POy, not to-relieve

- inert gas. Also, even if the process is random and the exit

concentration is uniform, the local effeéts are different.

You are probably hitting a boundary reéion when a capillary
doesn;ﬁ open; diffusion probably affects it. It doesn't really
matter if there Is an interaction between perfusion and dif-
fu;ion if it's an axial or a radial grade in, because the

same pheﬂomenon could occur radially, too. Any geometric

relationship that-causes perfusion and diffusion to interact,
whether axially, radially, or square, can produce the saﬁe type
of effect. If there was a counterdiffusion’ system with the

endolymph and the perilymph, it would slow helium washout.

As the nitrogen went around in the perilymph, it would make

a hairpin curve.




r' R S m— M

Dr. Farmer: The perilymph and endolymph really don't flow like that.
The cochlea is richly supplied with blood vessels all the way
around its turn, so that what is happening in one section

is very similar to what's happening in another. It does

o _ not depend on how the perilymph and endolymph flow in relation
' to each other. ' .

Dr. D'Ashst: In responsé'to Capt. Bornmann, the evidence obtained by
watching the conéentration of venous biood change after
decompression is, -as you say, that the decompression per se ;
alters the rate of nitrogen elimination, prob;bly by affecting |
the vascular programming; whatever it is, it's apparently
related to oxygen demand. If you coﬁpute two curves, you

get a mixed venous blood desaturation. Assuming that- one curve

reflects a normal bodf'desaturation (the one I am talking about

would be just switching to oxygen and wafching the nitrogen
come out isobarically), you watch the nitrogen ;om; out after
decomﬁressiqg.and plot that to the same fractional scale. You
have to accept the conclusion that a lot of nitrogen is left
i; the system. 1f you compute that nitrogen, on the average,
again, éﬁd thinking of the body as one compaftment, you ;111 _
get enormous supersaturg;ions., Since we know that ;ubbles
form at supersaturations well below thése, we are forced.to -
assume.that these bubbles do affect the capillary flow, and
probably whole groups of capillaries, and probably whole org

parts. That is consistent with the data one gets looking at

mixed venous blood. You will get about 10 microliters of
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nitrogen.per cubic centimeter of blood; if you breathe oxygen
suddenly, that figure will drop to 1 or 2 cubic centiméters,

-and if you decompress to 60 fsw, in goat and dog data that will

drop almost to fhe ambient level er to 102 of capacity. It -
is as if you are recirculating blood without picking up any

tissue nitrogen. This f;ts"in with earlier Eommenﬁs that
decompression is a real sfress on this normal vascular program-

ming, whatever controls it.

Dr. Hempleman: We tend to lose sight of the fact that in liquid; and in
B .Elood, nothing will happen unless there is a nucleus. It is
therefore profitless to pursue mechanisms that will produce
supersaturations of negligible proportions anyway, compared
with the atmospheres necessary to break liquids. It is the

nuclei that are important (and they only seem to occur in

blood). In endless experiﬁénts, the‘first bubbles seen are

vascular. Most -of us believe, I think, that the bubbles in

both decompression éiéﬁhegg and counterdiffusion are vascular.
Dr. Flynn: If you.assume that there is a certain distribution of radii

of these gas nuclei in order to recruit any significant number, -

it might be necessary to have a cergain supersaturation before
you could begin to expandr;ny of them. But according to Dr.
Yount's model, it would need to be a relatively largi phcleus
that would expan& with the minimal amount“of“supersaturation.
Dr. Hempleman: 1In 1972, when the first pictures of the counterdiffused

pig were shown, Keith Miller said to me: one thing that this

shows is that there are plenty of nuclei about and they're
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Dr. Yount:

I

very easily provoked. I think he was totaily correct.,

I agree with that statement. About models, although I'm a
model builder myself -~ the idea is to find a problem to model
that is simple enough so it can be solved, The real world of .
capillary beds is t;o~complica£ed to solve. Also, model
buildérs only extract thé most important features ;f the real.
sitﬁation to model; iﬁey disregard the details.

What I am inte;ested in about supersaturation mechanisms
is that: 1) supersaturatibn is feasible; 2) the amount of
supersaturation that is feasible is about 30 or 40 percent;
and 3) it usually takes about 20, 30, or 40'minu£es to get a
supersaturation, hut it can also be quite quick. Vith this
information, I know what I need to know from the model build;rs;
I am now ready to make tables.br whatever else.

In response to Dr. Hempleman, I believe there are nuclei
in aqueous mgdia of all types; in the bones or in anything
that has water in. it, it is almost imposéible to get rid of
a nucleus. I would the;efore expect to see bubble formation
in'fﬁé vitreous humor, ih the skin, almost anywhere, in fact.
1 also believe that most“bubble formation occurs in the tissue,
and I invoke the concept of tissué deformatian‘pressure to
account for what is seen. A bubble growing in tissue. will
only grow to a.limited deéree, maybe to 5 or 10 mi;rons, at
which point its growth will stop because of deformation

pressure. It may then serve as a site for secondary bubble

formation; Dr. Corley's talk showed that the bubbles stop




growing at around 15 microns. Thereafter, it sends out one

bubble at a time, which then gets into the bloodstream, where

it can grow indefinitely. There is no tissqe deformation
pressure in the blood,- and these pubbles, of perhaps 100 microns -
or largét, can be detected by Doppler or even be seen —— but

not in. the tissue, because-they are too smail there to be

detected.
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INITIAL CONCEPTS

D. Graves

When Dr. Idicula of the Institute staff originallf contacted me
about the problems with the skin lesioms, D;. Quinn, who was also in
the Chemical Engineering Departmegt, a;d I came up with the foliowing"
idea. We propose& a model with twa'}ayers of material -~ not necessarily
physically distinct layers, but something that offers resistance tb
the transfer of material -- called fo; convenience layer A and }ayer B.

Fig. 1 - schematic of model

One gas is diffu;ing in one direction and another gas in the opposite

direction. In a physiological situation, gas 2 is dissolved in.the blood

and is diffusing outward through the skin, and gas 1 in the surrounding
atmosphere is diffusing in and being carri;d away by the blood. In the
simplest conceptual terms, if we assime that the gas contacts first the
layer that has the least resistance, the drop in partial pressure of
gas 2 will be 'less steep in thisglayer than it is in the outer layer

and, conversely, for the other gas the drop is less in the outer layer

than in the inner. If you add the partial pressures of the two, the sum -

will exceed the ambient pressure P, which is assumed to be the same on i
both sides, and will be at a maximu;mfetween ;hese'two layers.

In this model, which isn't new, the pressure can be desc:ibed by
an equation in which the thicknesses Gf the layers 3re"represe;téd by
Axy and Ax,, and there are four constants: the permeability for gas 1

'through layer A and through layer B, and the permeability for gas 2
through layer B and through layer A. Solving this equation will tell

you what the partial pressure at the interface between the two layers
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will bé. This model makes a number of simplifying assumptions: that
there are pure gases on the inner side of the layers and that there are

equal pressures; that the permeabilities are comstant; and that the flux

of gas is a simple linear.relat{oqship given by: flux equals a constant
times the partial pressure diffe;eﬁce, divided by the thickness.

I said before'that the gas had t; contact the most permeaﬁle laier
first in the twollayer sequence. -fhe only thing that 1is necessary is
for the relative permeabilities to be different for the right membrane
or the right layer. If there are 1ayérs with differeat semi-permeabilities,
they have to be arranged in the proper sequence, i.e., if you dog't get
supersaturation with one arrangement, switching the two gases should
produce it. This is an important_gnd interesting coroll;ry to this
simple model. Also, there is an optimum ratio of the thickness;s of i
the two layers that yields the maximum suﬁérsaturation or the maximum
amount of dissolved gas in the system. -

Fig. 2 - transient situation schematic

The transient situation,nasvfig. 2 shows,will be the sum of two
exponentials. The total response can be a simple exponential, an
overshoot which'iﬁitially goes to a.higher total pressure and then.comesﬂ
down to a steady state, a décrease below the steady state followéd by a
réturn to the steady state, or a sitﬂati?n ;d'which the first exponential
starts to come up to the steady state and then the second exponential
takes over, producing a two~humped reéponse. Any of these foﬁi tyres
of transient behavior is possible.

Fig. 3 - oii-water membrane
Figure 3 shows the simple experimental device we bullt to test our

model. We saw bubbles at the interface at a pressure of only one atmos-

phere of helium or nitrogen. We would have achieved an even greater
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effect by using he}ium'and nitro&s oxide.

Figure 4‘shovs.a second but similar experiment, using solid:raéher
than liquid membranes, such as silicone rubber and ethyl cellulo;e.
The.gases.were again nitrogen and helium. The curve represents the
theoretical predicFion from the ko&el, and the circles represenf the
experimental data ﬁoints.' The fit isivery good; the model seems to
work well for all the conditions we've tried. . A

We also looked at what happens in a membrane blood oxygenator
which- gets rid of carbon dioxide and perhaps dissolved nitrogen!fhat
may be.gregent in the blood, and which is in contact on the othéfAside
with pure oxygen. We wanted to see whether bubbles formed in the blood

Fig. 5 - blgbd oxygenator model
oxygenator. We assumed, as Fig. Sishows, that there was one la;er that -
had a film of blood with a thickness representative of the blood flow
rate, and another membrane, usually §ilicone rubber. Oxygeﬂ passed in
one direction, and nitrogen and carbon dioxide'moved in the other. In
this situation we identified a ggcond mechanism, which we called exéhange
rate supersatufation. Other inve;tigators have called it the sing;e-
layer modél. iﬁ‘éork; as follows: there is a resistance -~ perhaps a
membrane or another physiological styucture -~ and blood or anotheflfluid
on one side of the resistance, supplying a particglar gas, and another
gas on the other side of the resistance.~'T$; layer or resistance allows
one gas to penetrate in and be taken up by the blood faster then the
substances dissolved in the blood can pass ou; in éhe other direction.
An example of this situation is an air-filled balloon in a helium or
hydrogen atmosphere: the balloon expands because the hydrogen or helium -

penetrates into the balloon faster than the air can escape, so there is
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an 1ncr§ase in the.tot;1 amount of gas w;thin the system. Our.tﬁeoieticgl
results with this model, however, were not exciting (Fig. 5). fﬁere was
some supersaturatiom, and the dashed and solid curves show the max;num
and minimum estimates. ﬂépending on vhethe{ you are aé the blood entry ~
into, or exit point from, the oxygenator, there are differegt dggreeq
of supersaturatiop. The maximum -in any situation would be 150 ;o 200 torrs.
Finally, although counterdiffuéion generally has negative effects,
we were able to use it beneficially t? produce a commercial device for
analyzing gases.‘ Figure 6 shows a préiotype of this device. Azréference :
o Fig. 6 - measuring device
gas passes th:oqgh one chamber, and a sample gas flows through the other
chamber, A pressure transducer is-connected to the inner compactment,
so ﬁhat the pressure you read will indicagg the composifion of the gas. ;
The difficulty in design was to dévise a technique to make the membranés
extraordinarily thin and yet strong enough to ﬁithstand fairly high
pressures. We have done that, and the device measures gases such as
oxygen-nitrogen mixtures, nit?oﬁ§'o¥}de, ammonia, an& half a dozen other
gases, with a time constant of 5 seg?pds. After a gas switch, the meter
changes in about 5 seconds. I'll close with that glimpse of one of the .

useful aspects of counterdiffusion. ' -
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Discussion

Q. Would your first model, with the oil-water interface, fit th; ear
counterdiffusion situation?

A. No, it fits the skin.‘ It is-important to realize éhat the skin can
be'very thin. ihe skin should be fhought of here as a place for
many millions of circulatory'an§ iipid-aqueous loc;tions.

Q. Would you agree that, strictly speaking, only the solid nembfane
model is rea;ly diffusion-limited? The oil-water model would. have
some picro—circulation, wouldn't it? ;

A. Yes, tﬁat's certainly what the theory would say.

Q. At what pressures will your gas analyzer work?

A. With the nitrogen and heli;m,-he had pressures up to 0.5 aﬁhospheres:
But in other cases I don't tbink we went over 1 to 200 mmHg.

Q. With the analyzer, does there.have to be a different aréa of the
membrane or a different thickne;; for each.gas pair?

A. If you want optimum response, the pair of membranes should be set
at the right thickness r;;i;;, and they should be made of the right
materials.  But in practice, one membrane pair would probablyAdo
for several different binary mixtures. )

Q. Doesn't this device work on the same principle as one develéped by*
Folkman in Boston several years ago? -

A. No, that was a transient device, while ours is steady stit..
gives you a continuous and accurate record of Ehe’composition of
the gas stream.

Q. What were the pressure transducers you used?

A. Ones that are commercially available.
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Q. What {s the accuracy of the device?

A, It is within a few percent, certainly less than 5 percent.
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HULTfPLE INERT-GAS BUBBLE DISEASE: A REVIEW OF THE raﬁoﬁr#'
David E., Yount

This paper is a review of the theory of multiple inert-gas bubble
disease. The organization is etiological, that i1s, the two factors
required to produce the disease—nucleation and supersaturation-—are
considered in that order. Although the novel aspects of the theory -
pertain mainly to supersaturation mechanisms, rather than to nuclea~-
tion, a discussion of nucleation is appropriate because it can tell us
what happens when a state of supersaturation is achieved and how much
supersaturation is required to produce signs and symptoms.

Before dealing with the two main'topics, we shall attempt to define
more precisely several of the terms that will be used. Eirst, ‘we shall
define. "exogenous gas bubble disease'" as a disease syndrome associated
with the formation, via external causes, of gas bubbles in blood or
tissue. Two conditions permit bubble formation in blood or tissue:

1) the presence of gas or other nuclei and 2) the existence of a state
of dissolved-gas supersaturation. It follows that “decompression sick-
ness" is a form of exogenous gas bubble disease in which a stat2 of
supersaturation is achieved by reducing the ambient pressure. Similar-
ly, "multiple inert-gas bubble disease" is a form of exogenous gas
bubble disease in which a state of supersaturation is achieved by using
two or more inert gases, either sequentially or simultaneously. An
example of sequential use is the switching of the breathing mixture
from nitrogen-oxygen to helium-oxygen. An example of simultaneous use
is the breathing of a nitrogen-oxygen mixture by a subject immersed in
a helium~oxygen environment.

Decompression sickness and multiple inert-gas bubble disease differ
primarily in the manner in which the state of supersaturatiom is
achieved. Hence, we can anticipate that much of what is known about
the former disease syndrome will be  applicable to the latter. Further-
more, since compression and decompression frequently involve the use of ~
more than one inert gas, it is not uncommon for a critical level of
supersaturation to be produced synergistically, i.e., through the simul-
taneous action of decompression and .imert gas exchange which separately
might be harmless.

Nucleation Theory .

The relevance of nucleation theory to exogenous gas bubble disease
is suggested by four ab initio considerations. The first is the
generality of symptoms and the fact that almost any body organ or part
can be affected. Second is the fact that humans consist mainly of
water. Third, bubble formation is a general property of aqueous media,
and fourth, the thresholds for bubble formation in vitro are rematkably .
similar to those for the onset of symptoms in vivo.

* In the final report, the figures will be reduced and inserted
above their reapective legends, as indicated in the text.
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Three additional observations suggest that bubble formation is
initiated by stable gas nuclei. The existence of nuclei of some type
is implied by the fact that bubble formation often occurs at super-
saturation pressures of the order of one atmosphere, whereas the
theoretical cavitation strength of pure water is more than 1000 atmos-~
pheres. Stability is implied by the phenomenon of denucleation. A
gas filling is indicated by experiments in which samples are denucleat-
ed by degassing or by the application of static pressure. Solid or
1iquid nuclet, being essentially incompressible, would not be affected
by pressurization. , )

The existence of stable gas nuclel is a scientific paradox.  Nuclei
larger than about 1 um in radius should float to the surface of a
standing liquid, whereas smaller ones should collapse rapidly due to
the surface pressure 2y/r, where v is the surface tension and r is the
radius of the liquid-gas interface. TIn the crevice model .(Harvey,
Barnes, McElroy, Whiteley, Pease, and Cooper 1944), stability is main-
tained by using the walls of a gas-filled crevice to support an inter-
face that is ordinarily flat. (As the radius r approaches infinity,
the surface pressure 2y/r approaches zero.) This mechanism presumably
accounts for the familiar observation of a series of bubbles forming
continuously at some point on the inner surface of a drinking glass
filled with a supersaturated liquid, such as beer or champagne. This
process may also operate in vivo, for example, in the spaces between -
adjacent cell membranes.

There is by now considerable evidence that the main init{ators of
bubble formation in a bulk liquid are spherical gas nuclei stabilized
by an outer shell or skin composed of surface-active molecules (Yount
1979a; Yount, Yeung, and Ingle 1979). Such a skin opposes the inward
surface "tension" 2y/r with an outward skin "compression" 2I'/r. The
skin is gas-permeable initially, and during decompressionm, but it can
become impermeable if the ambient pressure is increased rapidly by a
sufficiently large amount. Thus the pores between the skin molecules
close if the magnitude of the compression is large enough. Bubble
formation occurs whenever the Laplace condition

Pes > 2/t W

is satisfied, i.e., whenever the supersaturation pressure pg, exceeds
the surface pressure 2y/r. o

The surfactant model is essentially a description of the way nuclear
radii respond to changes in ambient pressure. The model predicts that
there should be a one-to-one correspondence between the parameter rgin
and the number of bubbles generated by a particular family of pressure
schedules. By passing gelatin samples through Nuclepore filters prior
to compression, it has recently been demonstrated (Yount, Yeung, and
Ingle 1979) that rgi“ is the initial radius of an actual physical

structure capable of initiating bubble formation in gelatin.

Below about 8 atm, the surfactant model predicts that the family of
pressure schedules which yield a fixed bubble number N will be described
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by a linear relationship between the supersaturation pressure Pgg and
the initial increase in static pressure p crush °r, equivalently,
between the allowed pressure reduction Py - Py and the exposure pres-
sure Py:

" Pss ™ @ Perugh + b ‘ (2a).
Py-Fy=cPy+d . (2p)

For compressions larger than about 8 atm, the nuclear skins become"
impermeable. Impermeability is characterized by a decrease in slope
and by a departure from the linearity predicted by Eqs. 2a and b. The
decrease in slope occurs because the pressure inside a gas-impermeable
skin increases as the radius and volume decrease. The increase in
internal pressure aids the elasticity or compression strength of the
skin in resisting further decreases in radius.

The surfactant model is compared with data on bubble formation in
gelatin in Fig. 1 (Yount, Yeung, and Ingle 1979). The qualitative
predictions outlined above are confirmed by these data, and the quanti-
tative agreement between the model calculations (dashed lines) and the
data points is excellent.

Fig. 1. Supersaturation pressure pgg versus crushing pressure
Perush for isopleths of constant bubble number N = 0.1, 1, 10, 30,
185 and 200. Dashed curves are predictions of the surfactant
nucleation model (from Yount, Yeung, and Ingle 1979).

In Fig. 2, the predictions of the surfactant model are compared
with a compilation of decompression data for humans (Yount 1979b).
Although the available data for humans are highly variable, the simi-
larity between these results and the bubble counts in Fig. 1 is
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Fig. 2. Pressure reduction limits for humans. Below F; = 10 ATA,
the available data can be summarized by the straight line P; =
1.407 Py + 0.50 ATA, derived from the compilation of Hennessy and
Hempleman (1977). At higher pressures, the data fall well below

. this line and are better described by surfactant nucleation model .
calculations, such as VP2 (from Yount 1979b).

The fundamental hypothesis that lines of constant effective dose ED
are also lines of constant bubble number N has been subjected to a
direct test by Watt and Lin (1979), who used a.perivascular Doppler
probe to detect gas emboli in the rat posterior vena cava caudad to the
renal veins. Their results are plotted in Fig. 3 along with the ED-30
points for rats exposed to 6, 12, and 18 atm abs by Berghage, Gomez,
Roa, and Everson (1976). As expécted, the subsymptomatic line for
N ~ 1 measured by Watt and Lin (1979) lies just below the ED-50 pres-
sure reductions of Berghage and his co-workers (1976). Furthermore,
both data sets agree very well with -surfactant model predictions (solid
lines). Finally, it should be noted that the Doppler bubble-detection
thresholds determined by Watt and Lin (1979) for a second dive pérformed
24 - 96 hours after the first exposure are significantly higher than
those obtained on the first dive. We believe that acclimatiom of this
type results from a depletion of the reservoir of gas nucleil on previous
exposures.

It is evident from the data in Figs. 1, 2, and 3 that’ the degree of
supersaturation required to produce a given bubble.number, effective
dose, or level of incidence is a strong function of the initial com-
pression p.rygh OF the exposure Pj. This observation is particularly
relevant to multiple inert-gas bubble disease since inert gas manipula-
tion permits a state of supersaturation to be induced isobarically,
i.e., without compression or decompression. Thus, whereas all of the
data points in Figs. 1, 2, and 3 lie in the pressure region

Pss S Perush (3a)
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Fig. 3. Pressure reduction thresholds for bubble formation in rats.
This comparison of the effective dose data of Berghage, Gomez, Roa,
and Everson (1976) with the Doppler bubble detection data of Watt
and Lin (1978) suggests that lines of constant effective dose ED
are also lines of constant bubble number N, as has been assumed in
applying the surfactant nucleation model to exogenous gas: bubble

_ disease in rats and humans (from Young 1978). - .

data obtained isobarically may extend into a different pressure region

Pss > Pcrush _ (3b)

where : .
Pss = (T = Papblmax (4)

is the maximum supersaturation where

Perush = (Pamb = T)pay (5)

is the maximum over ﬁressure or crushing pressure, and where t is the
dissolved gas tension and p,n;, the ambient static pressure.

The pressure region defined by Eq. 3b can also be reached by expo-
sure to high altitude or by using slow compressions or stepped compres-
sions which permit a significant rise in the dissolved gas tension T
while the ambient pressure p,,; is still increasing. For the schedule
shown in Fig. 4, the supersaturation is given by

-

‘ Pss ® Ps ~ P§ . . (6)

where pg is the saturation or equilibration pressure and pg is the
final pressure at which the observations are made. By design, the
maximum overpressure p.p,gp Occurs on the first step and is simply the
magnitude of the initial compression.
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Fig. 4. Pressure schedules used to investigate bubble formation in
the region pgg > Perush: . Ihe definitions of pgg and perush are
symmetric 'in that pgg given by Eq. 4 is the maximum supersaturation
while porysh in Eq. 5 is the maximum overpressure or crushing pres-
sure. For.this schedule, the maximum overpressure is achieved on
the first step and is 4.1 atm. The maximum supersaturation is 20.4
atm (from experiments by Yount and Yeung). .

. Our interest in the variables pgg and p.pygn 1s due in part to the .
experimenral observation (Yount and- Strauss 1976) that bubble counts in
gelatin depend only upon these pressure differences and not upon the
absolute pressures per se. Furthermore, since p.pygn is determined in
a stepped compression by that increment which has the largest over-
pressure, any other increments, whether they precede or follow- the
largest, will have no effect. These generalizations are confirmed by
the gelatin results plotted in Fig. 5, which were obtained with a class
of pressure schedules analogous to that shown in Fig. 4. The measured
points extend well into the region defined by Eq. 3b, and over much of
this region, the dashed lines calculated from nucleation theory (Yount
1979a3) give an accurate description of the data. Satisfactory agreement-
with the aberrant points at large pgg and at large Peruysh can be obtained
by taking into account the thickness of the nuclear skins.
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Fig. 5. Supersaturation pressure p.. versus crushing pressure
Perush for constant bubble numbers N = 1, 3, 10, 30, 50, 100, 200,
and 500. These data demonstrate that the region pgg > Pepysh L5 -
physically meaningful and accessible to experiment through the use
of stepped compressions such.as that shown in Fig. 4. Over much of
the new region, dashed lines calculated from the surfactant nuclea-
tion model continue to give an accurate description of the data
(from experiments by Yount and Yeung).

Fig. 6 is the dive profile used by Lambertsen and Idicula (1975)
and thejr associates to investigate the effects of various respired gas
mixtures at ambient helium-oxygen pressures up to 1200 fsw. Clearly
this is a stepped compression. Furthermore, the steps at 400, 700, and
900 fsw are of sufficient duration to permit equilibration of the gas
tension T with the ambient pressure pgmp. It follows that p.pygh for
this profile is 400 fsw, rather than 1200 fsw, and hence (from Fig. 2)
the allowed supersaturation is only-about half of that which would be
permitted after a continuous rapid compression to 1200 fsw. It is also
important to point out that in a dive of such long durationm, the pro-
phylactic benefits of a large initial compression may be significantly
attenuated by the in vivo regeneration of gas nuclei during exposure.

The prediction that the supersaturation tolerance of a subject
should depend strongly upon compression rate-as well as compression
magnitude follows directly from nucleation theory and cannot be derived
from conventional analyses of inert~gas exchange. The relevance of
nucleation theory to the etiology of gas bubble lesions in the skin and
in other tissues exposed to the ambient gas mixture during chamber dives
is even more profound. The time required for such tissues to equili-
brate with the external gas may be very short. The gas tension t would
then follow closely the ambient pressure panp, $© that the overpressure
Perush Wwould be small--even during a continuous compressionm. Exposed
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Fig. 6. Dive profile used by Lambertsen and Idicula (1975) to in-
vestigate the effects of various respired gas mixtures at ambient
helium-oxygen pressures up to 1200 fsw. The value of p.p,gh fOr

this profile 1is 400 fsw, rather than 1200 fsw, and hence (from Fig. 2)
the allowed supersaturation is only about half of that which would

be permitted after a continuous rapid compression to 1200 fsw. Co-

tissues would then have a much lower supersaturation tolerance than
deeper tissues with a longer time constant for gas uptake. This would
not be a serious problem during decompression at rates slow enough to
permit dissolved gas to exit the faster tissues. However, large super-
saturation pressures can be achieved and maintained in exposed tissues
via the isobaric mechanisms reviewed in the next section. The combina-
tion of large supersaturations and small tolerances would make the skin
and other exposed tissues particularly vulnerable to multiple inert-gas
bubble disease.

Multiple Ineft;Gas Supersaturation Thebry

1. Deep-tissue or whole—body supersaturation

In 1959, Hannes Keller pointed out the theoretical advantages of a
shift from helium to nitrogen during decompression (Tepper, Lightfoot,
Baz, and Lanphier 1979). The basic idea is illustrated by the rudi-
mentary example shown in Fig. 7 (Yount 1978). Only one tissue compart-~
ment is involved, and the tissue half-times for two different inert
gases in this compartment are 20 minutes and 40 minutes, respectively.
No other gases or vapors are present. The compartment is subjected to
a pressure of 4 atm abs for a period of 80 minutes. The faster gas
(Fig. 7a) requires a 27-minute decompression, and the slower gas (Fig. 7b)
requires a 29-minute decompression. By switching from the faster gas to
the slower gas at the midpoint of the exposure (Fig. 7c¢), the decompres-
sion obligation is reduced to zero. In a practical diving table based
on this idea (Keller and Buehlmann 1965), the time to decompress from a
120-minute exposure to 130 fsw was 15 minutes. Without inert-gas
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Fig. 7. Illustration of how inert gas switching can be used to gain
a decompression advantage. The faster gas (a) requires a 27-minute
decompression, and the slower gas (b) requires a 29-minute decom—
pression. By switching from the faster gas to the slower gas at the
midpoint of the exposure (c), the decompression obligation is
reduced to zero (from Yount 1978).

switching, 210 minutes would have been required.

The ratio of the tissue half-times between nitrogen and helium is
assumed by Keller and Buehlmann (1965) to be 2.65. For a diffusion-
limited system, this result can be derived from Fick's law

= ADS(hp/Ax) .(7)

where q is the flux or the diffusion’ rate for a gas with diffusion co-
efficient D and solubility S in the barrier material. The area of the -
barrier i{s A, its thickness is Ax, and the pressure drop across the
barrier is Ap. The ratio Ap/Ax is referred to as the pressure gradient,

Since the diffusion coefficient D is inversely proportional to the
square root of the molecular weight of the gas, the flux (q) is propor-
tional to the solubility and inversely proportional to the square root
of the molecular weight. Similarly, the rate at which a material
saturates is proportional to 4/S, the rate at which gas enters divided
by the quantity of gas that the material can contain. Assuming that
the solubilities for the barrier and for the material being saturated
are the same, then the "saturation speed" is independent of the solu-
bility and inversely proportional to the square root of the molecular
weight. The ratio of the "solubility speeds" for N and He is
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/28)F = 1/2.65 - (sa)
and the ratio of tissue half-times is

(28/4)F = 2.65/1 (8b)

Keller and Buehlmann (1965) postulate that the system is diffusion- -
limited by the rate for inert-gas exchange of blood in the lungs. In
this case, the ratio of half-times for nitrogen and helium would be
applicable to the whole body, i.e., to all tissue compartments. These
authors also state, "it is possible to obtain a desaturation of the
body with a switch of gases without any change in pressure." This
phenomenon, which we might now call "isobaric counterdiffusion desatu- :
ration,”" is evident in Fig. 7c¢, where a decrease in the total dissolved j
tension T( + 712 begins half way through the exvosure at the moment the
two inert gases are switched. .-

Of course, if isobaric counterdiffw:sis~ <esituration can be achieved
by a judicious manipulation of inert gxas#. inen isobaric counterdif-
fusion supersaturation can be produced % ¢ .imple reversal. This
possibility is illustrated in Fig. 8 (iaitsrtsen and Idicula 1975) for
hypothetical half-times of 240 minites for nelium uptake and 480 minutes
for nitrogen elimiration. The ambient pressure is constant at 200 fswg,
yet the dissolved gas tension increases by as much as 57 fswg. ' Assuming
an oxygen window of about 7 fswg, the wet supersaturation is 50 fswg.

Fig. 8. 1Illustration of how inert gas switching can be uéed to
achieve a state of supersaturation by isobaric counterdiffusion
(from Lambertsen and Idicula 1975).

To determine whether the supersaturation achieved in Fig. 8 would
produce symptoms of multiple inert-gas bubble disease, we refer again
to Fig. 2 (Yount 1979b) and particularly to the compilation of Hennessy
and Hempleman (1977):

Py = 1,407 Py + 3.50 atm abs (9a)
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Py -Pp = 0.289 Py + 0.36 atm © (9b)

For an exposure of 200 fswg = 7.06 atm abs, the allowed pressure reduc-
tion is 2,40 atm = 79 fswg. This exceeds the supersaturation obtained

in Fig. 8, and hence deep-tissue symptoms would not be expected. Cuta-
neous gas bubble lesions are entirely possible, however, if this level

of supersaturation is présent in the skin during a chamber dive to

200 fswg. (Recall the discussion in the last paragraph of the section

on nucleation theoty )

The phenomenon of isobaric bubble growth in vivo has been simnlated
by Van Liew and Passke (1967), who measured the rate of diffusion into
and out of subcutaneous gas pockets on the backs of rats. When the
pockets were filled initially with SF6, a volume increase of a factor
of two was observed after four days' exposure to an air environment.
Bubble growth and bubble shrinkage via isobaric counterdiffusionm in
vitro were observed by Strauss and Kunkle (1974), who subjected- gelatin
‘samples to nitrogen-helium and helium-nitrogen switching, respectively.
Strauss and Kunkle (1974) concluded that switching from nitrogen to
helium during the treatment of decompression sickness would make the
disease worse rather than better.

Perhaps the most remarkable demonstration of deep-tissue or whole-
body supersaturation is that reported by D'Aoust, Smith, Swanson, White,
Harvey, Hunter, Neuman, and Goad (1977). These authors used Doppler
ultrasonic techniques to detect gas bubbles in the posterior vena cava
of goats that were switched from a nitrogen-oxygen to a helium~oxygen
environment at various constant pressures. The data which they obtained
at 7 atm abs are shown in Fig. 9. A detailed discussion of these same
results in terms of nucleation theory has been given by Yount (1978).
Particularly noteworthy are the early onset and long persistence of
bubble signals, which reflect not only the deep~tissue time constants,
but also the broad size distribution of gas nuclei in vivo. In effect,
the rising supersaturation sweeps through the nuclear field, probing to
smaller and smaller radii.

2. 1l1sobariec counterdiffusion through a 1ipid-aque6us bilayer

Graves, Idicula, Lambertsen, and’ Quinn (1973) have pointed out that
isobaric supersaturation can be achieved via counterdiffusion of two
disparate gases through a liquid-aquéous bilayer. Applying Fick's law
to the steady-state configuration shown in Fig. 10, we obtain

q = ADfo(Pl - PA)/AXf - ADaS (PA - Pz)/Axa - (108)
for the gas diffusing to the right and
q= AD;SA(P1 - PB)Axa = AD%S%(PB - Pp)/bx¢ (10b)

for the gas diffusing to the left. Solving for P, and PB’ we find a
net supersaturation at the lipid-aqueous interface of
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Fig. 9. Doppler bubble counts versus time after inert gas switch-
ing from nitrogen to helium in goats at 7 atm abs. Primary bubbles
are recruited only while the local supersaturationm is rising, Im
effect, the rising supersaturation sweeps through the nuclear field,
probing to smaller and smaller radii. Once formed, however, primary.
bubbles in situ can serve as generators of secondary cavities via
tissue cleavage and free-~gas migration, a process which continues
until the supersaturation is relieved (from D'Aoust, Smith, Swanson,
White, Harvey, Hunter, Neuman, and Goad 1977).

(8xglxg) (P - P2) (DgS¢D5Sa - DaSaDEsE)
(Py + Pg) = (Py + P2) = Tp 5.axz + DgSgox,) (D1Si0xg + DiSiAx,)

QL)

Since Py is greater than Py, the criterion for supersaturation by this
mechanism is (Graves, Idicula, Lambertsen, and Quinn 1973)

DgSgD3S3 > DgSoDEst (12)

The maximum supersaturation is achieved when the layer thickness are
in the ratio (Graves. Idicula, Lambertsen, and Quinn 1973)

(bxa/bxg) = (DaSaDiSa/DeSeDESE) ¥ 13)

The degree of supersaturation that can be achieved by this mechanism
approaches 30% of the absolute pressure (Graves, Idicula, Lambertsen,
and Quinn 1973). This would exceed the deep-tissue pressure reduction
tolerances shown in Fig. 2 at exposure above 5-10 atm abs, and it could
.result in cutaneous gas bubble lesions at even lower pressures. (Again
recall the discussion in the last paragraph of the section on nucleation.
theory.) :

_-An investigation of the kinetics of isobaric counterdiffusion at a
lipid-aqueous bilayer has been carried out by Karreman and Lambertsen
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Fig. 10. Isobaric supersaturation via counterdiffusion of two
disparate gases through a lipid-aqueous bilayer (Graves, Idicula
Lambertsen, and Quinn 1973). For Gas A (Ny) diffusing to the right,
the pressure gradients are (Py - Pp)/bx¢ and (Py ~ P2)/8x,. For

Gas B (He) diffusing to the left, the pressure gradients are (P; -~
Pp)Ax, and (P - Pp)/Axg. The total dissolved temsion (P, + PB}
exceeds the ambient pressure (P;-+ Py) throughout the bilayer,
reaching a maximum at the lipid-aqueous interface.

(1977) using the approximation of Landahl (1953) that assumes the . :
advancing diffusion front is linear. This idea is illustrated in i
Fig. 11. Kavreman and Lambertsen (1977) found that for helium diffusing z
against nitrogen, the time required to reach a steady state is in the i
range 0.01 to 12.4 sec. The layer thicknesses assumed by these authors

varied from 5 to 160 um, where the first value may approximate the
diameter of a capillary. while the second is an estimate of the distance
from a skin capillary tarough the dermis to the surrounding atmosphere.
This circulation suggests not only that the steady state approximation ’
of Graves, Idicula, Lambertsen, and Quinn (1973) is valid, but also

that the dissolved gas tension in the skin would follow the ambient
pressure rather closely--even during rapid compressions. Thus P.yych
could indeed be small for certain peripheral tissues, as conjeptures

in the last paragraph of the section on nucleation_theory.

3. Isobaric counterperfusion

Supersaturation via isobaric counterperfusion is depicted in Fig. 12
(Hills 1977). The more diffusible gas, Gas I, is adjacent to the barrier
at ambient pressure on the left, while the blood on the opposite side
of the barrier is initially saturated with the less diffusible gas,

Gas II. The tension of Gas I in the mixed venous blood is Pp and the
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.Fig. 11. Kinetics of isobaric counterdiffusion at a lipid-aqueous
bilayer. 1In the approximation of Landahl (1953), as applied by
Karreman and Lambertsen (1977), the advancing diffusion fromt is
assumed to be linear in a given medium. For layer thicknesses in .
the range from 5 to 160 um, the time to reach a steady state varies
from 0.01 to 12.4 sec.

tension of Gas II in the mixed wenous blood is Pa. The temsion P, is
less than the ambient pressure P because some of the gas originally
in the blood has diffused out.

In the steady-state configuratibn shown in Fig. 12, Fick's law
gives ) '

41 = AD3S1(P - P1)/x = Q5{P; (14a)
for the gas diffusing to the right and '

q2 = ADSyPy/x = QS3(P - Pp) - (14Db)
for the gas diffusing to ;he left. Solving for P “ and Py, we find a

net supersaturation at the interface between the diffusion barrier and
the perfusion zone of (Hills 1977)

P, + Py = P = aP(B) - B3)/(1 + aBy) (1 + aBy) (15)

where a = A/xQ, B = D1S1/S{, and By = D3S3/S)
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Fig. 12, 1Isobaric supersaturation via counterperfusion (Hills
1977). The more diffusible gas (I) is adjacent to the diffusion
barrier at ambient pressure P. The less diffusible gas (II) is
carried into the perfusion zone dissolved in the arterial blood

at the same initial pressure. This configuration results in a
steady-state supersaturation, not only of the perfusion zone, but
also of the adjacent diffusion barrier. :

The criterion for supersaturation via isobaric counterperfusion is
D1'317Si > D9S2/8% (16)

For an aqueous tissue and aqueous blood, we have S; = S] and Sy = S)
Hence the only requirement is that Dy is greater than Dy, i.e., that
one gas diffuses faster than the other.

Hills (1977) emphasizes that this result applies to steady-state
conditions. Hence if there are nucleation sites in the supersaturated
media, bubbles can be produced continuously. Furthermore, the counter-
perfusion mechanism can explain bubble formation within the fluid
compartments of the inner ear, where the presence of a suitable lipid-
aqueous bilayer is questionable. .

4. Chromatographic supersaturation

The phenomenon of simultaneous capillary perfusion and axial dif-
fusion in a tissue cylinder has been investigated by Tepper, Lightfoot,
Baz, and Lanphier (1979). The geometry considered by these authors is
shown in Fig. 13a. The response time for radial diffusion is assumed
to be very short compared to the capillary transit time, so that radial
concentration gradients can be neglected. The relative importance of
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Fig. 13. Isobaric chromatographic supersaturation (Tepper, Light-
foot, Baz, and Lanphier 1979). In (a) a tissue cylinder is sub~.
jected simultaneously to capillary perfusion and axial diffusion.
Radial concentration gradients are neglected. When the gas dis-~
solved in the capillary blood is switched from nitrogeam to helium,
“helium enters the system more rapidly than nitrogen is removed.
The result is a transient supersaturation (b).

axial diffusion in the tissue compared with axial convection in the
capillary can be characterized by the Péclet (Pe) number, which is the
ratio of the response time for -axial diffusion to that for removal of
solute by convection from its volume distribution. As the Pe number
approaches zero, axial diffusion becomes very rapid compared to axial
convection. = :

Order of magnitude calculations by Tepper, Lightfoot, BaZ, and
Lanphier (1979) indicate that the Pe numbers for fatty tissues lie in
an intermediate region, e.g., Pe v 4. If the inert gas dissolved in
the capillary blood is switched from nitrogen to helium, a significant
supersaturation can result. This is illustrated in Fig. 13b for a
shift at one atm abs from 80% nitrogen to 80% helium. The elapsed time
is 0.60 of the helium response time Ty . Because of finite axial dis-
persion, there is a non-uniform concentration of each inert gas along
the cylinder. Furthermore, the concentration of the helium that has
entered is greater than the concentration of nitrogen that has been
removed. A supersaturation of about 25% is the result. At t = 1.4 T o*
the total inert gas tension can exceed the ambient pressure by as mucg
as 40%.
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5. Gas~induced osmosis

We shall end this section by describing another process- which,
although it is not a supersaturation mechanism per se, is frequently
mentioned in the same context (Blenkarn, Aquadro, Hills, and Saltzman
1971; Hills 1972). This process is gas-induced osmosis-—the transfer
of a liquid solvent through a sqmipermeable membrane that inhibits the
transfer and equilibration of a dissolved gas. The osmotic pressure
OP for a tension differential Ap across a membrane is given by (Hills
1972) :

OP = oS (8p)T/273 | an

where T is the absolute temperature in degrees Kelvin, S is the solu~-

bility, and o is the reflection coefficient, sometimes interpreted as

the fraction of the solute molecules which are reflected upon striking
the barrier.

Assuming that tissue membranes are, in fact, somewhat impermeable
to dissolved gas (i.e., that o is not equal to zero), osmotic pressure
differences would be induced by the local gradients in dissolved gas
concentration that occur during compression, as well as during decom—-
pression and inert gas switching. . This could result in cell hydracion,
in cell dehydration, or even in cell death.

Discussion

The discovery of isobaric supersaturation of tissue-has added a new
dimension to diving theory. On the one hand, exposure to different
inert gases, either sequentially or simultaneously, constitutes a
potential hazard that must now be taken into account. On the other,
inert gas manipulation provides an opportunity not only to improve div-
ing practice, but also to. investigate a number of problems related to
diving physiology.

A remarkable fllustration of this last point is given by the experi-
ment of Cowley, Allegra, and Lambertsen (1979), who subjected the ears
of New Zealand White rabbits to isobaric counterdiffusion at 1 atm abs.
The rabbits breathed a mixture of 80% nitrous oxide and 202 oxygen while
their ears alone were surrounded by helfum. Subcutaneous pressure
changes were detected by a fluid-filled needle inserted into the exter-
nal ear and attached to a transducer-recorder system. The development
of a gas phase in the tissue was signaled by a pressure increase from
0 mmHg to a maximum of 48 + 10 (SD) mmHg. The mean time to regch the
maximum pressure was 75 +.10 (SD) minutes. .

A representative tracing from the experiment of Cowley, Allegra, 5
and Lambertsen (1979) is shown in Fig. 14. The increase in tissue ;
pressure begins within 5 minutes after the breathing gas is switched
from air to the nitrous-oxide mixture. In the interval from about 10
to 20 minutes, the tissue pressure appears to be approaching exponen-
tially a steady-state level, presumably determined by the degree of
supersaturation achieved in the rabbit ear under the given conditionms.
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Fig. 14. Subcutaneous pressure measured by Cowley, Allegra, and
Lambertsen (1979) in the external ear of a New Zealand White rabbit
subjected to isobaric counterdiffusion at 1 atm abs. Formation of
a primary gas phase is signaled by the initial increase in pressure.
Tissue cleavage, associated with a sudden increase in free gas
volume, is indicated by a sharp decline. . The cycle of exponential
rise and sharp decline has important implications for the time
course of gas elimination from the tissue. . .

After about 20 minutes, however, the exponential rise is abruptly ter-
minated, apparently by cleavage of subcutaneous tissue which permits
the free gas volume to expand. The cycle of exponential rise and
abrupt decline is repeated again and again, generating a saw-toothed
pattern with a gradual decrease in overall pressure during long expo-~
sure times. (See especially Fig. 5 in the paper by Cowley, Allegra,
and Lambertsen 1979.) ' o

The data of Coﬁley and his co-workers (1979), like those of D'Aoust,
Smith, Swanson, White, Harvey, Hunter, Neuman and Goad (1977), have
important implications for the time course of gas elimination from the

tissue (Yount 1978; Yount 1979b). The primary event, once the required

degree of supersaturation has been achieved, is the formation of a.
macroscopic gas phase, i.e., a bubble, from a microscopic gas nucleus.
Whereas nuclei are stable and typically have radii less than 1 um,
bubbles are intrinsically unstable, - Thus bubbles which form in lean
gelatin samples ordinarily grow until the local supersaturation is
relieved (Yount and Strauss 1976), while bubbles in tissue tend to
expand until the deformation pressure § (which is negligible in lean
gelatin) increases to a value large enough to withstand the supersatu-
ration and prevent additional gas from diffusing into the cavity (Yount.
1978; Yount 1979b).

The data of Cowley, Allegra, and Lambertsen (1979) are of particu~
lar interest because neither of the above conditions prevails. The
supersaturation is not relieved by the creation of the gas phase;
rather, it is maintained at a more or less constant level by a steady-
state counterdiffusion mechanism. Similarly, the tissue deformation
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pressure does not rise to the supersaturation level, but instead it

is periodically discharged via tissue cleavage. This situation calls
to mind the bubble chains seen in champagne or the "rosaries" of post-
mortem bubbles reported by Albano (1970), and one can easily imagine a
series of "secondary" bubbles originating at the site of a "primary”
nucleus and discharging ultimately into the vasculature. This is not
to say that intact bubbleg move freely through tissue and capillary
walls; rather, they are pools along the cleavage streams through which
free gas migrutes.

-

The above scenario is quite consistent with the data of D'Aoust
and his group (1977), shown in Fig. 9. Primary bubbles are recruited
only while the supersaturation is increasing, but secondary bubbles
continue to be generated by the primary sites until the local super-
saturation falls below the local deformation pressure. Furthermore,
whereas a value of 48 * 10 (SD) mmHg may be typical of a rabbit's ear
(Cowley, Allegra, and Lambertsen '1979), the deformation pressures in
blood and in other liquids must be negligible. Evidencly, there is a
gradient in deformation pressure, and it is this gradient that provides
the force necessary to drive the cleavage streams of free gas out of
the tissue and into the blood. The bubbles which form at the ends of
these streams are not held in check by the tissue deformation pressure
and may grow to many tens of microns. This facilitates detection by
the Doppler apparatus, which continues to serve as a reliable monitor
of the in situ liberation of dissolved tissue gas long after the forma- -
tion of primary bubbles has ended. Since bubble size in tissue is
ordinarily limited, perhaps to a few microns in radius (Rubissow and
Mackay 1974), it may appear to an observer with poor visual resolution
that all bubbles originate directly .in the blood. Albano (1970), on
the other hand, has emphasized the continuity of extra- and intra-
vascular bubbles, and his work is in accord with the point of view
expressed here. ‘

This work is a result of research sponsored in part by the
University of Hawail Sea Grant College Program under Institutional
Grant No. NA79AA-D-00085 from NOAA, Office of Sea Grant, U.S.
Department of Commerce. :
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Q. Does your model take the thickness of the skin into account?

A. In our most recent work, we have adopted a2 model that takes skin
thickness into account. We now have data to show that this is
necessary, under extreme conditions — for example, when the side
of the nucleus is so small that the skin thickness is a significant
fraction of the radius.

Q. You made a comparison between the.Berghage data and the findings
of Watt and Lin, but since Watt used air and Berghage used helium-
oxygen, do you think the comparison is valid?

A. The number of bubbles that form, as a first approximation, is
independent of whether the gas involved is helium or nitrogen;
this has been experimentally tested in gelatin, This doesn't mean
that people are equally sensitive to the two gases; a lot more
secondary bubbles may be released in the case of nitrogen than in : i
a helium situation. i

Q. Would you re-state the conclusion from your paper that you thought
was so important?

A. The first point is that Pcrush may be smaller than we thought, if
the gas tension rises significantly during compression. Those "
tissues that have extremely short time constants will have extreme-
ly low Pcrush, and instead of getting very high allowed pressure
reductions -- 4 or 5 atmospheres -~ we may actually be limited to
1 or 2 atmospheres. The vestibular region falls into this class --
if the respiratory gas is the same as the ambient gas, the Eustachian
tube acts as another pathway. One could therefore have a gas tension
in the vicinity of the round window or the vestibule that is close
to ambient pressure as one compresses, which means that this region
is not well protected by the ‘compression of nuclei. This would be
compatible with bubble formation in these areas, and explain why
additional, compression would have little effect on the size of the
nuclei.

Q. This would clarify why Harvey's divers' itching was aggravated when
they compressed an additional atmosphere on the same gas. The
benefits of compression were less than the negative effects of the
extra atmosphere of helium. The divers were clearly not yet equili-
brated.
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ISOBARIC SUPERSATURATION:

THEORETICAL MODELS*

R. S. Tepper

The use of multiple inert gases in combination or in sequence has
become increasingly common in diving. The differences in the physical
properties of the inert gases have generally been exploited to decrease
the work of breathing at increased pressure, to balance the effects of
nitrogen narcosis and the high pressure nervous syndrome, and to decrease
the time required for decompression. In 1959, Hannes Reller (Keller and
Buehlmann 1965) noted the theoretical ‘advantage of switching the inspired
inert gas from He to Ny during decompression from a deep dive employing
He. Such shifts subsequently became a central feature of the approach
to deep diving described by Keller and Buehlmann (Keller and Buehlmann
1965; Buehlmann 1975). Only during the past decade has the diving
community become aware of some of the possible hazards of simultaneous
exposure to different inert gases or of shifting breathing media under
constant ambient pressure.

In 1971, Blenkarn and his co-workers (Blenkarn, Aquadro, Hills and
Saltzman 1971) first reported the occurrence of urticarial lesions in
individuals breathing either Ny or Ne while surrounded by He at a con-
stant ambient pressure of 7 ATA, These cutaneous lesions were thought
to be fluid filled and were attributed to gas-induced osmosis. Lambertser
and his group (Lambertsen and Idicula 1975) reported similar cutaneous
lesions while studying the effect of inspired gas density on respiratory
work at increased ambient He pressures. Dissection of these lesions
revealed confluent gas spaces rather than extravasation of “fluid. This
group subsequently produced both cutaneous lesions and fatal venous gas
emboli in pigs breathing N20 and surrounded by He at a constant ambient
pressure (unpublished observations). They attributed these manifesta-
tions to isobaric supersaturation and bubble formation resulting from
the difference in the rates of cutaneous counterdiffusion of the inspired
and ambient inert gases, Lambertsen designated this phenomenon as the
"{sobaric gas counterdiffusion syndrome" (Lambertsen and Idicula 1975).

Graves, Idicula, Lambertsen and Quinn (1973) proposed a model,
illustrated in Fig. 1, to explain how the steady-state, two compartment
system with oil and water i{s able to produce supersaturation because of
the differences in diffusivities and solubilities, and relative perme-
abilities, of the two inert gases. This model's shortcomings, however,
are that it requires a specific orientation of the lipid-aqueous layer,
and that it neglects convective transport by the blood. Both of these
defects limit it as a model with realistic predictive ability.

* In the final report, the figures in this paper will be reduced and
ingerted above their respective legends in the text.
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Fig. 1. Schematic showing supersaturation in a two~layer system
during a counter—-current diffusion experiment. In the real case,
Gas 1 may be He; Gas 2, Nj; Layer A, ‘Hy0; Layer B, oil. Partial
pressure profile is indicated for each gas. Bubbles can form if
at least one of the two layers is a liquid.

A closer approximation of the actual biological system has been
proposed by Hills (1977). As depicted in Fig. 2, the diffusive resis-
tance of the skin lies in series with the convective transport of a
well-mixed blood supply. This model allows for supersaturation to
occur sclely from diffusional differences between inert gases in a
single aqueous phase. Collins (1978) has measured the transcutaneous
fluxes of several inert gases in piglets. Using Hills' model, his

calculations of the relative counterdiffusion potentials of the differ- -

ent inert gases were in general agreement with the reported occurrences
of isobaric supersaturation. This model makes it possible to predict
which exposures to various inert gases may produce cutaneous super-
saturation. However, the model's predictive : ability is still limited
by its use of steady-state analysis.

Analysis of transient responses

Although cutaneous counterdiffusion can produce a sustained steady-
state isobaric supersaturation, it is important to examine the transient
response of a system. This is best illustrated by the recent work of
Cowley and Lambertsen (1979). These investigators were unable to pro-
duce bubble formation in either the cornmea or anterior chamber of the
eyes of animals breathing N0 and surrounded by He at 2 ATA after 2 to
3 hours' exposure. Using the above model, with the cornea representing
the diffusion barrier and the anterior chamber as the convective
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Fig. 2. Readily diffusible gas (I) washes away from outer surface
of skin or membrane any less diffusible gas (II) that has permeated
this barrier from perfused zone supplied with blood free of Gas I
but saturated with Gas II at ambient pressure (P). By adding gas
tensions, it can be seen that the stirred pool, and hence the over-
flow (venous blood), becomes supersaturated (P; + P2 > P) as the
system reaches steady state.’

transport system in series, they subsequently estimated that it would
require approximately 16 days to generate 1 ml of gas in the anterior
chamber. This could have been estimated from the transient response
time of the system, the time needed to reach steady state. It is there~
fore important to know whether the predicted steady-state values will
occur during the time-span that is actually at issue.

The importance of transient analysis is further emphasized by the
consideration of "deep tissue" isobaric supersaturation, a phenomenon
first speculated about by Lambertsen and Idicula (1975). This phenom-
enon could result from an abrupt switch in the respired inert gas such
that the first gas exits the tissues more slowly than the second gas
enters. A switch from N2 to He, the reverse of the presumably benefi-
cial shift proposed by Keller and described by Buehlman (1975), could
theoretically produce isobaric supersaturation. In contrast to the
sustained steady-state bubble formation that can be produced by super-
ficial counterdiffusion, "deep-tissue" supersaturation is not sustained
and results from transient differences in the microcirculation.

Although several authors have discussed the theoretical possibil-
ities of "deep tissue" isobaric supersaturation (Tepper, Lightfoot, Baz
and Lanphier 1979; D'Aoust, Smith, Swanson, White, Stayton and Moore
1979), there has been no experimental verification of bubble formation
resulting specifically from "deep tissues." D'Aoust and his co-workers
(D'Aoust, Smith, Swanson, White, Stayton and Moore 1979) have documented
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the occurrence of vena caval bubbles after an isobaric Ny to He switch.
It is, however, difficult to discriminate between the results of super-
ficial and deep isobaric supersaturation because these workers' experi-
mental design altered both the respired and ambient inert gas from N2
to He.

Microcirculatory models

In considering "deep tissue" saturation, it is necessary to examine
the various models of inert gas transport in the microcirculation. Most
wodels are based on the idealized Krogh capillary-tissue cylinder unit,
illustrated in Fig. 3. Krogh (1919) was interested in the transport of
oxygen within skeletal muscle. He described the steady-state radial
dif fusion of gas within the extravascular space, neglecting convective
transport within the capillary. Roughton (1952) subsequently provided
the equation for the transient response. He concluded that tha response
time for radial diffusion was very short compared to the capillary
transit time and that the radial concentration gradients can therefore
be neglected. Hills (1970) used the same mathematical description, but
employed a diffusion coefficient on the order of 10~10 cm?/sec in con~
trast to the value of 10~3 cm2/sec commonly cited in the literature.

On this basis, Hills concluded that radial diffusion in the extravascu-
lar tissue is not only slow but is actually rate limiting., There is,
however, no present justification for employing a diffusion coefficient -
so small,

Fig., 3. Schematic of capillary-tissue cylinder unit, as used in
the Krogh model. .

In contrast to the model with diffusional resistance distributed
through the radial dimension of the extravascular space, Fig. &4 repre-
sents a lumped parameter model. Diffusional resistance is represented
by a semi-permeable barrier localized between the capillary and an
extravascular space, which is at a uniform concentration. The equations
describing this model are usually simplified to facilitate their solu-
tion. Morales and Smith (1948) assumed a linear concentration gradient
along the length of the capillary. In contrast, Ohta, Song, Groom and
Farhi (1978) have assumed that the difference between the mean capillary
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Fig. 4. Model used to analyze experimental data; 3 compartments
are shown on left, and parameters and variables on schematic. For
tissue source, these include volume (Vi), solubility of tracer (a¢),
and partial pressure (P.); diffusion characteristics of barrier
(area, thickness, geometry) are lumped into K. In blood, P, and

P. represent partial pressures at either end of capillary, and ay
is solubility of tracer. Equations are mass balance equations for
each compartment. MW is molecular weight of tracer gas.

and end capillary gas tensions is small'compared to the difference be-
tween the tissue and mean capillary temsions. This assumption becomes -
less tenable as the permeability barrier becomes negligible and during
the latter phase of solute washout. The limiting case of no permeabil-
ity barrier represents the perfusion-limited system assumed by Haldane
and most researchers.

Tepper, Lightfoot, Baz and Lanphier (1979) have considered the
chromatographic model, which is characterized by instantaneous equili-~
bration in the radial direction and by a finite rate of axial diffusiomn
in the tissue cylinder. Thesé assumptions are made because the transient
time constants for axial diffusion dre comparable to those for convec~-
tive transport and thus cannot be assumed to be infinite, as is assumed
in both the perfusion and barrier-limited models. As illustrated in
Fig. 5, the chromatographic model produces profiles within the tissue
cylinder that are distinctly different from the uniform concentration
usually assumed. The relative importance of diffusion in the micro-
circulation is usually assessed relative to the permeability barrier
model, but there is neither anatomic nor physiologic evidence to suggest
that lipid soluble inert gases should encounter an isolated diffusional
barrier.

Implications of diffusivity

To determine the extent to which diffusion may limit the exchange
of gases stored in tissues, Ohta and his co-workers (Ohta, Song, Groom
and Farhi 1978; Ohta and Farhi 1979) measured the whole body and cerebral
washouts of inert gases with the same lipid solubilities but different
diffusivities. Figure 6 shows the logarithmic plots of inert gas elim-
ination for the whole body and brain, respectively. In each plot, the
slope of the dotted line represents the ratio of the diffusivities
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Fig. 5. Schematic of chromatdgraphic model.

and the predicted curve of the barrier-limited model. The slopes of
the plots were very near 1.0, the valué predicted for a perfusion-
limited model. These authors thus concluded that the rate of exchange
of inert gases is limited only by the gas partition coefficient and
the blood perfusion rate. ’

If, however, one examines the late phase of each washout, one con-
sistently notes that the more rapidly diffusible gas is at a higher
concentration and thus is washing out more slowly. This is demonstrated
by the proportionately larger number of points above than below the
curve in Fig. .6, as well as by examining the raw data in Fig. 7. A
barrier-limited model cannot explain the slower washout of the more
diffusible gas. Figure 8 is a theoretical plot of the washout of two
inert gases with the same lipid solubilities and a 1.5:1.0 ratio of
diffusivities, using the chromatographic model. Note the slower
washout of the more diffusible gas..- The logarithmic plot has a slope
of 0.92, distinctly less than 1.5 and very close to 1.0. This occurs
because more of the inert gas with the greater diffusivity returmns to
the proximal end of the tissue cylinder and thus slows its washout.

As suggested by Tepper, Lightfoot, Baz and Lanphier (1979), such inter-
action of perfusion and diffusion should not be neglected, Figure 9
illustrates the marked difference in the predicted local and average
tissue supersaturations for the chromatographic and perfusion-limited
models after an isobaric shift from N3 to He. In addition, the per-
fusion-limited model predicts supersaturation only in fatty tissues,
while the chromatographic model prediets supersaturation even in
aqueous tissues.
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Fig. 6A. Relationship between nitrogen and argon washout (v-a)N,
is plotted against (V¥-a)Ar. Line A indicates expected relation-
ship in situation in which gas washout is limited entirely by per-
fusion. Dashed line B depicts situation in which process .is limit-
ed primarily by diffusion. Experimental points are scattered
around line A. Arrows indicate points of washout at which a given
percentage of initial gas store has been eliminated.

Fig. 6B. Methane washout plotted against argon washout. Solid
line is the identity line and corresponds to a situation in which
washout is limited entirely by perfusion. Dashed line indicates
where data would be expected to fall in a diffusion-limited prepa-
ration. Experimental points are for both hypocapnia (open circles)
and hypercapnia (solid circles).
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Fig. 7A. Washout of argon and nitrogen from body stores. Abscis-
sa is time in minutes. Ordinate (log scale) is (¥-a) difference
expressed as percent of initfal blood level before washout. When
values for Ar and N expressed in this fashion are not identical
in any 1 sample, the two data are connected. Scatter is caused
by differences in behavior of individual animals.

Fig. 7B. Washout of argon and methane from body stores. Abscissa '
is time in minutes. Ordinate (log scale) is (9-a) difference,

- divided by control value. Solid line is average of points from
hypercapnic animals; dashed line, hypocapnic animals.
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Figs. 8A and 8B. Plots of washout for two inert gases with same
1ipid solubilities and a 1.5:1.0 ratio of diffusivities, using
the chromatographic model.
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Fig. 9. Difference in predicted local and average tissue super-
saturations, using the chromatographic and perfusion-limited models.

Conclusion

Models are only gross simplifications of very complex systems and
are at best no better than the anatomic, physiologic and mathematical
assumptions upon which they are based. Steadfast adherence to a single
model can limit both interpretation of experimental data and predictive
ability, the two prime reasons for modeling. '

Awareness of isobaric supers;furption has added a new dimension to

diving theory and new opportunities to investigate the mechanisms
controlling inert gas transport in the microcirculation.
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Discussion

The model's acéhracy depends on the tissue, and whether or not the
capillaries really are that parallel. The vascularity is never
adequately taken into account in these cylindrical models.

1 agree, but some investigators have begun to take vascularity into
account, : :

Does your cylinder model assume the same diffusion coefficient for
the intra- and extracellular material?

I would be happy to use different coefficients, if:you can tell me
why they should be different. I am just lumping them together here.

I think the intracellular diffusion coefficients are probably orders
of magnitude lower than extra-cellular ones, as Ling has shown in
his work. - .
The bulk of the physiological and circulatory literature shows
clearly that Krogh's diffusion coefficients are accurate. In fact,
it would be very difficult to explain gas exchange across the
alveolar membrane if there were very low diffusion coefficients
there.

Bow did Ohta and Fahri generate the curve for the whole body washout - !
data?

Line A in their figure (Fig. 6) is hand drawn, and their. data points
fit the slope of 1.0 very nicely.

Why doesn't their plot go through 0.1 at the bottom?
Their axes are confusing; they only go down to 0.2. But I think

their data show that the system is not totally diffusion limited;
there is no permeability barrier.
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.COUﬁTER—TRANSPORI OF INERT GASES:

EFFECTS OF STEADY-STATE AND TRANSIENT GRADIENTS

\

B. A. Hills

When we first observed the cutaneous effects of the isobaric
counter-transport of gases in the chambers at Duke University in March,
1970 (Blenkarn, Aquadro, Hills and Saltzman 1971), our first reaction
was to make sure that there was no contaminant in the normoxic nitrogen
supplied to the head~tents of the divers a few minutes beforehand. The
magnitude of the disorder and its resemblance to classical "skin-bends"
were striking, and yet in this case it was occurring without any decom-
pression at a simulated depth of 200 feet during what would otherwise
have been a fairly routine "saturation" exposure to normoxic helium.
This extensive erythematous maculopapular eruption in all three subjects
was totally unexpected and, naturally, caused my colleagues to abandon

.plans for a scheduled pulmonary study. Upon looking more closely at the
subjects, however, it occurred to me that the urticaria terminated at
the line around the chest, back and shoulders where the head-tent had
been taped down to effect a gas seal.

This was particularly interesting since it meant that this "iso-
baric urticaria" was observed only where the skin was exposed to helium
while the blood supplied to the cutaneocus véssels had been equilibrated
with nitrogen at the lungs at the same partial pressure., Hence it was
concluded that this was a phenomenon caused essentially by the super-
position of two steady-state gradients of different inert gases in oppo-
site directions -~ but only when the two gases were in a particular
orientation. For instance, it occurs only when helium is adjacent to
epithelium and nitrogen is intravascular, but not vice versa.

This situation also arises in the ear, so it was particularly
interesting when' the group at the University of Pennsylvania applied
reverse gas gradients at 400 feet (Lambertsen 1976). Not only did they
confirm our earlier findings at Duke but, without any decompressionm,
they also produced vestibular disorders indistinguishable from those
listed as symptoms of decompression sickness., Before discussing the
mechanisms which have been proposed to explain how reverse gas gradients
can induce this isobaric blood-epithelium phenomenon, it must be empha-
sized that both the cutaneous and vestibular manifestations refer to
steady-state gradients rather then to any transient situation.

Steady-~state vs. transient conditions

Steady-state conditions pertain in the inner ear or across the
skin, since any helium diffusing across the epithelium or otherwise
being transported towards the nearest vessels under the temsion gradient
will be removed by the perfusing blood, thus preventing any accumulation.
An essentially similar situation arises for nitrogen in the opposite
direction, so that this counter-transport of different gases results in
essentially static gradients of both gases. It is my preference to call
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this phenomenon "counter-transport" rather than "counter-diffusionm,”
since diffusion is-only one of many transfer processes which might be
involved in the passage of inert gas molecules between blood and epi-
thelium. "Counter-current” is certainly not an appropriate term, since
it implies the transfer of one solute between two streams flowing in
opposite directicns rather than opposite paths for two solutes in a
situation where only one medium, if any, needs to flow.

In other words, it is only the continiious removal of gas which
has traversed the blood-epithelial barrier that makes steady-state con~
ditions possible, thereby presenting the intellectual challenge of
explaining the mechanism accounting for the isobaric cutaneous and
vestibular phenomena. ) {

By contrast, many more transient situations cam occur in vive
where, upon switching breathing mixtures, one gas can diffuse into a
tissue or tissue compartment faster than another can leave. This can
result in transient supersaturation if the switching occurs in the
wrong direction, f.e., from a less to a more diffusible gas. Therefore,
gases are switched in the opposite dir~ction during decompression, i.e.,
from helfum to nitrogen, to take advi...age of the transient unsaturation
which can be induced. This reasoning has been exploited to great ad-~
vantage in the multiple inert gas switches employed by Keller and
Buehlmann (1965) in formulating the decompressions for their epochal
diving experiments. Switching gases in the reverse directiom, i.e.,
from less to more diffusible, to provoke gas phase formation is of
largely academic interest, but the increase in the number of bubbles
(D'Aoust, Smith, Swanson, White, Stayton and Moore 1979) and the in-
crease in the probability of decowpression sickness (Harvey 1977) found
vhen this was done tends to confirm the rationale of Keller and Buehlmaan.
However, this confirmation calls into question one of the major axioms
on which many decompression tables have been formulated, namely, that
blood perfusion controls inert gas uptake and elimlnation from tissue.

In these transient situations we are probably concerned with dif-~
ferent tissues than those in which symptoms can be provoked under
steady-state conditions. This is fairly obvious since, in the tramsient
situation, we can envisage'a "back wall"” to our tissue in which the
blood is both the source of supply of one gas and a sink for the .other.

On the other hand, the steady-state ‘counter-transport phenomenon re-
quires a separate source for each of the two gases, each acting as a
sink for the other, so we are probably dealing with a very different
mechanism. In fact it would seem that the transient and steady-state
manifestations of isobaric decompression sickness are different phenom-
ena, and it is unfortunate that they are sometimes given the same name.

Mechanisms for steady-state isobaric decompression sickness

Though the transient manifestations of gas switching can be ex-
plained on the basis of the same models and arguments proposed for
formulating decompression tables, this is not true for the steady-state
phenomenon. The latter could be a red herring and may not be particu-
larly important in commercial diving, but explaining it does present a
tantalizing intellectual challenge.
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There is little doubt that the real mechanism is related to the
geometric requirements ~- helium adjacent to epithelium separated from
blood equilibrated with nitrogen, resulting in fixed gas gradients in
opposite directions. When we first discovered the cutaneous manifesta-
tions (Blenkarn et al. 1971), I was working on gas~induced osmosis
(Hills 1971), so this osmosis was offered as a possible explanation for
the urticaria, since the gas gradients were.ideally situated to effect
a fluid shift in the direction of increasing nitrogen concentration.
Though such shifts do undoubtedly occur, there is considerable doubt
whether they would be large enough to cause cutaneous manifestations of
the magnitude observed. On the other hand, it is easier to envisage
how minimal fluid shifts across a membrane as physiologically active as
Reissner's membrane could cause the vestibular manifestations. This
reasoning is compatible with the results of some preliminary studies
(unpublished observations) om four monkeys in which we found that
nystagmus can be induced simply by ventilating one middle ear with
nitrous oxide and the other with helium, having previously humidified
both gases at body temperature. Moreover, the direction of nystagmus
was reversed upon switching gases.

On the other hand, in the skin, any effects of osmotically induced
fluid shifts are probably minimal compared with those of the bubbles
formed and demonstrated so convincingly by Idicula, Graves and Quinn
(1976). The ingenious explanation offered for those bubbles was counter-~
diffusion supersaturation (Graves, Idicula, Lambertsen and Quinn 1973),

a concept which is based upon a tissue bilayer of two solvents for the
two gases —— one aqueous and one fatty, and both of comparable thickness.
Though this is a plausible mechanism to offer for isobaric urticaria, it
is inappropriate to explain vestibular manifestations since there is no
fat in the inner ear or, at least, there is no lipid layer of adequate
thickness to cause any degree of supersatuation.

In this connection it must be remembered that, in vivo, we are not
dealing with inert gases alone. Any local increase in total inmert gas
tension must be greater than the inherent unsaturation caused by the
metabolic gases (Hills and LeMessurier 1969) before there can be a net
supersaturation and, hence, before bubbles can form. The inherent un-
saturation essentially arises from the metabolic conversion of oxygenm
into a much more soluble gas (C02), and must be incorporated into any
predictions of overall supersaturation. :

To return to the observation made above, the lack of enough fat
in the inner ear to comply with the counter-diffusion model has led me
to suggest that processes other than diffusion can influence the opposing
gas gradients.

Counter-perfusion model

It is, perhaps, rather ironic for me to argue that blood perfusion
as a process makes an appreciable contribution to gas tension gradients.-
However, if a circulation-controlled compartment representing the blood
vessels is placed in series with a single diffusion barrier (i.e., a
monolayer) to form the model shown in Fig. 1, then supersaturation can
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Fig. 1. A readily diffusible gas (I) removes from outer surface
of epithelium any of a less diffusible gas (II) which has
permeated this diffusion barrier from the perfused zone supplied
with blood free of gas I but saturated with gas II at the

ambient pressure, P. By adding gas tensions, it can be seen that
the effectively stirred pool and hence the overflow (venous blood)
becomes supersaturated (P; + Py > P) as the system attains steady
state, From hi:ls 1977. .
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be produced in the steady state without invoking any fat. This model
has been presented (Hills 1977) as a "counter-perfusion" mechanism,
although "counter-transport" might be a more appropriate term since the
process also involves diffusion. In addition to its compatibility with
the inner ear, the counter-perfusion model (Fig. 1) would indicate that
the greatest level of supersaturation should occur in the vessels.

This is compatible with the findings in experimental animals at the
University of Pennsylvania (Cunnington, Lambertsen and Cowley 1978), .
where it was found that the opposing gas gradients cause a continuous
stream of venous bubbles. Hence this model may be more appropriate
than counter-diffusion for explaining the cutaneous as well as the
vestibular manifestations of isobaric counter gradients. This was
essentially the conclusion of Collins (1978) after his comprehensive
study of counter~transport phenomena using many pairs of different
gases and gases other than helium and nitrogen.

Conclusion -

These arguments may sound very academic and appear to be divorced
from the reality of naval or commercial diving, but isobaric decompres-
sion sickness has occurred in the field when a diver at about 150 feet
breathed air on BIBS while still in the heliox environment of the bell.
Moreover, vestibular symptoms are very common after transfer from the
bell to the deck decompreSSion éhamber, i.e., from heliox to air. Hence
it would seem desirable in commercial diving to minimize the likelihood
of counter~gradients of nitrogen and helium occurring between the gas
cavity of the middle ear and the blood perfusing the inner ear. Means
which we have used to effect this and have tested to avoid vestibular
problems in 40 man-exposures to 500 and 600 feet include:

(a) Use of Trimix to reduce the nitrogeh gradient upon transfer-
ring from the bell to air in the deck decompression chamber.

(b) Compressing the first- 100 feet while breathing air on BIBS
in the bell to push some nitrogen into the middle ear and
thus to reduce the nitrogen gradient upon switching to the
deck decompression chamber during the subsequent decoupres—
sion (although most of this N, would be washed out over a
"saturation" exposure -- which could explain the higher pre-
ponderance of vestibular problems in this mode of diving).

(¢) Slowly venting the bell ‘with air for the hour or so before
transfer to the deck decompression chamber. '

Though our results do not prove that these measures were respon-
sible for preventing vestibular symptoms, they are simple to incorporate
into diving practice. They present no new hazards and, it is hoped,
could reduce the incidence of the symptoms which opposing gradients of
~ different gases can provoke -- whatever the mechanism(s) involved.
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SESSION III. CLARIFICATION OF TERMINOLOGY
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Session III

Session III. Panel Discussion

Dr. Lambertsen: The purpose of this open discussion is to arrive. at

a systematic 1aenti£ication of words that will describe
.the variety of phenomena we have been discussing in the '
workshop.so far., I ha;e.put on tﬁe board a rough outiine
of the different gas moveme;t situations we have been’
talkiné about; the outiiﬁe will serve as a base, to ensure
that we are all talking about the same things (Fig. 1).
Fig. 1 here - Schématic of counterdiffusion,
terminology, drawn by Dr. Lamb;}tsen
There are some surface-related phenomena that occur
when the gas being bréatped differs from the surrounding
gas; we know the skin is involved, and that the eye i; -
part of the body's surface. The ear is in the same category;
we don't know whether the inner ear is involved i; patho-
logical processes, but we do know th;t somethiné is happening

to drive gas across the tympanic membrane. Continuing with

surface-related events, the mucosa would have to be part

of the picture, because we think of it as separate from

the skin. ' .

There are other exchange-related situations that occur

beneath the body's surface: in the gut, the middle ear, and
other deep tissues. And sometimes, both deep and surface-
related phenomena occur simultaneously or in rapid sequence.

With that as an introduction, let's open the topic of

terminology up for discussion.
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Session 1II

Dr. Parmer: ‘Inmer ear.problems related to gas changes have been.
clearly identified, but there is no evidence that the-
middle ear is involved ir these situations; the post-dive

‘audiologic studies of.the Predictive Studies IV divers
do not show middle ear.injury. ié is possible that the
middle ear plafed a role 1n‘these inner ear incidents; if
there'is heliox in the eiternal auditory canal and tﬁe:
inner ear is saturated with heliox, and another inert

gas mixture 1s introduced, there probably will be mixing

- problems across the round window membrane. I don't think
changes in middle ear pressure per se play a major role,

but I'm not prepared to exclude pressure changes from

consideration altogether. In addition to any changes -

occurring across the round window membrane, a situation
has occurred in which one .compartment 1is differentially
perfused, which makes it more than likely that something‘
definitely has occurrgd in the inner ear. - We need to
devise a method of doing the tympanometry of pressure,
taki;g‘in:o account that the characteristics of sound
transmission chaﬁge drastically with certain gases, su&h
as helium, At Duke, we have cglibiated transducers for
helium down to 1000 fsw, and .easurements obtained with
those could be used. But I think the inner ear should
be the focus of our immediate attentionm,

‘Discussant: Since we are talking about diving, a context in which

the words "deep" and "surface" have specific meanings that

~




W hwas -

differ from the ones intended here, I think we should ‘use

other words to describe physiological counterdiffusion.

effects in the body. Anokher thing that should be clearly

kept in mind is that there are both temporar} (transient) .
and continuous (steady-state) phenomena. |

Dr. Hemplemen: Looking at Dr. Lambertsen's list, I think we all ought
to be able to agree to tﬁe use of the term "isobaric,”
which is unavoidable in discussing this phenomenon.

Dr. Lambertsen: Other words on the list that have been used are’iﬁert

. 'gases, counterdiffusion, supersaturation, deep tissue, subf
saturation, counterperfusion, superficial, countercurreat,
and mass transfer., It should be noted thgt gases other than
inert gases, such as oxygen and carbon dioxide, are often )
involved in these situétions; also, I.have deliberately not
used the term gas transfer, which is often misused.

Dr. Hempleman: We need words to describe the isobaric switching of
ambient gas, and I think ve should avbid words primarily
related to modeling, like founterdiffusion and counter=- '
perfusion. To my mind, the one key word is supersaturationm.

Dr. Vann: There are four possibiliti;s externally that arise from the
situation we're talking agéut:-the breathing gas. can be

changed, or the environmental gas can be changed; both can

be changed; neither can be changed;- or either one can be

changed. That is the "action" level -- there is also the
symptom level, and the level of mechanisms. There should

be three sets of words, one associated with each level.
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Session III

I think it would'be helpful to systematize the in-
formation we have obtained from actual experimental situations
involving the phenomenon we're trying to define; with that
‘as a base, perhaps we could talk more intelligibly about
terminology. o )

The first case, at Vi%ginia Mason and later.at New
London, involved breatﬂing nitrogen initially and being
surrounded by nitrogen; the symptoms were itching and pain,
and presumably there was supersaturation. In thé second
.eXperience, here at Pennsylvania, the divers started out
breathing nitrogen and surrounded by helium; the symptoms
were itching, skin leéions, and intravascular éas. In the
third instance, again here at the Institute, the men Qere -
breathing helium and surrounded by helium, and at the end
of the experiment they were breathing neon while surrounded
by helium. Their symptoms were itching, skin lesions, and
vesFibular dysfunct}&é:

At Duke, in the foutth experiment, the divers began
the éxﬁeriment both surrounded and breathing helium, and
ended up breathing nitrogen in a nitrogen environmeat;’tﬁe
men developed itching and. skin lesions. In the fifth case,
the subjects started with both‘gases helium, ended up
breathing nitrogen and surrounded by nittoggn, but had
undergone air shifts during decompfessioé ~= in thisg case,
both decompression after a deep dive and air shifts had been

added., The symptoms were vestibular,




Dr. Yount{

.theirs was an undersaturation situation, presumably.

Session III

In the Keller-Buehlmann dive, they started out with

helium and helium, and ended with nitrogen and nitrogéﬁ;

Finally, there is another combina%ion that i; used in the *
laboratory: begin with heliym breathing while surrounded
by nitrogen, and continue with the same gases throughout:
no problems develop. Haébe reviewing these experimental
situations will help us to find the right words to desc;ibe
what we have seen. |

It is important to remember, despite the fact that we havg
all agreed that the highest box on the terminology chart
should say "isobaric,” that we often encounter gas exchange
problems during decompression; gsing the general term
isobaric misses the syﬁergism involved when gas exchange
and decompression act cumulatively. ‘I have developed a
glossary of terms; after I present it, perhaps we could
discuss 1it.
Exogenous gas bubble disease: A disease syndrome associated
with the formation, via external causes, of gas bubbles in
blood or tissue. .

Decompression sickness: k'form of exogenous gas bubble
disease in which a state of supersaturation is achieved
by reducing the;ambient pressure.,
Multiple inert gas bubble disease: A form of exogenous gas
bubble disease in which a state of supersaturation is achieved
by using two or more inert gases, either sequentially or

simultaneously.
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Isobaric'supersaturation: A state of supersaturation'broi
duced at constant ambient pressure, for example via inert

.gas exchange or a temperature change leading to reduced

solubility, . . | .
Isobaric multiple inert gas.supersaturation: A statg of )
supersaturation produced at a constant ambient pressure by
using two or more gases, either sequentially or simult#neously.
Sequential inert gas supersaturation: A state of super-
saturation produced by using two or more inert gases.
‘sequentially.

Simultaneous multiple inert gas supersaturation: A state

of supersaturation produced by using two or more inert

gases simultaneously,

Isobaric: at constant .pressure. A process is isobaric

over some time interval if there is no significant change

of pressure during that interval. Mathematical definition:

A process is isobaric over some time interval if this

equation
lim ) S
At + 4 At

.

is satisfied throughout that interval. Practical definition

for inert gas exchange: A process is isobaric if there is

no significant change in pressure during a time interval
long enough to permit a substantial exchange of inert gas.
Dr. Lambertsen: I think that glossary is an excellent beginning, and

perhaps what we should do is assemble a small group at
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another ‘time to work on a glossary of terms describing

this phenomenon., In the meantime, I'd like to propose a

' few words for discussion that I think are being misused.
The first is "transpo;t;" it is being used to mean the |
spontaneous and unforceful‘movemént of molecules from
one point to another, for example in diffusion, wben‘it
should properly be limited to situations in which something
is being moved by means of a pump, such as the heart, from
one place to another, ) *.‘ .

"Countercurrent’ is a term borrowed from renal a;d

thermal physiology, and it has specific meanings in those.
fiel&s, but it is being misused here. '"Perfusion” is
another term that needs to be thought abéut. - It is used
in two ways in physiology: to Qean pumping blood through
vessels, as in the perfusion of tissues.by blood; which is
the correct meaning. In the other case, we misuse it when
we .say something is perfusion limited, by which we mean
something that has to do‘with the movement of gases in the
blood, or the delivery oé gases in the blood; what is per-
fusing is a gas, not the blood. As long as this second )
definition is meant, there can't_Be such a thing as counter-
perfusion because the flow in the capillary does not move

in two directions. Perfusion is therefore another.example

of a word that should be used with care.

Dr. Lanphier: We also desperately need a synonym for "bubble.," We

have a tendency to misuse "embolus," but a bubble is not
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an embolus until it lodges somewhere. We have not
maintainéd that distinction during this workshop.

Dr. Farmer: Since the purpose of these workshops is information aﬁd |
its dissemination, and siﬁce we have been unable to reach
a consensus on.terminology, the report of this workshop
should simply include the suggestions for terminology
that have been put forward here.

Dr. Lambertsen: Let's end this session by saying that we will havé
another smaller meeting in the future, at which we will
try to develop the terminology to describe the complei
.phenomenon we are dealing with; at that time, we will try ‘
to keep several aspects of the phenomenon, including
clinical observations, Operational considerations, and

laboratory circumstances, ia mind,
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Field Ops

Session IV. ‘ General Discussion
Dr. Bornmann: It is important to remember that certain dynamics having
‘to do with the‘characteristics of the gas, tpe character-
istics of the delivery, and the characteristics of the
membrané determine whether 6r not bubbles will form; for
example, 1f the order 6f(pr;sentation of the.gases is
reversed, nothing of practical consequence happens -— no
bubbles occur. In our four—choice box, the presentation
or inside-outside relation of the gases makes a grea;
difference. The complex nature of the phenomenon we're
studying should also be kept in mind. And further, when
we analyze the practicéi risk involved, we negd to determine X
what, theoretically, the possibility is that something will
happen, and then to calculate, given the possibility under
certain circumstances, wha; the likelihood in a specific
instance is that it will happen. Finally, the magnitude

of the risk that would occur if all of these things fell

into place needs to be determined. We know that when a

diver decompresses, there.are bubbles all over the place,

but very few of these diyg;s develop decompression sickness. "
Dr, Lambertsen: It will be helpful to list'préctical field or laboratory

situations thgt involve a gas change under three caqégories: q

compression, decompression, and recompression. One example

of an inert gas change that has been conducted for 40 or
50 years is helium diving after air saturation; this gas

change might present problems if the dive was deep enough.

FRECELING Fal bLANK-NOT Fii
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Another example would be saturation on a nitrogen-oxygen
mixture at a depth of 60 or 100 fsw, and then going deeper
in a helium excursion., Some of you may believe there

- . -

could be.problems in air excursio&s from air saturation

at one of more atmospheres.; Diving in a chamber in which

the coﬁpression atmospﬂere ig air but the diver is breath-

ing helium~oxygen. by mask, or any other breathing mixture

by mask, should also be added to the list; we should consider .
.in what situations a diver so exposed would be at risk:'

During the decompression phase, shifting to air or
nitrogen—oxygen to acée{erate decompression after a helium
dive or during a helium &ecompression is dn example of an .
operational air shift. Further, even if the diver breathes
helium-oxygen all the way to the surface, an air switch is
involved when the diver reaches sea ievel or when he takes
his.mask off. .Anotye;_decompression situation involving
an inert gas switch might'be a shift to oxygen during
decoﬁp&ession on air or hélium; although we are not used
to thinking of ox&gen as an inert gas, are there circuﬁ—.
stances in which it does -act like an inert gas that might
pose a hazard of the type we'r; discussing?

The final category is recompression; ;he gas switches

involved are common: after a helium dive, the diver sur-

faces and develops decompression sickness and is recompressed

on air, or he dives on air and is recompressed in a helium
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atﬁosphefe. Or the diver breathes oxygen by mask an&'is '
recompressed. We should classify these and other opeté-
tional gas switching situ;tions as not hazardous, hazardous
under limited circumstqnces, or ha;ardous in-genera;. .
Dr. Lanphier: There are some situations at normal pressure that should ]
also be discussed. For. instance, some concern has been
expressed about difficulgies that might arise when respiratory
physiologists switch from sulfur hexafluoride to helium,
and there are also anesthet;c situations, such as swiécbing
from halothane breathing, that have the potential to be
hazardous. There has probably not been muéh difficulty in
the past because the concentrations of halothane are.so
low, and probably no one has been exposed go sulfur hexa-
fluoride long enough to saturate om it.

Switching from air to helium does, according to our
calculations, produce a fair amount of supersaturation,
especlally if the cﬁréﬁategraphic model is correct. However,
in diving this is apparently an innocuous event; has anyone
made such a switch and then taken the animal or subjecg to T
altitude? That might prov;de us with an index of the hazard..

Discussant: Something of that sort wa;.done in £he Apollo program; they
switched to a helium atmosphere and then went to altitude.
There was more decompression sickness with helium th;n
with nitrogen; the onset of decompression sickness occurfed
earlier.

Dr. Flynn: An isobaric category should be added to the list. For example,
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Dr. D'Aoust: Several diving companies have tried welding in an argon

Dr. Lambertsen: It is important to femember that these categories of

Dr. Hempleman: Another situation wbere there is one gas around the

Discussant:

rieiq ups .

in the ieep Submergence Rescue Vehicle (DSRV) prograﬁ;
we intend to transfer at.l3i fsw from nitrox saturation

" to helium saturation. Another isobaric gas switch occurs
when, in an experimeniai situatidén, there is trimix in
the chaﬁbet and the physiologist wants to study the .
effects of helium bteéthiné. Both of these.situations

involve washing out some nitrogen and washing in helium,

atmosphere while the diver breathes helium; this permits
them to weld dry, and is another operational example of

isobaric inert gas counterdiffusion conditions.

events are not mutually exclusive: any point during com=-

pression, decompression, or recompression at which the

pressure i1s held steady is an isobéiic point.

body and another is being breathed occurs during short
excursions in water of moderate temperature when the diver
is breathing helium but air is serving as the insulating
blanket in the suit,  __ . | :
We have been doing dives to as déep as i40 fsw for 10
minutes in a no-decompression dive or to 100 fsw for .

60 minutes while the chamber is coﬁpreséed-with air and

the diver is breathing helium-oxygen by mask. From what

I have read about counterdiffusion, this sort of siéuation

should present no hazard; however, we are planning to go
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as deep as 300 fsw for 30 minutes soon. Has there been

any operational experience, or are there theoretical

'considerations, that should be taken into account before

we do that?
Dr. Hempleman: We have done dives of that sort in the past, but they

have and should only be short dives; 1f the breathing .

system failsg, the diver must be decompressed immediately
into a zone of safety because he is breathing very high
,éartial pressures of nitrogen and oxygen. Of course,vfhis
is not a cownterdiffusion problem.

Discussant: Any time a diver comes off the mask for any reéson, he
takes on nitrogen; when ﬁe switches back to the mask,.the .
same kind of situation would be ‘created as with a helium
switch after nitrogen saturation, especially in rapidly
exchanging compartments. There don;é seem to be problems
except after a‘long"p?riod of saturation; short ttansitioﬁs
don;t appear to cause trouble,

Dr. Hempleman: In Link's early saturation work, a greater degree of
nitrogen narcosis was observed than could be accounted'
for by the air partial pressure, I think it's possible
that counterdiffusion may have.be;n involved somewhat.
There has also been the suggestion that the Link divers
had some vestibular involvement. Also, in commercial
diving it is common for the diver to breathe helium on

mask in the deck decompression chamber when the bell is

-174-




Field Ops -

in air. I have never heard of difficulties with this

situation, even at 500 fsw.

Dr. Lanphier: We should be_cautious about saying that certain situa-
tions are safe én the basis of a relatively limited
exposuré; When considering’a situation such as the
possibility of vestibulay p;oblems in the Link experi-
ments, we should avoid saying that nothing umtoward
happened until the.data have been loocked at in that light.

Cdr. Smith: ‘I am wondering whether there are percutaneous absorptiéﬁ
risks in a rescue situation where a rescuer wearing a
Scott ‘Air Pack or a rebreather enters a gaseous or
petroleum vapor atmosphéie, at any pressure or at sea
level pressure.

Dr, Lambertsen: The question is a very interesting one, and it should
be investigated, but it go;s beyond-ihe scope of this
workshop., .

Dr. Vann: In thé past, after a ;eiiumroxygea dive we have recompressed
the diver on air, or oxygen for the shallower Table 5 or
Table 6, Are there. circumstances in which we should
consider using helium for recompression?

Discussant: Ome such situation occurs when a &iver h#s had an omitted
decompression or an air embolism and it is clear that .
recompression to 165 fsw is not go{ng to'sa§e the diver's
life.

Dr., Vann: Are counterdiffusion problems likely in the situation you

described?
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Discussant: Probably not, at least during the recompression phase,
because any gas is being ‘compressed. When helium has been
'used to recompress, it has been very effective, prin-
cipally because helium makes motexoxygen available to the
tissues than nitrogen does;
Dr, Bennett: Counéerdiffusion was Ané of the things we worried about
at Duke, and the treatment John Miller and others have
developed therefore calls for recompressing to 165 fsw
. and then saturating on 0.5 atmospheres of oxygen. We .
feel this technique is preferable to trying to judge
whether going deeperv og.helium will provide ; sufficient
safety factor in a particular case. o ' -
Discussant: The Duke experience, which involves treating individuals
whose decompression has been delayed by several héurs, is
very different from the omitted decompression or embolism
situation that.was.popgd earlier. Two examples of the
omitted decompression or embolism problem are the accidents
on thé U.S.S. Chanticleer and the U.S.S, Skylark, in which
the divers blew ﬁp from a-tremendous depth and either .
walked into the chamber or regained consciousness while
being recompressed on air, oniy later to lapse into
unconsciousness and die., I think that either recompressing

to 300 or 400 fsw with helium or saturating would have

dealt with the gas phase and permitted these men to be

stabilized, The question being posed is: Does the benefit
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of the increase in static pressure outweigh the risk
associated with counterdiffusion?

Discussant: There was a cagse of blow-up in the Gulf recently, where'

the man came up from 250 fsw. HE was initially recom~
pressedﬁto 190 fsw on air ‘because the rig didn't have
any hélium, After 6 hbuts'at 190 fsw, they transferred
him to a rig that had helium s#turation capability, ana
this treatment was effective, The diver has some residuals,
 but the wonder is that he's alive at all, |

Dr. Lanphier: 1In the perfusion-limited gas exchange model, one would -
predict, with a 2.6 to 1.0 nitrogen to helium ratio,
that an isobaric shift ;t 165 fsw would cause some over-
pressure. If one shifted and recompressed an additional
200 fsw, the supersaturation would be destroyed. " If one
shifted at 60 fsw, there would be ;.smaller overpressure
that would disﬁppe?r.with an additional 20 fsw of recom-

pression. This phenomenen is a result of an oxygen window

caused by increasing pressure at a greater rate than the

gas pressure is Increasing., At least theoretically, theh,
if a gas switch was accoypanied simultaneously by recom-
pression, overpressure probleﬁs might be avoided.

Discussant: Some recent gelatin experiments of Ed Beckman's show that

bubbles formed at high pressures fequiré higher pressures
to eliminate., The implication for a treatment table would

be that symptoms with onset at depth require treatment at
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Discussant:
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deeper éeptbs than symptoms with shallow onset or sutfacé
onset.

In an operational situation of a blow-up from 450 fsw

after 30 minutes at that depth, and with helium satura- .

tion capability available,.it is safe to say that the

counterdiffusion effects can be ignored.

In the Gulf, they often recompress to 165 fsw on air;
and stay there for the prefcribed treatment time, But
at thé end of the air treatment, if the patient 1sn'f..
improving, they have to make a decision whether or not
to switch to helium.

Another difficult operational situation occurs when .the

NOAA Ops procedure iz being used. For example, a diver

is éaturated on nitro¥ at 100 fsw, makes an excursion

on nitrox to 250 fsw, and then presents with vestibular
symptoms on his return to 100 fsw. There are three
treatment options;‘tké diver could be br&ught from the
habitat in a bell and transferred to a deep diving system;
he could be transferred into a nitrox environment at
100 fsw and then be reco;pressed deeper with helium; or
he could be transferredr;t 100 fsw and then be recom~
pressed deeper with nitrox. What treatment would be best
in these circﬁﬁstances?

It would be best to recompress him to 200-225 fsw on

nitrox, rather than using helium at that nitrox satura-

tion level., I would not compound the vestibular problem
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by.switcﬁing gases; thus far, recompressing.to 3 ATA."

deeper than symptom onset depth has worked well with iﬁner

.ear problems, ‘

If you can comﬁress fagter than t@e transieni potential :
supersaturation, you will be safe. If you have to switch

to helium to go deeper, the best way to do it is just by

topping off with it, sloély.

Using the diffusion~limited model, there would be more

and more driving force for ;as coming into the tissue:,the

‘same driving force as is available for gas out of the tissue,

Dr. Lambertsen: It is essential to avoid setting up rigid rules about

Discussant:

Dr, Farmer:

what can or cannot be done in certain insgances. In .

actual operational situations, there are many factoxs to

be considered: tﬁe oxygén partial pressure, the inert gas,
the rate and degree of compression, the equipment available, -
and the seriousness and time limitations of the symptoms -
you ‘are dealing with. -

It seems clear that the risks associated with counter~
diffusion do not outweigh the need for prompt recompression.
Vascular emboll are not a ;hort-term problem with counter- .
diffusion — they do not Eévelop for many hours..

The vestibular incidents that occurred during decompression

from a deep helium-oxygen dive and after .an ‘air shift were

decompression sickness incidents rather than counter-

diffusion or counterperfusion phenomena., I think a helium

bubble that formed deep was stimulated by the air shift
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to the point where it became clinically significant. The

situation may have been aggravated by counterdiffusion
effects, however, The diver with an inner ear problem
should be reco;pressed’with the same or similar breathing
mixture as was used in the dive.

Dr. Lambertsen: Since what you are rqcoﬁmending s couﬁter to therapy
and decompression theory, would you explain the basis for
your opinion? .

Dr. Farmer: It is based on my intuitive feeling that the bubble c;using
.the problem is a helium bubble. Drs., Miller and Bennett
agree with my treatment recommendations, although we have
only subjective and clinical evidence to rgly' on.

Discussant: However, in cases other than those involving the inner ear,
we haﬁe been using air for recompression of type I decom~
pression sickness for decaées, and this procedure has been
effective, simple, and economical.

Dr. Lambertsen: And air treatme;t.in those circumstances also has
advantages, theoretically —— that is the important part.

Discussant: The vestibular hit and the.peripheral hit are physiologically
not the same. The tissuef.involved_in the peripheral event
are perfusion limited. Tﬁe vestibule, however, has a fluid
reservoir, which acts both as a source and a sink for gas
molecules, and éhere may be a diffusion barrier in the A »
surrounding tissue. It is easy to imagine that the inner

ear situation resembles that of the skin, in which a diffused
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subcutaneous base lies under a horny diffusion layer.
A similar situation ‘vould occur in any compartment, for
" example in the bowel, with nitrogen coming in through the

wall and a helium resei§oit inside the bowel. The cerebral

spinal fiuid. and perhaps ghe vitreous humo;, are other
examples,

Discussant: Dr, Hempleman, is it still your opinion that the percent-
age of inmer ear injuries that occur in deep deccmprgs—

. sion sickness on very deep helium-oxygen dives is highér

than for shallow or moderately deep helium-oxygen'dives?

Dr. Hempleman: My opinion has altered only to the extent that I would
now say that on such dives the likelihood of any typé II .
incident is higher than experience at shallower depths
would indicate; I would n?t now limit the statement to
inner ear incidents only. h

Dr. Lanphier: Dr, Bennett,'wou%d.xou expand on your statement that
more oxygen is available ‘to the tissues with helium than
witﬁ ﬁitrogen?

Dr. Bennett: In some experiments with, cats, which have been published

in the Journal of Applied.Physiology, we measured the

available oxygen in the cortex. We used 35 psi of oxygen,
and added up to 132 psi of helium, and also did this with
other gases such as nitrogen and argon. We found that

when helium and oxygen were used, the amount of oxygen

available was almost the same as if oxygen alone had been
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usgd. The amount of oxygen became progressively les;'
when nitrogen was used, and continued to fall with argbn.
Some other work that points to the mysteries of helium
was done by Lafry Raymond, who foqnd that bréathing‘heliunr -
oxygen increased the time until ventricular fibrillation
was reached by 25%, compared to nitrogen-oxygen breatﬁing.
He suggested that the diffusions of the two gases in tﬁe

lung might be responsible.

Dr. Lambertsen: 1In c¢losing the workshop, I would like to say thaf'it

o, MR

has been successful ~- many topics of interest have been
raised, and several problems have been recast as questions
for research, the results of which will appear over many

years.
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